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Two key issues hindering the transition toward findable, accessible, interoperable, 
and reusable (FAIR) data science are the poor discoverability and inconsistent instructions 
for the use of data extractor tools (i.e., how we go from raw data files created by instruments, 
to accessible metadata and scientific insight). If the existing format conversion tools are 
hard to find, install, and use, their reimplementation will lead to a duplication of effort and an 
increase in the associated maintenance burden is inevitable. The Datatractor framework 
presented in this article addresses these issues. First, by providing a curated registry of 
such extractor tools, their discoverability will increase. Second, by describing them using 
a standardized but lightweight schema, their installation and use are machine-actionable. 
Finally, we provide a reference implementation for such data extraction. The Datatractor 
framework can be used to provide a public-facing data extraction service, or be incorporated 
into other research data management tools providing added value.

Introduction
The majority of chemistry and materials 
science research is digital. Fine-grained, 
unfettered access to the raw data we pro-
duce is therefore a crucial part of doing 
robust, reproducible science.1 Typically, 
the starting point of any scientific analy-
sis is the extraction of data and metadata 
from a “raw data” file that was created by 
a piece of apparatus or a piece of software. 
Such raw data files are either analyzed in 
proprietary software provided by a vendor 
directly or converted into a more accessible 
and interoperable format using extractors.

How easy or feasible the extraction pro-
cess is depends heavily on the characteristics 
of the produced raw data file. In the ideal case, 
these raw data files would use generic, struc-
tured, and self-describing formats (HDF5, 
NeXus). However, there are limited incentives 

for instrument and software vendors to use 
such formats. In addition to operating in a 
commercial environment, where “vendor 
lock-in” is often thought of as a positive,2 pro-
ducing data in self-describing formats would 
require community consensus on an appro-
priate file format, and especially semantics. 
Domains where such consensus exists are still 
rare (e.g., FITS in astronomy,3 NetCDF in cli-
mate modeling,4 or CIF in crystallography5).

Instead, we are often left with proprietary, 
binary, or otherwise obfuscated formats that 
can require significant additional work to 
reverse engineer. These formats can change 
unpredictably between versions and have the 
effect (intentional or otherwise) of locking 
you into the software ecosystem of the hard-
ware vendor. This presents a significant bar-
rier, both to the day-to-day scientific work-
flow and to open science generally, since the 
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The ongoing digitalization of materials research 
necessitates investment in bespoke research data 
management platforms. A common pain point 
across such infrastructures is the ingestion and 
extraction of data and metadata from raw data 
files. Often these files require significant effort to 
ingest in a way consistent with the FAIR data prin-
ciples such that definitions are clear and the result-
ing data are extracted reliably and repeatedly. As 
research laboratories increasingly move toward 
coupled automated systems, handling of files 
exported by different instruments can introduce 
significant friction to the data-to-insight pipeline. 
This paper presents a conceptual framework and 
prototype implementation of Datatractor, which 
aims to bring together the community of efforts 
on open-source software tools that can perform 
such extractions and disseminate them in such a 
way that new platforms can use the tools in an 
automated fashion. This can reduce the duplication 
of effort by broadly advertising existing and tested 
tools, communalize the maintenance and develop-
ment burden of such tools, and lower the barrier 
to the creation of materials data infrastructure. By 
building atop community consensus formed in a 
Materials Research Data Alliance (MaRDA) Working 
Group, it is hoped that this framework can grow to 
propagate best practices in research data manage-
ment and help to foster a rich open data ecosystem 
in materials science and beyond.
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raw data cannot be made findable, accessible, interoperable, 
and reusable (FAIR). Interoperability is discouraged by design, 
reproducibility is discouraged as a consequence.6,7

By opening up file format definitions and encouraging shar-
ing and reuse of extractors, scientific workflows can become 
more modular and interoperable with each other, lowering the 
barrier to more advanced analysis that could rely on the process-
ing of raw data from multiple techniques simultaneously (e.g., 
in situ or operando measurements).8,9 As an increasing number 
of laboratories undergo the digital transformation and take more 
steps toward laboratory automation, the need for robust, open 
data exchange and storage (via files or otherwise) grows more 
pressing.

Many communities have developed high-quality open-
source packages that can parse or extract data from the raw 
data file formats in their domain. In practice, such extractors 
often start out as ephemeral software (scripts or notebooks), 
written to be used once and discarded. However, once shared 
with colleagues, such ephemeral software nearly always turns 
into bespoke software used within a research group, handed 
down generations of PhD students.10 Such software only 
rarely evolves into an open-source solution developed and 
maintained by the broader community. Therefore, there is a 
significant duplication of effort, both in the initial develop-
ment and then additionally in the ongoing maintenance and 
upkeep (see the “research code” versus “production-grade 
code” distinction of Lehtola11), as the raw data file formats 
could change and grow in complexity. New solutions are also 
sometimes developed out of ignorance of the existing solu-
tions, and the more niche the file format, the less likely it is 
that the development of an extractor will continue beyond the 
ephemeral or bespoke stage.

Additionally, the developers working at the data manage-
ment platform level may have to (re)implement support for all 
of the desired formats in their community. Yet, the challenges 
faced when integrating such data extractors are broadly com-
mon between techniques. This redundant work could there-
fore be tackled at the level of the extractors themselves.12 
However, achieving such a distributed development model 
would require a discoverability mechanism for existing, 
tested, and maintained extractors, in order to avoid reinvent-
ing the wheel.12,13

Rather than making an attempt to produce yet another 
centralized package, or to conflict with ongoing important 
work in developing new flexible data standards that vendors 
can directly conform to,* here we describe a solution to the 
problem of the ongoing discoverability and interoperability of 
existing extractors. In the current work, we present a frame-
work for describing the extractors themselves, their usage, 

and their inputs (i.e., the “raw data” file formats); description 
of the extractor output is not part of the current framework 
and will be a topic of future work. Our approach stems from 
discussions within the context of the Materials Research Data 
Alliance (MaRDA) Extractors Working Group (WG),† which 
culminated in the Datatractor project.

In the rest of this article, we first describe the design of 
Datatractor and technical implementation details of its 
three components. We also describe how one would announce 
their extractor within the Datatractor project, and how 
one would use such extractors to extract their raw data. Then 
we outline the downstream (i.e., platform users) and upstream 
(i.e., extractor developers) use cases that could be enabled by 
this approach, with a particular focus on the dual use case of 
datalab,14 a platform that also contributes extractors. We end 
with a call to arms for users and developers to contribute to 
the registry and grow this decentralized resource.

Design and implementation
The main goal of Datatractor is to provide a place where 
extractor code can be promoted as FAIR software objects in and of 
themselves,15 while simultaneously enhancing extractor discover-
ability and reducing duplication of effort across data platforms and 
individual researchers. In order to meet these goals in a scalable 
and vendor-neutral way, we must go beyond a simple library that 
bundles all existing extractors with a uniform interface and instead 
require persistent schemas for code authors to describe fully the 
intent and usage of their code in a machine-actionable way.

At the same time, it is crucial that scientists and less techni-
cal users feel empowered to use these tools, and indeed, to ask 
more of their tools. As such, our goal was to provide a simple 
searchable graphical web interface and a zero-dependency 
example implementation that could be easily adopted by indi-
vidual users and platforms alike, alongside their existing tools.

To this end, Datatractor has three main components: 

1.	 schemas: semantic schemas for file types and extractor 
codes, their definitions, installation, and usage instruc-
tions,

2.	 yard : a registry of community-sourced metadata, 
describing file types and extractor codes, which is 
machine-actionable and user-searchable,

3.	 beam: a reference implementation that can parse files 
according to these declarative definitions present in the 
yard and elsewhere.

Semantic schemas
Two schemas have been designed, one for file types (File-
Type) and one for extractor codes (Extractor). Their 

*  We wish to highlight the current efforts in the extension of the 
NeXus file format to cover the areas of material synthesis and charac-
terization (i.e., the Area A and Area B work of the FAIRmat project).

†  See https://​www.​marda-​allia​nce.​org/​worki​ng-​group/​wg7-​autom​ated-​
metad​ata-​extra​ctors for description of the WG and https://​github.​com/​
marda-​allia​nce/​metad​ata_​extra​ctors/​discu​ssions for the discussions.

https://www.marda-alliance.org/working-group/wg7-automated-metadata-extractors
https://www.marda-alliance.org/working-group/wg7-automated-metadata-extractors
https://github.com/marda-alliance/metadata_extractors/discussions
https://github.com/marda-alliance/metadata_extractors/discussions
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design was borne out of discussions in the MaRDA WG and 
then iteratively codeveloped alongside the registry and refer-
ence implementation (yard and beam, respectively).

First, the FileType schema was created with the aim 
of allowing for the collation and curation of metadata asso-
ciated with each file type. This metadata includes the rel-
evant scientific domains, associated software, instruments, 
vendors, standards, or generic base formats (such as yml or 
zip) of a given file type. The FileType schema is relatively 
straightforward with a flat structure as shown in Figure 1. The 
schema contains a single loop whereby a FileType can refer 
to another FileType as its parent format. As an example, 
both the NeXus and NetCDF formats can refer to HDF5 as a 
base_format.

The Extractor schema is slightly more involved, as 
shown in Figure 2. It includes submodels for describing 
machine-actionable installation as well as usage instructions, 
slots for registering which FileTypes it can support, as well 
as bibliographic and licensing information about the extrac-
tor code. The Extractor schema has a built-in templating 
functionality, which allows the mapping of FileTypeIDs 
to appropriate switches or commands for the extractor code, 
actioned using the appropriate Extractor usage instructions. 
If supported by the extractor code, output FileType and paths 
can be specified using the same templating functionality.

The two schemas were written using the programming-
language-agnostic LinkML framework16 which enables 
semantic crosswalk with other schemas. Our schemas can 
therefore be exported to many common schema formats (e.g., 
JSON Schema, Pydantic, and OWL) or programming language 
classes (Python, Java, TypeScript). The schemas are available 
on GitHub,‡ with documentation corresponding to the latest 
release available at https://​datat​ractor.​github.​io/​schema.

Metadata registry: Yard
The registry is a place where the developers of extractor codes 
and interested users can submit, publish, search, and retrieve 
the definitions of Extractors and associated FileTypes. 
The yard is the default registry for the Datatractor  
project, available at https://​yard.​datat​ractor.​org. In principle, 
the Datatractor schemas can be used to populate any third-
party or private registry, which can be then passed to beam  
(or a similar utility) instead of the base URL of the yard.

Developers of extractor codes wishing to announce their 
extractor or potential contributors to the yard are encour-
aged to reach out and contribute on GitHub. To facilitate 
the process, we have provided Contributing Guidelines.§ In 
short, each new software package should be submitted in a pull 
request to the yard repository and include the Extractor 
definition (see Figure 3) and any new supported FileTypes. 

Once you submit the pull request, your definitions will be vali-
dated automatically against the Datatractor schemas. We 
strongly encourage inclusion of example files for new File-
Types. The pull request will then be reviewed by one of the 
registry maintainers (currently the authors); after a successful 
review, it will be merged into the main branch and deployed 
after a new release is made. We pledge to follow the Contribu-
tor Covenant Code of Conduct.17

The yard can be accessed in a human-readable form (see 
Figure 4) using the above link, where the FileTypes and 
Extractors can be browsed. The links from FileTypes to 
Extractors that support them (and vice versa) are rendered, 
as well as other metadata information, including the code license, 
links to the code repository and documentation, or references.

The machine-actionable part of the yard registry is the 
application programming interface (API), deployed at https://​
yard.​datat​ractor.​org/​api, which is compliant with OAS 3.1.018 
and is served using FastAPI.19 Releases of the yard regis-
try are automatically built using Docker, pushed onto Docker 
Hub, and deployed on a server at Johns Hopkins University.

Reference implementation: beam
The final aspect of Datatractor addresses the machine-
actionable usage of extractors that have been annotated via 
the previously discussed schemas. In essence, this would 
comprise a piece of software that can automatically follow 
the installation instructions for the extractor code, generate 
the appropriate code or command-line incantation to run the 
extractor code on a given file, and then return the output to 
the user. Datatractor beam is an open-source reference 
implementation for this procedure.

For example, consider the extraction of data from an MPR 
file (example.mpr), with an associated and known File-
Type of biologic-mpr, which has been generated by a Bio-
Logic potentiostat in an electrochemical cycling experiment. 
This is a proprietary, binary file format that is prone to changes 
across the underlying EC-Lab software releases. The format 
has been reverse engineered by multiple noncommercial open-
source libraries20–22 to enable more complex and automated use 
cases than the vendor software currently allows.23

With beam, this extraction can be done either via the com-
mand line:

or in Python code directly:

As shown in Figure 4, for the biologic-mpr file type, the 
Datatractor yard contains two matching Extractors: 
the yadg library20 and the galvani package.21,22 This can also be 
confirmed using the following command-line invocation:

‡  See https://​github.​com/​datat​ractor/​schema.
§  Available at https://​github.​com/​datat​ractor/​yard/​blob/​main/​CONT‑ 
R​IBUTI​NG.​md.

https://datatractor.github.io/schema
https://yard.datatractor.org
https://yard.datatractor.org/api
https://yard.datatractor.org/api
https://github.com/datatractor/schema
https://github.com/datatractor/yard/blob/main/CONTRIBUTING.md
https://github.com/datatractor/yard/blob/main/CONTRIBUTING.md
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When Datatractor beam is executed, it will fetch 
this information from the yard and then look into the two 

Extractor definitions for a set of appropriate usage 
instructions that match the specified execution method (com-
mand-line or Python) and are compatible with the required 
FileType.

Currently, for usage via Python, beam will install and 
use galvani, according to the instructions in Figure 3, as it 
is alphabetically the first Extractor matching the bio-
logic-mpr FileType. By default, the installation is car-
ried out in an isolated Python virtual environment for each 
Extractor. As galvani does not have a command-line 
interface, it must be used via the Python interface. There-
fore, if a command-line execution method is requested by the 
user, yadg will be installed instead. Then, the yadg-specific 
instructions for extracting data from the biologic-mpr 
format using the command line will be executed. In general, 
if the extract() function of beam is used from Python, 
an in-memory object will be returned (in the case of galvani 
a pandas.DataFrame); when executing datatrac-
tor beam from the command line, an output file will be 
written instead (in the case of yadg a NetCDF file located at 
example.out).

Like many of the extractor codes themselves, beam is writ-
ten in Python. It can be installed from the GitHub repository 

Figure 1.   The FileType schema.

Figure 2.   The Extractor schema.
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via pip.** Without any external dependencies, beam uses 
the data present in the yard metadata registry to discover 
which Extractors are known for a given FileType. 
Alternatively, beam can be pointed to a URL containing any 
compatible forked or modified version of the yard repository. 
Finally, beam can be used locally, with a local definition of an 
Extractor, by passing it as a dictionary to the extract() 
function.

With a single invocation, beam can then download any 
registered extractors and install each one in an isolated vir-
tual environment, alleviating the common pain points with 
incompatible dependencies. Finally, as in the example above, 
beam can execute the extractor code on the given file, and will 
return either a file converted into another format (typically a 
more generic format, such as JSON or HDF5), or a Python 
object directly.

Use cases
Downstream use cases
The most likely use case of the aforementioned machinery is 
within user-facing data management software, such as data-
lab.14 Datalab is an open-source data management platform 
for materials chemistry and beyond, which is intended to be 
deployed at the level of an individual research group or depart-
ment and can be used to track the relationships between sam-
ples, devices, and characterization data. In order to support 
the many file formats that are encountered daily in this field, 
datalab has explicit first-class support for several common file 
types, yet it is impossible to be exhaustive. Instead, datalab 
can make use of the registered extractors in the yard, by 
installing these separately from the main platform, enabling a 
separation of concerns between metadata extraction and data 
analysis.

This approach also makes it much more straightforward to 
develop more advanced functionality for certain file formats, 
as metadata extraction is often the rate-limiting step.24 For 
instance, to implement support for gas chromatography data, 
all that the developers of datalab would need to write is a 
mapping between the detected file format and an extractor in 
the yard and then a mapping from the extracted gas chroma-
tography data and the desired datalab schema for storage. In 
the reverse direction, where “native” support for a file type 
has been implemented specifically for datalab (e.g., an instru-
ment without existing supporting software implementations), 
datalab developers can annotate the functionality for this file 
type in such a way that it can be contributed back to the yard 
for use outside of the datalab platform itself.

With enough traction, it would also be possible to com-
munalize the work of defining data pipelines via isolated 
Extractors. Multiple platforms could collaboratively 
develop the next iteration of beam that could grow to handle 

Figure 3.   An abridged Extractor definition for galvani.

Figure 4.   A screenshot of the biologic-mpr FileType page 
from yard; see https://​yard.​datat​ractor.​org/​filet​ypes/​biolo​gic-​mpr.

**  See the project README for installation instructions, https://​
github.​com/​datat​ractor/​beam?​tab=​readme-​ov-​file#​insta​llati​on.

https://yard.datatractor.org/filetypes/biologic-mpr
https://github.com/datatractor/beam?tab=readme-ov-file#installation
https://github.com/datatractor/beam?tab=readme-ov-file#installation
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specific technical use cases that can arise in particular labora-
tories, involving, say, parallelization, asynchronous or server-
less processing,25 and streaming data.26 This more modular 
ecosystem should lower the barrier to bespoke data manage-
ment platforms written and deployed where they are needed, 
focusing on automation and decentralization12,13 rather than 
relying on top-down solutions to capture the long tail of sci-
entific data that are currently left unrecorded. The challenge is 
then to ensure that the Datatractor ecosystem is designed 
in such a way to enable these use cases without providing yet 
another source of overhead.

We note that a library for automatic FileType detection 
is part of the electronic lab notebook (ELN) Developer Wish-
list,†† which was collected in a roundtable discussion as part 
of the MaRDA extractors WG. Work on such a library as well 
as on standardization of outputs of extractor codes are open 
avenues for further work.

With robust FileType detection in place, the Data-
tractor approach could even find use at the level of data 
repositories or journals, who could use it to construct indexes 
over uploaded data with scientifically meaningful (as opposed 
to generic) metadata fields. A similar approach has recently 
been employed for crystallographic data on the Materials 
Cloud Archive data repository27 with their integration of 
OPTIMADE;28 user archives can be automatically parsed and 
served with an OPTIMADE API,29,30 providing a standardized 
programmatic search interface with robust property defini-
tions, massively improving discoverability since such data can 
now appear in the results of federated searches encompassing 
the entire OPTIMADE ecosystem.31

Upstream use cases
The integration of high-quality third-party extractor codes in 
the Datatractor yard is what motivated the authors to 
develop this project in the first place. A list of several extractor 
codes we have identified is available in the GitHub discussion 
page of the project.‡‡ Initiatives such as these also facilitate 
discussion about best practices (e.g., the yadg project recently 
adopted the original_metadata conventions used by 
RosettaSciIO) thanks to the discussions sparking from this 
initiative.

The benefits of such integration for upstream code devel-
opers would be increased discoverability of their tools via the 
Datatractor yard, as well as the possibility of automated 
testing of Extractor definitions using the supplied example 
files of known FileTypes, especially as these examples shift 
to cover newer versions of vendor software over time. This 
enhanced visibility could allow communities of practice to 
nucleate around particular domains and characterization 

techniques. Further self-reinforcing benefits would accrue 
following downstream integration of the Datatractor 
project.

Finally, the registry could find use in instrument procure-
ment, where open-source library support for a given file type 
can be a determining factor in choosing a given vendor.32 This 
could also encourage vendors to improve their own support for 
data extraction of the file types they produce.

Conclusions and outlook
In the current work, we have proposed a registry of data 
extractors or format converters, intended to aid the discover-
ability of such tools and avoid code duplication. The regis-
try is based on lightweight semantic schemas, which contain 
licensing, attribution, installation, and usage instructions for 
such extractor codes. The registry can be used both by human 
users in order to find tools for extraction of their data or by 
machines to perform said extraction in an automated fashion. 
A reference implementation using entries in this registry has 
also been developed. Crucially, the tools have been developed 
to work in a distributed fashion, allowing interested parties to 
spin up their own registry with minimal effort.

Some key challenges remain. First, although we developed 
a schema for the definition of file types, matching individual 
files to such file type definitions is an important but missing 
feature. Such a library should consider multiple hints identify-
ing file types, including common file name extensions, magic 
bytes or phrases, and MIME types; the task is further compli-
cated by the hierarchical nature of file types (a NetCDF file is 
a HDF5 file which is a binary file; a JSON-LD file is a JSON 
file which is a text file).

Second, although the supported input file types for extrac-
tor codes can be described using the Datatractor schemas, 
the output formats of those codes are currently not part of the 
schema. The extractor definitions could provide information 
describing the output formats and an implementation of the 
Datatractor framework could then be used to automati-
cally validate the outputs. Ideally, the output formats would be 
semantically annotated using an output schema.

Both of those outstanding issues require an amount of com-
munity consensus and contributions. The current version of 
the Datatractor framework provides a sufficiently devel-
oped yet simple prototype implementation and a registry 
where upstream extractor codes can be incorporated, which 
at the same time could already be useful for integration into 
downstream projects. We hope the Datatractor yard 
will grow into a useful user-facing resource in its own right, 
and coupled with the integration of Datatractor beam 
(or other implementations) into downstream projects, we will 
be able to revise the Datatractor schemas to address the 
key remaining challenges, as a community.

Although Datatractor is only a small technical piece 
of this puzzle, we believe that a comparable system will be 
crucial to enabling a future of decentralized, automated data 
management platforms (and thus laboratories) that can enable 

‡‡  See “We Want You in Yard,” available at https://​github.​com/​orgs/​
datat​ractor/​discu​ssions/2.

††  See the “ELN Developer Wishlist,” available at https://​github.​
com/​marda-​allia​nce/​metad​ata_​extra​ctors/​discu​ssions/​18.

https://github.com/orgs/datatractor/discussions/2
https://github.com/orgs/datatractor/discussions/2
https://github.com/marda-alliance/metadata_extractors/discussions/18
https://github.com/marda-alliance/metadata_extractors/discussions/18
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truly discoverable, accessible, and navigable data in the physi-
cal sciences and beyond.12
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