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ABSTRACT!

One of the main goals of Open Science is to make research more reproducible. There is no consensus, however, on what
exactly “reproducibility” is, as opposed for example to “replicability”, and how it applies to different research fields. After
a short review of the literature on reproducibility/replicability with a focus on the humanities, we describe how the creation
of the digital twin of the temporary exhibition “The Other Renaissance” has been documented throughout, with different
methods, but with constant attention to research transparency, openness and accountability. A careful documentation of the
study design, data collection and analysis techniques helps reflect and make all possible influencing factors explicit, and is
a fundamental tool for reliability and rigour and for opening the “black box” of research.
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1. INTRODUCTION

In this contribution, we aim to anchor the discussion around open and reproducible research in the Arts and Humanities by
presenting as a case study the creation of the digital twin of the temporary exhibition “The Other Renaissance: Ulisse
Aldrovandi and the Wonders of the World™?, currently under development within the PNRR Project CHANGES, and
specifically its Spoke 4 — Virtual technologies for museums and art collections [1]. The original exhibition, held in Poggi
Palace Museum (Bologna, Italy) between December 2022 and May 2023, consisted of more than 200 objects, mostly
belonging to the naturalist Ulisse Aldrovandi and never exhibited before.

The creation of the digital twin — via the acquisition, processing, modelling, export, metadata creation, and upload of the
3D models to a web-based framework — was documented throughout in a structured manner in order to make the entire
process transparent and reproducible. Indeed, no reproducibility is possible without transparency, or the careful and
complete documentation of all relevant aspects of the study [6: 5].

2. THEORETICAL BACKGROUND AND RELATED WORKS

Goodman and colleagues [6] suggest we should talk about three types of “reproducibility”: (i) methods reproducibility, i.e.
the ability to exactly reproduce a study by using the same raw data and the same methodologies to obtain the same results,
(i1) results reproducibility — also referred to as replicability — i.e. the ability to obtain the same results from an independent
study using the same methodologies as the original study, and (iii) inferential reproducibility, i.e. “the drawing of
qualitatively similar conclusions from either an independent replication of a study or a reanalysis of the original study”. In
explaining how this differs from the two categories previously described, the authors add that scientists might “draw the
same conclusions from different sets of studies and data or could draw different conclusions from the same original data,
sometimes even if they agree on the analytical results” [6: 4]. The reasons can be a priori, such as a different assessment
of the probability of the hypothesis being explored, or can be linked to different choices about how to analyse and report
data. This third type of reproducibility — which is also the most important according to the authors — might be the most
common when talking about research reproducibility in the humanities. Peels and Bouter [12] look at how these concepts
can be applied to the humanities, a field that has often been overlooked when talking about reproducible research. They
prefer the terms “replicability” and “replication”, and again they define three different levels: (i) reanalysis, that is
Goodman et al.’s methods reproducibility, (i) direct replication, where the same study protocol is applied to new data, and
(ii1) conceptual replication, where research data are new and the study protocol is modified [12]. These definitions do not
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perfectly overlap with those seen before but what is crucial to note here is that the authors find that, while replication can
take various forms across the humanities, it is not fundamentally different from replication in the biomedical, natural, and
social sciences and can be achieved by pre-registering the studies, and documenting and sharing methodologies and data
[12]. Thanks to specific funding from the research funder NWO?, a group of Dutch researchers conducted replication
studies in a number of disciplines, including the humanities, and recently published a set of recommendations and lessons
learned [3]. They found that in all cases replication studies help corroborate the findings of the original studies (e.g.,
extending the number of sources or using a more state-of-the-art approach) and can provide a more thorough understanding
of the relevant research field and the available methodological choices [3: 6-7]. They also note, however, that “even
experienced, highly conscientious researchers often find it difficult to document their protocols in enough detail to support
direct replication” [3: 8]. Those opposing the application of the reproducibility or replicability categories across all research
areas cite the fact that, in several humanities domains, researchers may lack control over the experimental conditions of the
original study, or have different viewpoints that produce different data and interpretations [9: 12-13, 13: 7]. Carefully
documenting the original study design, data collection and analysis, and reflecting on all possible influencing factors is
fundamental for reliability and rigour but does not automatically ensure replicability [13: 10]. Indeed, according to this
view, to require replicability of all epistemic cultures is harmful and imposes “universal policies that fail to account for
local (epistemic) differences”, ultimately denying authority — and related rewards — to researchers in the humanities. On
the other hand, the “umbrella of Open Science” is wide enough and its “accountability toolbox™ is big enough to develop
plural methods for assessing the quality of diverse research practices [13: 12].

Leaving this discussion aside for now, in an increasingly open research environment, well-defined practices are essential
for ensuring transparency, reliability, and equitable access to research outcomes. In the case of the digital twin of “The
Other Renaissance” exhibition, we looked for some operational indications on how to achieve this goal in the literature
produced in research fields relevant to the project. Wilson et al. [16] outline a set of recommendations for scientific
computing, applicable across different disciplines and at varying levels of computational expertise. Regarding data
management practices, their suggestions focus on the importance of incremental documentation and data cleaning. In
particular, they advocate for continuous retention of raw data, robust backup strategies, data manipulation for improving
machine and human readability and facilitating analysis, meticulous recording of the steps used to process data, using
multiple tables in a way that each record in one table is interlinked with its respective representation in another table via a
unique and persistent identifier, and using repositories that issue DOIs to the various data artefacts used and produced for
easy access and citation. In the archaeological context, Karoune and Plomp [8] identify three distinct levels of workflow
to make research activities reproducible, depending on the computational skills required to carry out such activities. Public
access to research materials and methods is facilitated by the first level, which consists of transparent recording through
documentation, requiring only the creation and maintenance of a written record of each analysis step, done in a format that
allows other peers to read, comprehend, and replicate the work done, while requiring the least amount of computational
expertise. Outputs at this level of workflow usually include documents describing the methods and processes, raw data
files, and analysis output files. Ensuring version control through a shared file naming system and/or software with history
tracking is also a common characteristic of transparent recording since it facilitates the documentation of the process as a
whole.

3. MAKING THE DIGITISATION PROCESS MORE TRANSPARENT

To ensure a solid basis for transparency and replicability, our approach closely followed the aforementioned sets of best
practices, in line with the indications listed in the Data Management Plan of the project [7]. The digitisation workflow
involved creating two datasets as Google Sheet files shared between the team members: one (Object Table, or OT) for
storing catalogue descriptions of the physical objects in the collection, the other (Process Table, or PT) for storing data
about the digitisation process. After defining the structure of the tables, the variables represented by their headings, and the
expected representation for each value, the data were populated in parallel by the team members. On the one hand, the OT
was populated with data gleaned from official museum records and preliminary notes related to the exhibition objects, and
thus was structured around a cataloguing description of each object (e.g. “title”, “author”, and so on). Where possible,
controlled data values (e.g. people names, terms used for object types, etc.) were aligned with existing vocabularies (such
as WikiData*) and authority lists (like VIAF> and ULAN®). On the other hand, the PT was populated with data inserted by
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the researchers during the acquisition of the objects and the creation of their 3D models and, thus, was structured around
the steps involved in the overall digitisation process and their relevant attributes. Overall, the steps include an initial
acquisition activity for capturing analogue materials and realising their preliminary digital representations, and a series of
subsequent activities (processing, modelling, export, metadata creation, and upload) which involved the use of tools for
refining and publishing the 3D models as usable, fully described scientific objects. In turn, these activities were represented
as a set of information that included: the organisation responsible for the activity, the people responsible for actually
carrying out the activity, the technique and/or tools used to perform the activity, and the timespan in which the activity was
carried out. This preliminary work resulted in the creation of a record of the entire digitisation process. Google Sheets and
Microsoft Excel in the Microsoft Office 365 platform were strong facilitators for data retention, backup and versioning’.
Moreover, shared formatting practices on elements such as dates and names were essential for preparing the data for the
subsequent phases of the project. At the end of this stage, each object had its metadata, related digitisation phases with their
features, and unique identifiers that allowed the two datasets to be linked to each other.

As information was added to both datasets, more work went into getting them ready to be published as machine-readable
representations of the entire physical collection, its digital counterpart, and the procedure that, from the former, produced
the latter. The Resource Description Framework (RDF)? was selected as a formal data representation for enabling
transparent data publishing. However, in order to transform the current data into RDF statements, the table structures first
had to be mapped to data models that could express and deepen the semantics of the data about cultural heritage and
digitisation activities. We chose to reuse the CIDOC Conceptual Reference Model (CIDOC CRM)® [4] to represent the
data detailing the physical and contextual attributes of the collection objects, and its extension CRM Digital (CRMdig)"?
[5] to depict the stages of the digitisation workflow. The Simplified Agile Methodology for Ontology Development
(SAMOD) [14], a methodology to quickly create semantic models that are supported by rich documentation and test cases,
was used to draw the needed conceptual constructs from CIDOC CRM and CRMdig and pack them into two data models.

4. MAKING INTERPRETATION MORE TRANSPARENT

One of the main goals of cultural heritage digitisation is the selection of specific elements of reality to store digitally. The
selection process involves a deliberate human choice about the physical, geometric, chromatic, mechanical, and stylistic
characteristics of the objects to digitise. These aspects are recorded inside a “grid of information”, such as vectors, images,
3D models, databases, and tables, among others [2: 127]. According to this logic, a digital technology survey is expected
to approximate reality based on some predetermined features selected at the outset of the survey project. The quantity and
quality of the data obtained during the survey significantly impact how accurate the digitisation will be. In this context, a
digital replica is defined as an approximate, aesthetically convincing copy of a cultural site or artefact [2: 127]. In our case
study, the main aim was to obtain the digital version of the exhibition’s experience, starting from the creation of its digital
twin'!, linking to the digital assets of the various objects (3D and multimedia) in the collections, enriched by metadata,
catalogued and accessible online using different devices [1: 2].

Our approach for creating the digital twin of Aldrovandi’s exhibition included in the first place the implementation of
various setups and instruments to create morphologically precise models with highly detailed textures. Photogrammetry
and structured light scanner (SLS) acquisition techniques have been used to obtain the digital representation of each item.
The choice of these methodologies has been influenced by contextual factors (such as limited time and available space),
materials, and the objects’ size. We provided documentation about the challenges faced and related solutions adopted in
the acquisition and processing phase. The documentation of the risks (e.g. acquisition of non-Lambertian materials, limited
object’s mobility, etc.) and the solutions adopted (e.g. cross polarisation techniques, specific setup schemas, etc.) permits
others to retrace and repeat, at least in theory, the actions involved in a certain research effort, producing new data [15: 2].
Concerning scanner acquisitions, we defined some common limits regarding texture final resolution, and we decided on a
specific range for geometry complexity. During the entire process, open technologies and software were employed to
maximise the workflow’s re-adoption for the creation of a virtual exhibition in different settings. However, for some

7 Since transparent recording does not involve any computational code, proprietary software like Google Sheets is acceptable as long
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specific tasks (e.g. raw data elaboration), proprietary software was required since open-source software fails to produce
satisfactory results.

Documenting processing decisions made for extra transparency should be a part of the scientific workflow and cultural
heritage preservation. This can be done, as proposed by Moore et al. [10], by extracting a processing report from the
photogrammetry software. Metashape!? and 3DF Zephyr'?, the main software used for the photogrammetric processing
phase, provide this option. The function has not been developed yet for the open-source alternative Meshroom!4, whose
implementation in this project is under test. However, software for processing photogrammetric data is considered more
open and transparent compared to software used for scanned data elaboration. Scanned data were elaborated using different
versions of Artec Studio'®, which has proven to be a “black box” for those who do not own the software and the licence
required to use it, allowing raw data export only in proprietary formats and without providing any processing report.
Regarding modelling interventions, to guarantee transparency concerning the manipulation of the source data we provided
different derivative versions for each 3D model. Level 0 represents the rough result obtained by the acquisition software,
while level 1 includes the final high-definition model, where geometry issues have been fixed and lacking parts have been
reconstructed. The comparison between these versions enables one to identify which parts were modelled and which parts
belong to level 0. Level 2 instead includes the optimised model for web publication. Finally, we used as many standard
and interoperable formats as possible for the generated data to facilitate their reuse on different platforms. Specifically, we
used gITF, glb, obj, and mtl for 3D models; tiff, jpg, raw, and png for images; mp4 and mov for videos; and mp3 for audios.

5. DISCUSSION AND CONCLUSIONS

We have described how the digitisation process of the exhibition “The Other Renaissance” has been documented
throughout, with different methods, but with constant attention to research transparency, openness and accountability. Since
any reality-capture or source-based model is affected by the lens of interpretation (of a human or software), tracking steps
for the creation of a 3D model is essential to give transparency to these interpretations, facilitating the repeatability of the
creation process [10]. Furthermore, data relating to the digitisation process can oftentimes be captured only once, while the
process is ongoing, and it is therefore crucial to retain as much information as possible, structure it appropriately and make
it available in an open and machine-readable format to provide a record of the entire physical collection, its digital
counterpart, and the procedure that, from the former, produced the latter.

A particularly interesting aspect is the temporary nature of “The Other Renaissance” exhibition. At the time of writing, the
exhibition concluded more than 6 months ago, objects on loan have been long returned, and the rooms where the exhibition
took place have changed use. The same methodologies cannot be applied to the same data — Goodman et al.’s methods
reproducibility or Peels and Bouter’s reanalysis — because the physical collection does not exist in its original form
anymore. What is possible, however, is that the methodologies described are applied to new data (different cultural heritage
objects, exhibitions, etc.). Additionally, the careful documentation of the research process makes it possible for others to
judge the relationship between the digital twin and the physical collection, a piece of information that is crucial for scientific
scrutiny but that would otherwise have been irremediably lost on the day the temporary exhibition closed.

Documenting the project workflow in this manner is not simple: it requires careful planning, specific competencies, and it
is extremely time-consuming. These efforts must be rewarded in the academic setting, if a culture of accountability, data
curation and open, reproducible research is to become the norm. Initiatives like CoARA ! are indeed nudging the scientific
community in this direction, but while some practices — such as the publication of research data “as open as possible” and
according to FAIR principles — are garnering increasing attention, the focus must be kept on methodologies, too, and on
the need of carefully documenting each step of a research project. Further, as noted by Peels and Bouter [12], guidelines
on how to report study protocols, methodologies and procedures are needed, and this is perhaps especially true in the
humanities. The establishment of principles, like FAIR, and discipline-specific recommendations on how to manage and
document research data in a transparent and traceable manner is a great first step in this direction. FAIR principles,
supposedly discipline-agnostic, are being discussed and adapted to the different research cultures, Data Management Plans
are becoming increasingly common, and templates and online tools are being produced to help researchers fill them out in
a structured and machine-actionable manner. There is still more to be done, and more explicit attention needs to be devoted
to research methodologies and how to document them in sufficient detail.

12 https://www.agisoft.com/
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We recognise that the debate around the definition of reproducibility and replicability, and whether these terms should be
applied to research as a whole, across all disciplines, is not settled [3, 6, 9, 12, 13]. However, there seems to be an agreement
on the fact that research can be reproducible in varying degrees, from an “ideal” computational reproducibility all the way
to fields where multiple interpretations of a certain phenomenon coexist. Replication here may help “filter out faulty
reasoning or misguided interpretations, draw attention to unnoticed crucial differences in study methods” [12] but it is not
always possible to ascertain which interpretation is correct. Circling back to the definition of inferential reproducibility [6]
and the critique of the concept of replicability in a humanities context [9, 13], the researchers’ different viewpoints,
theoretical background or previous assessments always have a bearing on how the study is conducted and how the results
are interpreted. A careful documentation of the study design, data collection, and analysis techniques help reflect and make
explicit all possible influencing factors, and is a fundamental tool for reliability and rigour and for opening the “black box”
of research.
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