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Abstract

The increasing adoption of Open Science principles has been a prevalent topic in the welding science community over
the last years. Providing access to welding knowledge in the form of complex and complete datasets in addition to peer-
reviewed publications can be identified as an important step to promote knowledge exchange and cooperation. There exist
previous efforts on building data models specifically for fusion welding applications; however, a common agreed upon
implementation that is used by the community is still lacking. One proven approach in other domains has been the use of
an openly accessible and agreed upon file and data format used for archiving and sharing domain knowledge in the form
of experimental data. Going into a similar direction, the welding community faces particular practical, technical, and also
ideological challenges that are discussed in this paper. Collaboratively building upon previous work with modern tools and
platforms, the authors motivate, propose, and outline the use of a common file format specifically tailored to the needs of the
welding research community as a complement to other already established Open Science practices. Successfully establishing
a culture of openly accessible research data has the potential to significantly stimulate progress in welding research.

Keywords Welding - Open Science - Research data management - Data exchange - FAIR - File format - Open Source -
WelDX

1 Introduction data, and publications with the goal of ultimately leading to

higher quality research results.

1.1 State of research data

In recent years, the shift towards a research landscape
increasingly shaped by digitalization and Open Science
principles is in full effect. Rather than a single principle,
Open Science as a whole is commonly understood as a
governing taxonomy of multiple related ideas, guidelines,
and concepts such as Open Access, Open Reproducible
Research, and Open Data. While each focus on different
aspects of the scientific process, all principles combined
aim to provide more access to scientific research practices,
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In some fields, this shift has been motivated and
accelerated by increasing difficulties when it comes to
reproducing published scientific findings [1, 2]. While
independently reproducing previous experiments and results
should certainly be emphasized in any field, the prior in-
depth understanding of the existing data is a fundamental
step and prerequisite in complex research applications
such as welding. Without a thorough description of all
relevant acting effects and boundary conditions, attempts at
an accurate reproduction of previous experimental results
will be limited. Overcoming these limitations of course
requires access to the underlying data of previous work.
As Wilkinson et al. point out [3], data should be made
“machine actionable” as much as possible to facilitate the
reuse of data and good scientific practices. One major
building block towards Open Science—specifically Open
Data—in this regard is the practice of the FAIR Guiding
Principles (Findable, Accessible, Interoperable, Reusable)
established by Wilkinson et al. [3]. In welding and related
fields, applying the FAIR Guiding Principles to scholarly
data is still an ongoing and challenging issue [4, 5]. The
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fundamental work to provide the necessary infrastructure
to make and keep data FAIR is an ongoing effort by the
broader scientific community. When it comes to making
the data reusable for welding sciences however, the authors
think that a crucial missing element that has to come from
inside the community is the answer on how to represent,
interchange, and archive experimental welding datasets.

The advent of large, high-quality, and openly accessible
datasets has been one of the reasons machine learning
and data analysis have been on the rise. In many fields
curated reference datasets exist and are used by global
research communities to develop and compare different
solutions. Some of these datasets are highly complex—
created and curated with extensive manual efforts. The
Open Images datasets such as described in [6] contain
millions of richly annotated images that are verified by
humans and used for classifications. Another field with
recent influx in scientific and industrial attention is the
application of machine learning, image classification, and
pattern recognition in the context of developments of self-
driving cars. Examples are the extensive datasets such as the
BDDI100K annotated driving videos described in [7] or the
detailed combined radar, lidar, and camera datasets put forth
in [8]. Notably, all datasets are available under permissive
licenses for scholarly use. The apt use and citation of these
datasets in their scientific communities are a good example
of recognition of the work put into creating, describing, and
making the data available and providing incentives for the
authors to publish further datasets.

Welding has long been an innovative field with early
data-driven research and applications of machine learning,
artificial intelligence, and similar techniques due to its
inherent complexity [9—11]. However, it has proven difficult
to keep up with current trends in digitalization and research
data management due to some prevailing challenges in
nature and conduct of welding science.

1.2 Situation in welding science

The general publication process in welding sciences with
regard to scientific articles is well established and continues
to transition to a more Open Access focused model in line
with changes in related fields. The change towards Open
Access and related practices such as Open Peer Review,
while appreciated by the welding science community,
is mostly driven and handled by external factors and
institutions.

In an increasingly data-driven research landscape,
welding research is no exception to current trends such
as data fusion and machine learning applications [3, 11].
However, in contrast to other scientific fields with an
increasing focus on data-driven research, there exist no
publicly available welding research datasets that enable
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independent evaluation and advancements of the mentioned
methods. Due to the expensive and time-consuming
experimental efforts needed to create high-quality datasets
in welding-related fields, these datasets —especially the raw
data— often are not made publicly available and remain
as institutional knowledge. Consequently, possibilities to
uncover or validate new findings based on aggregation of
research data from multiple sources are limited.

One part of adopting Open Science besides the estab-
lished peer review publication process that does require
significant direct input—and maybe in part a change in
ideology from the researchers and institutions themselves—
is applying the FAIR Guiding Principles to welding
research data. Like other fields, the welding community
can use the underlying emerging infrastructure and plat-
forms on a national or international level—like the Ger-
man National Research Data Infrastructure for engineering
(NFDI4ing) [12] or the European Open Science Cloud
(EOSC) [13] initiatives respectively—as a general basis for
applying their own ontologies' and metadata schemas [4].
However, even with the tools to make welding research
data findable and accessible, one core challenge remain-
ing is ensuring the comprehensibility and machine (re-)
usability of complex welding research datasets. While it is
technically possible to upload raw and processed welding
research data as of now, some key practical, ideologi-
cal, and technical challenges have historically hindered the
adoption of Open Data practices specifically in welding
research.

1.2.1 Practical challenges

Focussing on fusion welding, one of the main and most
fundamental practical challenges is inherent to the way
welding experiments are conducted at research institutes.
Modern fusion welding laboratories are highly complex
setups, often consisting of automated workpiece and torch
manipulators, different welding power sources, and multiple
specialized sensors and secondary monitoring equipment.
Since most institutes also specialize in a particular field of
expertise and according experimental setups, it is probably
safe to say that no two identical experimental setups exist at
different institutes. The diversification in arc and laser beam
welding seems to be especially high since a plethora of
welding equipment is available and custom research setups
are widespread and usually easier to realize compared to
other welding processes such as electron beam welding that
are often more in line with industrial applications adapted
for research purposes.

n the context of information science, the term ontology is commonly
used to describe “a formal, explicit specification of a shared
conceptualization” [14, 15].
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As a result of the complex experimental setups,
researchers in welding science often face the challenge of
having to work with many data sources and file formats
specific to their field of application and equipment used.
This further complicates the exchange of research data
since some produced initial raw data files might not even
be accessible without a specific commercial software or
license. What specific file formats are used relies heavily
on the setup of each institute. In a way, the situation
seems comparable to the one described by Wells et al. back
in 1979 [16] where different astronomical installations,
while in principle focussing on the same research area, did
use different setups, computing hardware architectures and
software, and subsequently different internal file formats
for describing and storing similar observations. Notably, the
conclusion of Wells et al. was not to unify the internally
used file formats, which would reduce efficiency and
cause significant expenses, but define a suitable interchange
format with the specific intent to act as an agreed upon
data transferring and interchange method. The resulting
“Flexible Image Transport System (FITS)” format—while
not without shortcomings of its own [17]—has since been
used successfully for many purposes in astronomy as an
interchange and archival format with great success for
decades.

1.2.2 Ideological challenges

Besides the practical challenges of data sharing, another
important factor to consider is creating incentives and
motivate researchers to make their data available. This
is especially true considering the required initial upfront
investment of time and funding money for realizing the
necessary surrounding conditions.

So far, there have been no use cases based on and
building on widely available welding research data, general
data exchange, or Open Access data publishing in welding
sciences. Exchange of raw data between institutions is
mostly limited to collaborative projects. Unfortunately, no
known exchange formats have been published as a result of
collaborative projects so far to the authors’ knowledge.

Up to now, no Open Data platforms for welding research
exist. In the rather competitive publication environment
of welding research, investing into Open Data research
practices as an early adopter or even originator, the risk
might seem greater and rewards lesser. This holds especially
true since data publications historically are often ranked
considerably lower than peer-reviewed articles concerning
their impact and reputation.

The lack of incentives for openly sharing data is one of
the key hurdles that have to be overcome by the welding
community as a collective effort. The authors think that

establishing a culture of openly accessible research data
of high quality has the potential to significantly stimulate
progress in welding research and open up new areas of
research and expertise as well as pave the way for new
collaborations.

1.2.3 Technical challenges

The technical challenges of agreeing upon a suitable
transportation or archival format for experimental welding
data mostly stem from the inherent complexity and diversity
of the welding process and experimental procedures
themselves.

Many welding processes such as arc welding are the
result of complex occurrences happening concurrently in
multiple physical and metallurgical domains, as is evident
from increasingly elaborate simulation efforts. In addi-
tion, the relevant effects cover a wide range of different
time scales, ranging from micro-second monitoring of the
welding process itself to temperature, metallurgical, and
mechanical observations spanning minutes, hours, or even
longer. This diversity has to be considered on a technical
level regarding synchrony, precision, and resolution. Deal-
ing with manufacturing and machine tolerances can greatly
effect the welding process and resulting weldment. Hence,
the representation of real-world measurements, raw data,
and aggregated information should be supported and pre-
ferred over pure design descriptions for scientific purposes
whenever possible. Data-focused description of the welding
process is further complicated when considering complex
workpiece geometries, varying boundary conditions and
spatial as well as time-dependent relations between the
welding process and the sensors providing measurements.
The resulting complex spatiotemporal relations require the
implementation of flexible and powerful data models that
should be reflected in a file format. Besides static metadata,
raw measurement data in the form of multi-dimensional
arrays such as tabular data (scalar time series), video frames
or geometric—respectively pointcloud—data can represent
most information and should be supported. Due to the often
considerable size of raw data for experimental welding data,
binary storage with optional compression of data seems like
a sensible solution and is common in existing formats. The
key challenge seems to lie in reflecting the flexibility and
diversity found in experimental setups in an appropriate
technical form.

In the authors’ opinion, defining and using a common
open source file format can greatly contribute to promoting
Open Science practices and ideals in welding research. Due
to the complexity of welding research data, a common data
format must be based on and incorporate a comprehensive
but powerful underlying data model.

@ Springer
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1.3 Previous efforts on data models for fusion
welding

Regarding welding, considerable effort has been put into
structuring and describing welding applications and related
fields such as testing of weldments. Some of these efforts
are finalized in standards that are used in industrial
production and a critical aspect of safety considerations for
welded components. In addition, some publications describe
suitable data models for a limited range of applications.

The publication by Rippey [18] is most notable for its
extensive scope, covering data models for weldment and
joint descriptions, arc welding process specifications, and
welded products including destructive weld inspections.
Rippey mentions XML as a suitable example file format for
a possible implementation basis of the proposed data model.
In essence, Rippey provides a data model that combines
multiple standards into a complete and comprehensive,
uniform description. While the presented data model is
complete regarding its scope and tightly connected with
the American Welding Societies’ (AWS) nomenclature
and standards, the lack of a concrete implementation also
means there are no practical application examples provided.
With regard to contents and applicability for research,
the omission of handling time-dependent metadata or
more complex data models for concepts of measurements,
coordinate transformations, and their relation to welding
data is limiting.

In addition to defining the data model, Rippey adds—
among other recommendations—the following valuable
“tasks for data modelers” for proceeding towards an actual
database or data format implementation [18]:

1. Specification of required, optional, or forbidden rela-
tions between data models depending on different appli-
cations (such as GMAW) or use cases

2. The implementation be agnostic with regard to
customer-defined units, i.e., handle both SI and U.S.
customary units

3. Modularize the provided welding schema definitions
into smaller, distinct parts

Another effort was put forth by Kristiansen [19, 20].
In contrast to Rippey’s AWS-based data model, Kris-
tiansen emphasizes creating a generic information model
for describing empirical data from the welding process
from a researcher’s perspective with considerable effort to
represent a complex automated welding environment. One
goal of the data model is to derive process information
and experimental data in a form and level of detail suit-
able for machine learning applications. This is a similar
and common challenge seen in many of today’s machine
learning applications to engineering fields. The introduc-
tion of so-called welding experiment samples as the smallest
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examined domain making up the weld seam and forming
the welding experiment allows the consideration of discrete
points of time and space along the workpiece as a notable
extension of the model from Rippey. In addition, a descrip-
tion of welding tool-frames, their spatiotemporal relation
to the workpiece, and weld seam orientation as well as
their mathematical representations are presented. The model
lends itself adequately to produce and represent the gathered
empirical data in a tabular manner that can be processed
further and be used for machine learning tasks as demon-
strated in [20]. The condensed data records are presented
in the Appendix; however, the underlying raw data is seem-
ingly not publicly accessible. The steps taken are described
at length and illustrate the complexity of the task even for a
fixed and well-defined single welding environment and pro-
cedure with single-layer weldments for two different groove
types.

So far, two key elements that have been lacking and
prevent a more widespread adaptation of these ideas and
their practical application have been the following:

1. A practical and publicly available file format definition
and implementation of the aforementioned data models.
Collaborative platforms have emerged and established
themselves over the last decade in the research context
that greatly streamline the needed processes and efforts
to maintain such a project. The implementations of
previous work at different institutions would certainly
provide a good starting point but are seemingly not
publicly accessible.

2. Providing a user-friendly approach to the agreed
upon data model and file format is essential. For
this purpose, one or more suitable accompanying
application programming interfaces (API) should be
provided. Ideally, the API should simplify the use
of the file format and lower the entry barrier
considerably. Science nowadays being more data driven
also means a more programming-focused approach
to many problems, solutions, and tools. This should
be reflected in the way a modern API for welding
applications is designed.

2 Advantages of using a common file format

The use of a common file format for research data
can potentially provide diverse advantages in different
stages and aspects surrounding the research data life
cycle as has been practically proven by applications in
numerous fields such as crystallography [21, 22], climate
research [23], ecological sciences [24], proteomics [25],
earth sciences [26], and medical imaging [27]. Many of
these advantages are inherent to the concepts of Open
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Science practices but should be mapped out in detail for
welding research.

One immediate and major advantage of a consolidated
effort lies in providing a single place for the community
to provide documentation and discussion. Even if effort is
needed to establish an initial point of origin, subsequent
work and extensions of the documentation should come
more easily and visible. Building upon existing work in
an iterative process rather than creating isolated solutions
will be beneficial in the long term. As has been shown
in astronomy [17, 281,23 biophysics [29],* molecular
dynamics [30],° materials science [31]°, and numerous
other fields, existing Open Science and Open Source
workflows are already well established and promote an open
discussion culture suitable for research communities.

Providing an agreed upon approach will reduce the
documentation effort needed for each individual researcher
and publication. Currently, considerable time and effort
need to be taken to lay out and explain in detail the
experimental design and related measurements for each
publication. This holds especially true for research of
complex dynamic or automated welding experiments [11]
and oftentimes requires a trade-off between completeness
and conciseness. With a suitable and well-documented
data model and format, the burden of documenting
experimental procedures for peer-reviewed articles should
become much more concise and precise at the same
time. Thus, leaving more space for prolonged discussion
of the researchers findings without sacrifices in clarity
of experiments. On the contrary, new and universal
tools can be applied to greatly enhance accessibility and
understandability.

Ultimately, this effort should reduce documentation
overhead for individual researchers, institutions, and the
welding community as a whole and in addition ease
collaborative effort between institutions. One obvious use
case would be to facilitate cooperation between institutes
that have extensive experimental capacities, and those
that focus on numeric or analytic simulations of welding
processes, by providing precise and robust experimental
datasets for model validation. Wei et al. demonstrated
the modeling of grain structure evolution for GTAW
of aluminum in [32] where modeling results could be
validated based on independent experimental data presented
by Schempp et al. [33]. In turn, those calibrated models
may be used again to better understand and design

Zhttps://github.com/astropy
3htps://github.com/asdf-format
“https://github.com/markovmodel/PyEMMA
>htps://github.com/econ-ark
Shttps://github.com/pyiron

further experimental work. A shared pool of welding
knowledge should decrease overhead and redundancy in
any case and lead to reproducible reference datasets and
results.

One should also highlight the importance of providing
documentation from inside the welding community as
opposed to simply referring to best practices in other fields.
Documentation provided and discussed by the welding
community will be more accessible for members of that
community compared to other more generic approaches. In
addition to being a work of reference, the documentation
could be a more lively and dynamic place for discussion
between people of different backgrounds and knowledge
or experience levels. In the future, a common file format
might even be used for educational purposes early in the
qualification process of new researchers.

On a more practical level, using a common file format
and related data models are essential steps towards the goal
of accumulating a vast and useful pool of historic welding
data and knowledge. This could open up new avenues for
research while in turn reducing experimental and research
expenses and repetitions. Existing historical data could be
used for validating new data and be considered during
development of new methodical approaches. As pointed out
by Rippey, the definition and application of suitable data
models are necessary to preserve accessibility to welding
data and—particularly—knowledge [18].

Unified abstract data models and file formats allow new
tools to be developed quickly, and the research efforts to
keep up with, participate, and benefit from advancements in
other fields. Successful developments and tool ecosystems
have emerged in multiple fields [29, 31, 34, 35]. In the
authors’ opinion, welding sciences could benefit greatly
from participating in similar environments.

In the future, the widespread adoption of a common
file format might also lead to faster adoption rates from
research findings into industrial applications or standard-
ization practices. Conversely, the continuing trend towards
digitalization and machine-actionability of standards [36]
provides an additional starting point for integration and can
be reflected into data models for welding research data.
Using a common file format as a bridge between novel
complex research applications and digitized standards could
help foster relations between research and standardization
in both directions. The format or an adequate derivate could
even be integrated into industrial welding equipment and
productive applications and environments.

Besides fields of possible applications, the main advan-
tage as seen by the authors is to make an important step
towards Open Data and fostering Open Science practices in
welding research. In turn, this will help increase the qual-
ity of research data, publications, and findings by increasing
comparability throughout the field.

@ Springer
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3 Data format for welding research
3.1 Technical considerations

When thinking about implementations of a suitable data
format, fortunately research data in welding science does
not commonly push technical boundaries—such as file sizes
or access speed requirements—compared to other fields.
In consequence, a practicable approach could be based
on existing and well-adopted tools and solutions found
and used in other scientific communities. Unstructured
or mostly flat data formats such as CSV, parquet’,
or zarr® are often found and excel in connection
with describing single sources of data or in the context
of computing intensive tasks. However, they seem too
unflexible to adequately describe the needed correlation
of multiple data sources and representation of welding
experiments. Focussing on an archival format, a hierarchical
representation of data appears a fitting approach. Such
representation is—among others—provided and used by
multiple existing data formats such as the Hierarchical Data
Format (HDF5) [37], the Network Common Data Format
(netCDF) [38], or the Advanced Scientific Data Format
(ASDF) [17].

3.2 Design considerations

The design of a common file format should take the
emphasis of the research communities’ core requirements
and domain-specific needs into consideration. A proven
model for scientific file formats in complex applications has
been the combination of a suitable base file format with
incorporation of domain-specific data models or schemas.
Some notable examples of this approach in other domains
are:

— The NeXus format [21]9 used in neutron, X-ray, and
muon science, which builds upon the widely used
HDF5 file format with domain-specific data models and
schema definitions defined in external XML files. Work
on the specification of the NeXus format is governed
by the “NeXus International Advisory Committee”!”
with members from various international research
institutes. The code and software are available on
GitHub'!

— The netCDF format which is used in conjunction with
the Climate and Forecast (CF) metadata conventions
in earth sciences [23]. Coordination of the work has

7https://parquet.apache.org/
8https://zarr.readthedocs.io/
“https://www.nexusformat.org/
Ohttps://www.nexusformat.org/NIAC.html
Mhttps://github.com/nexusformat
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moved from the original authors to a community
governance structure [39].

—  The “Flexible Image Transport System” (FITS) or even
more so its proposed modern successor ASDF [17]
that follows a more integrated approach to combining
a file format with structured metadata and schema
descriptions.

Building upon these existing solutions, the primary
challenge appears not to be saving or describing single
elements like time series or video data. The challenge
rather lies in bringing all welding-related data and the
represented physical domains into context in a cohesive
manner. One proven approach has been the separation of
hierarchical and structural definitions in schema files to
represent the underlying data models [17, 21]. The data
file contents are then referenced and validated against the
schema specifications. This approach seems suitable to
quickly integrate present welding standards and ontologies
into research work and applications. In their motivation
towards designing the ASDF format, Greenfield et al. make
a strong case for human-readable formats over purely
binary representations of contents and hierarchies. This
may bear even more importance when considering long-
term archival use cases. Moreover, a readable, intuitive,
and approachable representation of the file contents but
especially the schema and data model descriptions is
desirable for ease of use and accessibility throughout the
entire welding community. The schema descriptions should
be easy to discuss, create, extend, or modify for different
use cases by community members. If possible, no extensive
technical knowledge should be required for participation
to invite collaboration and increase flexibility. A growing
and evolving data model description used throughout the
community might prove to represent the most important
step since adaptation to different file formats could follow
much more quickly. Following scientific best practices,
adequate ways of describing data provenance on different
levels such as physical measurement chains and data and
signal processing or the version of different file iterations
and changes should be provided.

3.3 Collaborative considerations

Perhaps even more important than the technical and design
aspects of a possible file format are the implications and
ideas around building and promoting the data sharing
mindset in the welding research community. Collaborative
efforts among researchers on platforms like GitHub!'? or
GitLab'3 under open source compatible licenses have been

2https://github.com/
Bhttps://gitlab.com/
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an emerging trend for many years and build the foundation
of many rapidly developing projects especially in areas
concerning data science. This is accelerated further by
the rise of suitable and openly available software like the
Python, R, or Julia ecosystems.

In the same vein, a welding science data format should
be openly accessible under an open source license to foster
collaboration and allow creation of distinct variations. Well-
established code and discussion-related workflows seem
suitable for scientific purposes [29, 31, 34]. They can easily
be adopted to reflect numerous structures and decision-
making processes of the welding community and existing
associated governing bodies to achieve consensus.

Documentation should first and foremost address
researchers involved with and working with the file format
adequately to promote adoption. Lowering the entry thresh-
old by providing meaningful and accessible documentation
is an important goal when it comes to bridging gaps and
bringing together researchers from different fields. Ideally
those could be provided in the form of hands on or inter-
active learning materials and tutorials where appropriate.
It should exist in an environment that allows direct and
flexible communication to build an inclusive and welcom-
ing but productive community. In a way, a “living” format
could provide an additional, faster, and more accessible
vehicle when it comes to sharing not only research data but
also associated findings and results in addition to existing
peer-reviewed publications.

Based on the abovementioned challenges and ideas,
the Bundesanstalt fiir Materialforschung und -priifung
(BAM) has initiated the “Welding Data Exchange Format
(WelDx!%)” as an initial effort to create an open source
file format. The project is targeted at arc and laser beam
welding research applications and strives to provide a
modern file format based on the scientific Python ecosystem
with support for custom quality standard definitions.
Implementation details of the file format will be provided
in future publications, whereby an initial reference dataset
has been published and presented in [40]."> The ongoing
development is open for collaboration on GitHub.'6

Aside from all aspects directly related to creating and
maintaining a file format, the welding community as a
whole will have to face the challenge of finding ways to
recognize and appreciate the work that will undoubtedly
be required to publish high-quality datasets to sustain a
lasting and valuable effort. As the main welding-related
scientific journals and institutions are an important factor in
the research landscape, the assessment of the International
Institute of Welding (ITW) to acknowledge the importance

https://bam.de/weldx
Shttps://github.com/BAMWelDX/ITW2021_joint_intermediate_CXII
Iohttps://github.com/BAMWelDX/weldx

of the topic and continue the ongoing collaborative efforts
in the context of Wel1DX is appreciated by the authors.

4 Summary and outlook

Digitalization and applying the Open Science principles in
welding sciences represent an ongoing effort that requires
multiple key elements to make progress. The idea of
a common file format for research purposes to store
and archive experimental welding data can be one of
many steps to bring the welding community closer to the
implementation of these ideas.

Following approaches in other fields, the authors
recommend working on establishing a common file format
tailored to the specific needs and requirements of the
welding research community. Agreeing on a format for
exchange and archival of welding data and knowledge
can provide multiple valuable advantages. Most of all,
accessibility of welding research data can be increased for
peer-reviewed or data-focused publications. Furthermore,
necessary individual as well as institutional efforts can be
reduced by providing a single reference for documentation,
development, and discussion. In addition, use of a common
file format for welding data could increase distinctness and
comparability of experimental works. In the long term, one
goal could be to create and build upon expansive datasets
and archives including research data from many institutions
that each focus on different use cases such as welding
process properties, welding simulation, or material effects.
These datasets could be the foundation for more data-driven
research applications or even be used in modern welding
science-related education.

To aptly represent the complex relations of fusion
welding processes in scientific environments and with the
required precision, a file format should be extensive enough
to not only store data but welding knowledge in the form
of data models representing the spatiotemporal relations of
the complete welding process. To achieve this, combining,
adapting, and extending the existing approaches towards
data models against the background and requirements
of modern software development and data science tools
represent a promising approach.

From a technical perspective, many of the required
building blocks such as suitable base formats, programming
and data analysis frameworks, or visualization toolkits
already exist either inside or outside the welding community
in the form of suitable base file formats and data modeling
approaches. Hierarchical formats in combination with
external schema definitions representing the underlying
data models remain a well-established concept. To provide
access and usability for many members of the welding
community, a modern and open API to access and work
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with the file format seems equally important. Providing
all parts of the project on modern collaborative platforms
under a permissive open source license allows widespread
collaboration and ensures future extensibility.

Such a coherent effort from inside the welding commu-
nity will also help in providing incentives to collaborate
on, share, and publish more welding datasets. The existence
and accessibility of such datasets can lead to novel insights
and use cases spanning welding knowledge from multiple
institutions. Consequently, this might create incentives to
more frequently publish welding data if these efforts are
adequately appreciated in the community. As such, striv-
ing towards the use of a common and open file format for
welding data appears a worthwhile endeavor.

To effectively collaborate on data exchange inside the
research community, appropriate workflows and consortia
will have to be established. In an initial step, publishing
new or previously internal project results and software—
e.g., internal guidelines and file standards with a focus on
welding research data—for collaboration should increase
visibility for the topic and help consolidate existing efforts.
This could additionally be an important step to support rapid
exchange of ideas and concepts between researchers, ideally
gathering input and bringing together people from different
backgrounds in the welding community. In this context,
BAM will continue to publish the WelDX codebase and
results on GitHub. Subsequently, larger, more mature, and
extensive solutions should emerge. At that point, national
or international committees can take over a more guiding
role under chair of one or multiple contributing institutes.
In the long run, and to promote integration of research
data standards with the broader welding community, these
efforts and committee works could also be governed by
existing more broadly based bodies in due form, e.g., an [IW
working group or similar.
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