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Supplementary Note 1 Implementing and Maintaining

an Open Science Infrastructure

In this part, we want to focus on the implementation, discussing some key
lessons we learned from implementing an electronic lab notebook (ELN).
We think that chemistry can learn several lessons from the world of open
source.

1.1 Survival advantage of the worse

In a networked world, the worse solution can have an advantage over an
over-engineered one (the infamous “worse is better” principle).1 Over the
years, the chemistry community could observe the proposal of a welter of
ontologies, schema, and ELNs. While those are admirable efforts we feel
that new file formats will not help the community at this point. In particular,
they will not address the biggest problem which is the lack of interoper-
ability between existing solutions. For most data types there are already
standardised, sometimes even IUPAC recommended vocabularies, schema,
and serialization formats, and from our experience one cannot anticipate
all eventualities of a data schema (chemistry is likely just too flexible, some
even argue that a schema-first approach will never scale2). Many successful
technologies experienced that after an initial design (that is good enough for
a potential disruptive innovation) it is much more worthwhile to implement
a prototype and keep on iterating based on user feedback (which will be
conditioned on an imperfect design, but stick to it as it provides them value).
The “worse” solution will have better survival characteristics because it is
easier to iterate on it (whereas an overly complicated solution might become
impossible to maintain).

In this context, it is also interesting to reflect on what Oleksik et al.3

described as “a tension that is intrinsic to the digital nature of ELNs: a
conflict between the flexibility, fluidity, and low threshold for modifying
digital records and the requirement for persistence and consistency”. In the
ELNs that are currently used in the chemistry community, one finds both
extremes: Some interfaces are reminiscent of filling a long form (like for a tax
declaration), whereas others provide no structure at all (like a simple note-
taking app). From the viewpoint of data capture (seeing the data analysts
as the end-users) a highly structured form might be “best”—but it will be a
worse overall solution as chemists who are supposed to enter the data will
not adopt it.
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We find that a key design requirement is to make the barrier for data entry
as low as possible, potentially using some ideas like predefined sentences
with variable fields, to increase adoption. For chemistry, this also means that
an ELNs should support the editing of chemical structures—also to be able
to store this information in a reusable form and not as an image that was
created by another software.

1.2 Software can be maintained and improved by the community

Some of our experimental colleagues raised the viewpoint that complicated
pieces of software cannot be maintained by researchers.

Our everyday life shows that the opposite is true. We all use software that
is developed and maintained by the community. Our world would, as we
know it, would not be possible without open-source projects such as Linux,
Firefox, or Python. All these pieces of software are probably better because
they are open, hence better tested (“given enough eyeballs, all bugs are
shallow”4). Clearly, there are issues with the sustainability of open-source
software, and there are initiatives that call for novel funding schemes5;6—
but there are also many examples that show that successful businesses can
be built around open software. For example, the SciNote ELN is licensed
under the open Mozilla public license, but there is still a business model that
sells deployments of the ELN on the cloud together with support—for users
that do not want to deploy the ELN themselves. A similar scheme is used
for the eLabFTW ELN where Deltablot sells “pro support” and hosting, i.e.
service-level agreements (SLAs).

On the other hand, we can think of an open science infrastructure as
something like our NMR facility. Our departments have funds to keep this
infrastructure running. To us, it seems forward-looking to do the same for
a data infrastructure that not only supports research but could also enable
new research.

Notably, the open-source model has not only been proven successful for
software development but also for the sciences. One example is the poly-
math project where the maths professor Timothy Gowers used his blog
to ask for help with a proof for a central theorem.7 Within less than two
months, the results—based on about 800 comments of 27 people—were
being written up in a paper. Similarly, an open-source science project found
a new pathway to an enantiopure form of the drug praziquantel.8 One of
the reasons why this model works is that the relevant expertise and the
new viewpoints can make themselves heard—no research group can have
all the experience and expertise there is in the world, and often an overly
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specialised team can struggle to escape a local minimum in their thinking.8;9

The acceleration of research that both the polymath and the open-source
malaria project observed was described by Timothy Gowers, the initiator of
the polymath project, as “It feels as though this process is to normal research
as driving is to pushing a car.”10

As with open-source software, open-source science is also interesting be-
cause the process of creation is open. We can follow all the discussions that
led to the development of Linux, we can follow all the small steps that have
been made for the polymath project, and can also see how the route to the
enantiopure form of praziquantel was discovered. All this can be used as a
resource for education, but also to understand why things are as they are.
An open science infrastructure such as the one outlined in this work can be
a key ingredient for this process—by simply opening the lab notebooks and
allowing others to comment on it. One can even envision that (parts of) the
data captured via the ELNs is fed directly as a dataset into the Kaggle plat-
form,11 where (aspiring) data scientists can use it to develop new machine
learning models.

1.3 Modularity, on different levels, is key

An ELN is a complex piece of software. If one were to develop it as one
big monolith it would be infeasible to try to fix or update one part of the
code without breaking another one, and it would also hamper parallel
development on different parts of the codebase by different developers
(“Linus does not scale”). A monolith is not scalable. Simply alone for this
reason it is key that the tool is developed at the most granular level. But
besides making development and maintenance easier it comes with other
advantages. The world of (web) development is fast changing. No one
knows what the new, state-of-the-art technologies will be in 10 years. By
tightly coupling all parts of the ELN it will be completely unfeasible to
upgrade to a new framework. For example, if one keeps the frontend (the
client side code that runs in the browser and visualises the data) separate
from the backend (the code that runs on the server and does the heavy
lifting) one can much easier migrate to new frameworks.12 One new ELN
framework that followed this approach is the Chemotion ELN developed at
the Karlsruhe Institute for Technology (KIT). One advantage of developing
the frontend in a modern web framework is that the resulting service can be
used on any platform—also on mobile devices—via the web browser.

One challenge digital records face compared to paper-based notes is im-
mediacy.13 It is usually much faster to quickly jot something down on paper
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than to enter it via a clumsy interface on a computer that might not even
be in the lab. For this reason, we envision that the ELN must improve the
ways researchers can ingest data. One way we explored in our work are
chatbots14 that easily allow capturing pictures or videos—something that is
typically much harder to do with paper-based notebooks and that would
allow capturing the experiments in much more detail. Others explored to
improve the ease of use using speech recognition,15;16 but these techniques
did not find widespread use, one reason for which the specialised chemistry
vocabulary might be.

The LabTrove ELN showcases an advantage digital solutions can have
over the conventional paper-based notebooks: They allow to connect the
reflection about the data directly with the data records themselves. In the
context of LabTrove one might write summary blog posts in preparation for
weekly group seminars that link to particular experiments. In this way, not
only the experiments themselves but also the reflection on the experiments
and the thought processes that led to the next steps, are captured—similar
to what happens in open source science projects.

1.4 The user base is heterogeneous

One challenge every ELN faces is that the user base is heterogeneous. On
the one hand, this stems from the fact that, in our perspective, the users are
not only the experimental chemists but also scientists that will re-purpose
the data. Both favour different ways of interacting with the system. But
also within the group of experimental chemists, there are varying amounts
of interest in what is going on behind the scenes. On top of that, chemists
will attempt to use the ELN from different platforms. Many would prefer
to use it from a mobile device, but access also from their Mac, Windows, or
Linux desktop computer. One viable solution to address all these different
needs is to offer the ELN as a cloud service that can be accessed from a
web browser on any device. This also simplifies the rollout of fixes and
updates as the developers do not depend on users installing them. Lastly,
this also simplifies the life of users as they do not need to install anything—
they just need to open their web browsers. Note that it can make sense to
implement the ELN such that most operations take place on the client-side.
This is feasible as the most common operations in the ELN are not resource-
intensive (e.g. looking up data in a database, plotting spectra, writing notes).
It can also make the ELN more responsive than design in which all operations
take place on a server (e.g., implemented using Jupyter notebooks, where
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one would need to start one container per user and cannot profit from many
of the optimisation techniques that modern web frameworks offer).

1.5 Convergence and interoperability

For this vision to be sustainable on a larger scale different solutions must be
able to talk to each other. It is clear that there cannot be only one database
or only one ELNs as the needs of different communities are just too diverse.
But the different tools need to be interoperable to make data reusable and
harvestable on a larger scale. Standardisation will also be key to integrate
“manual chemistry” captured via ELNs with syntheses executed by robots
and to link experimental work with computational works.
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Supplementary Table 1 | Some examples (non-comprehensive) of schema that
have been developed for chemistry and materials science. A more comprehensive
overview can be found on https://fairsharing.org/ via search for “standards”.
There have been many efforts that did not find widespread use.

schema description

Analytical Information
Markup Language (An-
IML)17

focused on analytical chemistry and biological data, developed by an
ASTM (American Society for Testing and Materials) working group.
Found already support by some manufacturers like Agilent or ELNs
like LabWare. BSSN software (now owned by Merck) implemented
converters for more than 150 instruments18

autoprotocol19 development focused on defining experimental plans in the life sci-
ences that can then be remotely executed, 19 but has elements that are
general (e.g., compounds, inventory) and cover different aspects of
chemistry. Notably, it has a mechanism for the proposal of changes to
the standard (Autoprotocol Standard Changes)

Physical Information File
(PIF) 20

designed to be able to describe a broad array of data “from parts in a
car down to a single monomer in a polymer matrix”, hence can have
a nesting of subsystems. Maintained by Citrine Informatics

Graphical Expression of Mate-
rials Data

Developed by Citrine Informatics, links materials, the processes that
produce them, and the measurements that characterize them. It re-
solves some problems that were present in the data model underlying
the PIF

ThermoML21 IUPAC standard for storage and exchange of experimental thermo-
physical and thermochemical property data. Data produced by the
NIST Thermodynamics Research Center are provided in this format

Chemical Markup Language
(CML) 22;23

is supported by many common programs and has been extended, for
example, for spectra (CMLSpect) 24. One core idea of designers of the
CML was that the information should be validatable—for example,
to automatically find if there negative atom counts

schema for the Open Reaction
Database (ord-schema)

the developers built this schema based on a survey they conducted
in late 2019/early 2020 with the clear goal to create datasets that
can help organic reaction prediction. Governing committee around
participants from industry (Google, Merck, Pfizer) and academia
(MIT, Princeton)

XDL25 Developed to compile machine-readable experimental scripts that
can be executed by robots

OECD Harmonised Tem-
plates

data formats for information on chemicals and safety information

Materials Schema effort to extend schema.org (a large effort that creates schema for
structured data on the web) which would allow indexing by major
search engines. This effort is inspired by the bioschemas initiative
that has been developing types for the life sciences to increase the
findability of data. Currently being developed (pre-alpha version) by
NIST

Allotrope Data Format (ADF) consortium of pharmaceutical industries and a larger partner network
of instrument manufacturers with the aim to create a data infrastruc-
ture that captures the full lifetime of a sample in the lab. It has been
working on an ontology (that is available under a permissive license),
standard data schema/file and already has good coverage for many
analytical techniques. Many developments (like access to the source
code) require membership in the consortium

Unified Data Model (UDM) format to store reaction data (schema, conditions, provenance, etc.)
and biological testing. Has been maintained by Elsevier, who trans-
ferred the ownership to the Pistoia Alliance.
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Supplementary Figure 1 | Non comprehensive schematic timeline of standards
that have been proposed for chemical data. Inspired by Anderson et al. 26 .

While there have been many efforts to create standards for data man-
agement in chemistry (some examples are described in Supplementary
Tab. 1 and 2) there are only few (for example, the CIF) that are widely
used. Motivated by this, there have been some initiatives that try to define
standards for the field (see Supplementary Tab. 3). However, some of the
most advanced efforts are being spearheaded by industry consortia, like
the Allotrope Framework, which in some cases require membership to see
the full documentation. While this can be a way to fund the efforts, it can
also undermine one of the purposes for standardisation, i.e., to make data
reusable by everyone.27 We have to realise that one of the features of open
source is that it can level the playing field, i.e., give less well-funded groups
the same access to high-quality tools. Moreover, in the recent pandemic, we
could witness how access to data can make a difference in response to an
emergency.28;29

From the computational materials science community we know that
progress on open standards, even though slow, is possible. Starting 2016, the
OPTIMADE30 consortium, in which all major computational databases have
been represented, agreed upon a specification with which the databases can
“talk” to each other. Practically, this means that users can easily retrieve,
combine, and compare data from all major databases.
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Supplementary Table 2 | Examples of common characterisation techniques, file
formats, and the conversion tools that have been developed by the cheminfo team
(GitHub organisations cheminfo, cheminfo-js, cheminfo-py, mljs, image-js.

technique file formats conversion
library

powder x-ray diffraction (PXRD) Bruker brml, PowDLL xy xrd
adsorption isotherms Belsorp xls, DVS csv, Micrometrics csv

and txt, IGA txt
isotherm-analysis

thermal gravimetric analysis (TGA) Perkin Elmer csv and txt, TA Instru-
ments txt

tga-spectrum

x-ray photoelectron spectroscopy (XPS) VAMAS vamas
nuclear magnetic resonance spec-
troscopy (NMR)

Bruker zip, JEOL jdf brukerconverter,
jeolconverter

liquid/gas chromatography (LC/GC) NetCDF netcdfjs
mass spectrometry (MS) mzData, mzML, mzXML mzData
images (transmission/scanning elec-
tron microscopy)

TIFF, png tiff,
fast-png

Supplementary Table 3 | Some initiatives that work on the standardisation,
digitisation, and reusability of chemical data.

initiative description

GOFair Chemistry Implementation Net-
work

one of the ambitious goals is to create a manage-
ment structure for standards through IUPAC, which
has several ongoing projects concerning the develop-
ments of data standards31

Research Data Alliance Chemistry Re-
search Data interest group

aims to establish standards and ontologies and also
proposes to involve instrument manufacturers in the
discussions

RDA/CODATA Materials Data, Infras-
tructure & Interoperability interest group

aims to foster exchange of computational and experi-
mental materials data via interoperability and shared
standards

Materials Research Data Alliance emerged from NSF’s 2019 Summit on Big Data and
Materials Cyberinfrastructure with the goal of creat-
ing a community around materials data sharing and
reuse

National Research Data Infrastructure for
Chemistry (NFDI4Chem)

German consortium with the aim to build an open and
FAIR infrastructure for research data management in
chemistry
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Supplementary Table 4 | There is no lack of standards. This table is a
non-comprehensive overview. The most common serialization language (serial.) is
XML. XML is a web standard that is supported in most programming languages, is
easily extendable, and is human-readable. It was originally developed as markup
language and not as data storage format. In contrast to XML, JSON is relatively
easy to parse, and it is also supported by most, if not all, programming languages
(often having a direct mapping to standard datatypes such as dictionaries).
Self-defining Text Archive and Retrieval (STAR) is the file structuring used in CIF.
Not human-readable are HDF5 (Hierarchical Data Format), netCDF (which in the
most recent implementation builds on top of HDF5), SQLite, and protocol buffers.
Those file types have the advantage that they can represent data more compactly
than the text-based format. The reason for that is, for example, the numerical
accuracy of numbers. In string-based representation, it takes more space (to “print”
all the digits) than in a native representation. One difference between the standards
in this table is the extent to which the formats provide controlled vocabularies.
Some only provide basic implementations like parameter labels with which any
parameter can be stored, whereas others specify a tightly controlled vocabulary
that only allows specific terms (blurring the line between format and schema).
Only a few reuse and extend vocabularies that are more widely used, e.g., the web
in general (schema.org). This overview clearly reflects that there will not be a
one-size-fits-all format given that some applications need formats that are
optimised for performance whereas others will require audits trails and digital
signature features. But the table shows that many implementations are not that
different, e.g., multiple HDF5 implementations of the mzML standard and that the
community most likely does not need one additional (potentially backward
incompatible) re-implementation of the mzML standard. What is interesting to
observe is that most formats do not have a formalised mechanism for the proposal
and discussion of changes to the standard. While some use public mailing groups
and issue trackers, to our knowledge, only autoprotocol follows the schema of
“enhancement proposals”, which is used in major software developments to
propose and discuss new designs in a standardised, public-facing, and
documented way. The inspection of the table also highlights that formats with
buy-in from industry (e.g., ADF, UDM, AniML, Autoprotocol) found significantly
wider adoption and are better maintained.

name year scopes description serial.

JCAMP-
DX 32

1988 general ana-
lytical chem-
istry

IUPAC recommended format. Many instruments can export
this format, many databases such as the NIST web-book un-
derstand this format. Allows for some compression. Can be
customised using private labels.

its
own

ANDI 33 1992 general ana-
lytical chem-
istry

The Analytical Data Interchange format is most used in its
flavor for mass spectrometry, ANDI-MS more widely used.
Designed by ASTM

netCDF

CML 1995 chemical data
in general

Is supported by many common programs and has been ex-
tended, for example, for spectra (CMLSpect) 24. One core idea
of designers of the CML was that the information should be
validatable, for example, to automatically find if there negative
atom counts

XML

11

schema.org
http://jcamp-dx.org/
http://jcamp-dx.org/
http://andi.sourceforge.net/
https://www.xml-cml.org/


NMRSTAR 34 1996 (biological)
NMR

archival format used by the Biological Nuclear Magnetic Res-
onance data Bank (BMRB), the international repository of
biomolecular NMR data

STAR

matML35 1999 materials
property data

Development initiated at NIST with the goal to develop a
format for the interchange of materials information, but did
not find wide usage

XML

SpectroML 36 2002 UV-VIS super-seeded by AnIML XML

ThermoML 37 2003 thermophysical
and thermo-
chemical
property data

IUPAC standard for storage and exchange of experimental
thermophysical and thermochemical property data. Data pro-
duced by the NIST Thermodynamics Research Center are pro-
vided in this format. IUPAC-based terminology is used as
basis for data tagging

XML

GAML37 2003 general ana-
lytical chem-
istry

The Generalized Analytical Markup Language attempted
to make it easier to store multi-detector data (compared to
JCAMP and ANDI). Explicitly avoids mapping vendor spe-
cific metadata to a common dictionary

XML

mzXML38 2004 mass spec-
trometry

strict schema with enumerated attributes, officially deprecated
in favour of mzML

XML

AnIML 17 2004 general ana-
lytical chem-
istry

The Analytical Information Markup Language aims to docu-
ment workflows. It allows to embed digital signatures and
audit trails, aims to be flexible enough for novel spectroscopic
techniques. Found already support by some manufacturers
like Agilent or ELNs such as LabWare. BSSN software (now
owned by Merck) implemented converters for more than 150
instruments18

XML

mzData39 2006 mass spec-
trometry

Designed to be flexible via extendable controlled vocabulary XML

mzML40 2008 mass spec-
trometry

Aims to combine the best elements of mzXML and mzData,
metadata is accurately and unambiguously annotated using
the PSI-MS controlled vocabulary

XML

mz541 2012 mass spec-
trometry

Uses HDF5 in an attempt to address performance issues with
mzML. Manual mapping to the field labels of mzML

HDF5

ADF 2013 general ana-
lytical chem-
istry

The Allotrope Data Format features an ontology based on the
widely used Basic Formal Ontology. Data is stored in RDF
graph, can be programatically validated. The format also sup-
ports audit trials. Additional files can be stored in virtual file
system. Full analytical life-cycle can be stored in one file. Wide
support from instrument manufactures. Maintained by the
Allotrope Foundation, which was founded by pharmaceutical
companies, and which uses the membership fee paid by in-
dustrial members to contract external partners to develop and
maintain the format

HDF5

mzDB42 2015 mass spec-
trometry

Attempts to optimise for high-throughput data processing and
storing

SQLite

autoprotocol 432016 life science
protocols

Autoprotocol is directly mappable to hardware commands
for robotic automation. Notably, it has a mechanism for the
proposal of changes to the standard (Autoprotocol Standard
Changes). It is maintained by Strateos

JSON

PIF 2017 information
about physi-
cal systems

The Physical Information File was designed to be able to de-
scribe a broad array of data “from parts in a car down to a
single monomer in a polymer matrix”, hence can have a nest-
ing of subsystems. It is maintained by Citrine Informatics

JSON
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UDM 2017 experimental
informa-
tion about
compound
synthesis and
testing

The Unified Data Model is a format to store reaction data
(schema, conditions, provenance, etc.) and biological testing.
Has been maintained by Elsevier, who transferred the owner-
ship to the Pistoia Alliance.

XML

NMReDATA 442018 NMR compared to nmrML and NMRSTAR tries to not be exhaustive
but limit itself to core set of parameters, carefully include struc-
ture assignment. Maintained by the NMReDATA initiative

SDF

nmrML45 2018 NMR one goal was to follow the design of mzML, the motivation
was to address the different “dialects” of JCAMP-DX imple-
mentations

XML

GEMD 2019 links ma-
terials, the
processes
that produce
them, and
the measure-
ments that
characterize
them. It re-
solves some
problems
that were
present in the
data model
underlying
the PIF

JSON

ord-
schema

2019 organic reac-
tions

The developers built this schema based on a survey they con-
ducted in late 2019/early 2020 with the clear goal to create
datasets that can help organic reaction prediction. The consor-
tium is lead by a Governing Committee with members from
industry (Google, Merck, Pfizer) and academia

protocol
buffer

XDL 2020 organic reac-
tion protocols

Developed to compile machine-readable experimental scripts
that can be executed by robots such as the “chemputer”.25

XML

AIF46 2021 gas
de/adsorption
isotherms

The authors of the Adsorption Information File provide tools
convert proprietary files to AIF

STAR

mzMLb 47 2021 mass spec-
trometry

Uses HDF5 in an attempt to address performance issues with
mzML, preserves the mzML structure. Attempts to improve
over mz5 by preserving the link to also future mzML versions

HDF5
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Glossary

access token are random character strings that can, similar to
passwords, be used to grant the rights for certain
operations. Usually, access tokens can be minted
for a limited scope, e.g., for only one sample and
only specific rights (e.g., read rights).

API an Application Programming Interface (API) de-
scribes how one can interact with a program.
It describes what requests can be made and in
which form they have to be made. In contrast
to a user interface it is not intended for direct
use via a “frontend” but rather to offer program-
matic access.

backend the piece of software that accesses the data. One
standard model in software development is the
client-server model, where the backend is the
part of the code that runs on the server.

client the archetypal example of a client is a web
browser. A client can be use to access a service
offered by a server.

data dictionary a detailed definition (format, meaning, relation-
ship, usage) and documentation about each data
element (in a data model).

data lake central place for collecting raw data from differ-
ent sources. In the context of ELNs this can refer
to system that simply stores all raw, unparsed
data that might find potential use at some later
point in time.
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data mesh data meshes are, in contrast to centralised data
lakes or data warehouse, a decentralized data
architecture. Each domain will offer data as a
product.48 This can be thought of as the data
equivalent of microservices that found broad
use for scalable software products..

data model abstract description of the data structure (the ele-
ments and their relationships). It is more higher
level than schema, one example is the relational
model, another is a graph model.

data warehouse central place for structured data integrated from
different sources. In the context of an ELN, the
term data warehouse might be used to describe
the system that is used to integrate data cap-
tured from different laboratories, on different
instruments.

deployment deployment refers to the activities that are
needed to make a piece of software available
to users.

disruptive innovation a disruptive innovation is an innovation that
creates a new market. One example for this are
smartphones.

DMP data management plans describe how data are
handled during and after a research project.

DOI a digital object identifier (DOI) is a unique and
persistent identifier that is created by some cen-
tral agency that keeps track of some metadata
and commits to resolving to it indefinitely.

Dublin Core the Dublin Core Metadata Element Set is a set
of 15 elements like “Contributor”, “Date”, “For-
mat” that should be used for describing data
resources. A similar set of metadata is the Dat-
aCite Metadata Schema.
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ELN in this perspective we see an electronic lab note-
book (ELN) not only as a place where experimen-
tal chemists take notes but as a hub for chemical
research. Note taking is an important functional-
ity in this hub, but visualising, interacting, and
sharing data are at least equally important.

FAIR the FAIR principles are guidelines on how the
findability, accessibility, interoperability, and
reusability of data can be improved.49 Impor-
tantly, FAIR does not necessarily mean open.

five star data Tim Berners-Lee suggests that the highest-
quality open and linked data, i.e. 5-star data,50

must (1) be available on the web under an open
license (e.g., creative commons), (2) be struc-
tured (e.g., table instead of the image of a ta-
ble), (3) be non-proprietary (e.g., using standard
text files instead of binary formats), (4) use uni-
form resource identifiers (URIs) (e.g, using an
URL such that others can share and link to this
piece of data), (5) link to other data. In contrast
to FAIR, linked open data (5-star data) must be
open.

frontend the piece of software that displays the data, it
is the part of a website the users interact with.
In the client-server model this is the piece of
software that runs on the client (e.g., the web
browser).

GitHub github.com is where most of the open source
code “lives” and is collaboratively built. It is
integrated with the version control tool Git but
also give the option to make copies of other code
bases (“fork”/“clone”) or to contribute code to
some projects using “pull requests”. Bugs and
new features are usually discussed in “issues”.
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JavaScript JavaScript is a programming language that is at
the core of most of the techniques of the world
wide web and can be understood by most web
browsers.

Kaggle is the largest community for data science and
most known for its competitions in which par-
ticipants compete to create the best model for a
task posed by the host of the competition.

LIMS laboratory infrastructure management systems
allow to track and manage samples. Often they
allow to define locations at which different ma-
terial or equipment is stored and can then track
the moves and uses of the materials.

link rot link rot describes the phenomenon that links
tend to cease to resolve to the content they origi-
nally pointed to.

markup a markup language allows annotating the text
to decouple the structure from the content. One
example is LATEX where the \section command
can be used to define the concept of a section.
In the context of data, markup languages such
as Extensible Markup Language (XML) are typ-
ically used. The archetypal example for chem-
istry is CML.

metadata metadata is data that describes attributes of
other data and in this way provides context
and makes data discoverable. While this might
sound abstract there are many use cases in which
metadata can be helpful. For example, date
and time should be featured in most metadata
records. If we have access to them we can use
them to filter our data, but also correlate them
with other information (such as the weather re-
ports) to understand potential outliers in our
data. A useful overview of metadata schemes is
https://rdamsc.bath.ac.uk/.
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ontology an ontology describes and clarifies the mean-
ing, conceptualisation, and relation of terms in
a formal language.51 That is, they go beyond
the a simple vocabulary or thesaurus by also
providing a model for the information. Ontolo-
gies are often written in the web ontology lan-
guage (OWL). For example in the ChEBI ontol-
ogy52 “metal atom” is defined as “An atom of
an element that exhibits typical metallic proper-
ties, being typically shiny, with high electrical
and thermal conductivity” and the relation to
other terms is formally described (i.e., on could
make mathematical inferences, e.g., on the con-
sistency). In the context of chemical data and
ELNs ontologies are important to make sure that
it is clear and well defined what certain items
in a database mean (for example, the concept
“bond order” depends on the definition—for this
reason a “bond order” entry in a database would
link to a ontology with the definition). Impor-
tantly, ontologies are relevant to enable semantic
interoperability, i.e., enabling the decoding of the
meaning of data. Pachl et al.53 give an excellent
overview over ontologies that have been devel-
oped for chemistry (and find that many projects
remain unfinished). One example that provides
a controlled vocabulary that can be programat-
ically accessed using an application program-
ming interface (API) is the IUPAC gold book.
However, since a vocabulary is not a full on-
tology, there are ongoing efforts to also model
the relationship between terms to arrive at a full
chemical ontology.54.
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open notebook science popularized by Jean-Claude Bradley,55 open
notebook science refers to making all primary
research outputs openly available as it they are
recorded. The goal is to minimise the amount
of “dark data”, e.g., “unsuccessful” experiments
that would never get published, and “insider
information” that one might not report in meth-
ods sections in papers. openlabnotebooks.org

collects some (mostly life-science) efforts.
open source open source software is software that is openly

available for modification and reuse. Develop-
ment of open source software is often decen-
tralised, and happens in open collaboration.

Organic Syntheses Organic Syntheses is a journal that publishes pro-
cedures for the synthesis of organic compounds.
The key distinction is that the syntheses are repli-
cated in a lab of one of the members of the edito-
rial board.

proprietary proprietary files contain data that are stored in
an encoding scheme defined by an organisation.
The difficulty with proprietary files stems from
the fact that the schema is secret, that is, it is
often not trivial to decode and interpret the files.
For this reason, data can only be five star data if
it is shared in a non-proprietary format.

provenance data provenance is a form of metadata that de-
scribes the origin of data.

RDF Resource Description Framework (RDF) triple-
stores break down information into triples of
“subject”, “verb”, “object” that form a labeled
graph which machines can use to explore in-
formation (and understand how information is
connected). An example for a triple can be “sub-
stance” (subject) “inhibits” (verb) “protein” (ob-
ject) and the same element can also be used in
“publication” (subject) “describes” (verb) “pro-
tein”.
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relational relational databases store table in tables, compa-
rable to spreadsheets with well-defined columns.
The word “relational” refers to the fact that the
rows within a table are related to each other ac-
cording to some concept such as “chemicals”.

repository is a location where software (in the case of soft-
ware repositories, e.g., on GitHub) or data are
stored/archived (e.g., Zenodo). www.re3data.or
g/ is a useful resource to find suitable reposito-
ries.

REST (Representational State Transfer (REST). One key
design principle of RESTful interfaces is that
they are stateless. Practically speaking this mean
that the clients will send all information that is
needed to process a request to a server. That is,
the client, and not the server, stores all the infor-
mation about the client state. Importantly, the
REST scheme also defines a uniform structure
for the APIs.

schema a schema describes the structure of the data in a
formal language. JSON-LD and XML are com-
mon formats for schemas. Examples in the con-
text of the sciences are XML schema of the Chem-
ical Markup Language (CML)22 or the Analyti-
cal Information Markup Language (AnIML)17.

semantic web the semantic web56 is an extension of the world
wide web with metadata and data descriptors
that makes data machine-readable and, more
important, machine-interpretable such that intel-
ligent digital agents can perform actions based
on the data.

server is the computer (program) that provides some
functionality for the clients. A typical example is
a file server that provides files to its client (as it
is for example done in companies). One typical
server that is used in ELNs is the database server
that serves the database to the clients.
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trusted timestamps trusted timestamps proof that certain informa-
tion existed at a certain point in time. Impor-
tantly, they are secure in the sense that also the
owner of the document cannot change the times-
tamp. They can be secured by techniques like
the blockchain57 or a time-stamping authority.

URI Uniform Resource Identifiers (URIs, as defined
in RFC 3986) are sequences of characters that
identify a physical (e.g., sample) or digital (e.g.,
web page) resource. One special example are
Uniform Resource Locators (URLs). Internation-
alized Resource Identifiers (IRIs) are generalisa-
tions of URIs to unicode glyps. Note that there
are initiatives, such as the Resource Identifica-
tion Portal, that provide a centralised location
for URIs for research resources such as antibod-
ies or cell lines.

UUID a universally unique identifier (UUID) is a 128-
bit number that is, with high probability, glob-
ally unique. That means that this number is so
long that there is a practically zero chance that
someone else uses the same number to identify
something else.

web browser in an abstract sense, a web browser is a piece of
software that can be used to retrieve information
from the world wide web. Practically speaking
it can “speak” certain programming languages
like JavaScript and HTML. This means that a
program that is written in JavaScript can be exe-
cuted by all major browsers on any platform or
any device. This led some people to say that a
web browser is a “super app”58 that could po-
tentially replace almost all other apps on a com-
puter. This is important in the context of ELNs
as this might allow us to create systems that are
easier to scale (one does not have develop a sep-
arate app for every operating system).
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web service a web service is a program that makes itself ac-
cessible via the world wide web.
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