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This EuroScienceGateway report gives an overview of FAIR Digital Objects (FDO),
considering their use for computational workflows as scholarly objects.
EuroScienceGateway has progressed the technologies Signposting and RO-Crate for
implementing Workflow FDOs with the registry WorkflowHub and the workflow system
Galaxy, and initiated work with academic publishers to encourage workflow citation
practices.

Here we document how WorkflowHub supports research software best practices for
workflows, and assist building FAIR Computational Workflows. Provenance of workflow
executions has been made possible in an interoperable way across many workflow
systems using Workflow Run Crate profiles, including from Galaxy.

Finally this report explores how Workflow FDOs are exposed and can be utilised, e.g.
gathered in knowledge graphs and having tighter workflow system integration.

e ARC: Annotated Research Contexts

(not to be confused with Advanced Resource Connector)
BYOD: Bring Your Own Data

Cl: continuous integration

EOSC: European Open Science Cloud

FAIR: Findability, Accessibility, Interoperability, and Reusability
FDO: FAIR Digital Object

FDO-D: FDO Data requirements

IWC: Galaxy’s Intergalactic Workflow Commission

PID: Persistent Identifier

RO: Research Object

TRE: Trusted Research Environment

WFMS: Workflow Management System

WRROC: Workflow Run RO-Crate
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Reproducible and reusable FAIR Digital Objects

The concept FAIR Digital Objects (FDO) has been proposed with a set of principles and
recommendations for implementing machine-actionable scholarly outputs with predefined
types, attributes and methods [Anders 2023]. The aim is to build ecosystems of structured
data and detailed operations that can be predictably combined in an interoperable way,
enhancing the FAIR principles beyond static data publishing.

Development of FDO is governed by the FAIR Digital Object Forum, through working groups,
and from 2023 through a Technical Advisory Committee, both of which ESG partner
UNIMAN are participating in.

In addition, FDO is the main topic of the Research Data Alliance (RDA)'s FAIR Digital Object
Fabric interest group; and from 2024 the EOSC Task force FAIR Metrics and Digital Objects
Task Force, which include members from UNIMAN, BSC, CESNET. EOSC has highlighted
FDO as part of its updated Interoperability Framework [Nyberg Akerstrom 2024], along with
the need for semantic mappings.

EuroScienceGateway and ELIXIR Europe participated strongly in the EOSC Winter School
2024 [Erxleben 2024], across the Opportunity Areas for PIDs, Metadata, Ontologies &
Interoperability, FAIR Assessment & Alignment, User & Resource Environments, Skills, Training,
Rewards, Recognition, & Upscaling and Open Scholarly Communication. Work in EOSC
Opportunity Areas continue in parallel with the task forces, with a wider participation
mechanism.

FDO specifications

A series of specification documents [EDO-Specs] detail the principles of FDO and its
different components’ such as identifiers, attributes and operations.

In 2024, the FDO Forum drafted a simplified set of FDO Data requirements (FDO-D) [Strawn
2024], based on the existing specifications, focusing on the main principles for data
accessibility:

1. Data FAIR Digital Objects (FDO-D) are machine actionable units of information bundling all
information that is needed to enable FAIR processing of any included bit-sequence.

2. APID, standing for a globally unique, persistent and resolvable identifier, is assumed to be at
the basis for FDOs.

3. APID resolves to a structured FDO-Record compliant with a specified FDO-Profile which
leads to predictive resolution results.

" For a summary of FDO specifications, see
https://peerj.com/articles/cs-1781/#an-overview-of-upcoming-fdo-specifications
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4. The FDO-Record needs to contain Mandatory FDO (kernel) Attributes, may contain
Optional FDO attributes and attributes agreed upon and defined by recognized
communities.

5. Mandatory-FDO-D Attributes are: (1) the FDO-Content-Type, (2) the reference to the
FDO-Profile, (3) the reference to the bit-sequence(s) encoding data, (4) the references to
the different metadata resources.

Reproduced from [Strawn 2024]
An overview of FDO-D is shown in Figure 1.

In addition, a new FDO task force is establishing the Machine Rules for accessing FDOs
(TSIG-TF 02), where UNIMAN is contributing to specify the algorithmic approach for
consistent access to the FDO-D concepts across implementations, based on our practical
experiences in the EuroScienceGateway project.

L Operations-
A FDO'G'OP Registries
/I PID I':> FDO Profile-Ref

FDO-Record | | FPO Centent-Type P % Data-Repositories
defined | —
by Pu— paths |
FDO-Profile Metadata, Rights, Contracts, etc.

| [attribute-value-pairs Various Locations

AN FAIR Digital Object for Data (FDO-D) /

Figure 1: FAIR Digital Object for Data (FDO-D), where a persistent identifier (PID) resolves to an FDO
Record, which structure is determined by the identified FDO Profile. The record references retrievable
data from repositories, and separate metadata resources. Additional attribute/value pairs include the

content type, which combined with operations registries enable additional operations on the data
and the FDO. Reproduced from [Strawn 2024].

Evaluating FDO and Linked Data

There is a potentially large overlap across the FDO concept and established Linked Data
practices, but FDO is technology-neutral in terms of implementations and protocols, with
multiple realisations that can all be said to be following FDO principles at least loosely
[Wittenburg 2022].

As part of EuroScienceGateway and with other EOSC-related projects, UNIMAN performed
an evaluation of FAIR Digital Object and Linked Data, considering them as distributed object
systems against multiple frameworks [Soiland-Reyes 2024a]. This extensive evaluation
concluded that Linked Data technologies are not yet approachable for developers and
further agreement on predictable implementations are needed, and as well as that FDO can
learn from the earlier Semantic Web approaches to strike a balance between flexibility and

rigidity.
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The aforementioned evaluation article has been positively received by the FDO Forum and
spurred several discussions, and forced a move to formalise the many “flavours” as FDO
Variants. A new report is now being drafted by the FDO Technical Specification &
Implementation Group (TSIG) that will list and compare 10 established use cases and FDO
practices [Broeder 2024]. A part of this work is to formalise how the FDO-D requirements
are implemented for each.

Packaging FAIR data with RO-Crate

Research Object Crate (RO-Crate) is a method for packaging of research data with
structured metadata, building on established Web standards and supporting the FAIR
principles for data sharing (Findable, Accessible, Interoperable, Reusable) [Soiland-Reyes
2022b]. The idea of the RO-Crate is to be a self-contained description of the Research
Object with sufficient context for a human to be able to understand and reuse the data.

As RO-Crate is built on Web standards like JSON-LD it is easy to integrate the crate
metadata with FAIR supporting systems, for instance building a knowledge graph across
multiple crates combined with other FAIR resources enable complex queries using the
SPARQL language and transformations to other metadata standards. The Linked Data
background also gives clear mechanisms for extension vocabularies, although RO-Crate’s
default vocabulary schema.org does most of the heavy lifting and is compatible with
search engine indexes like Google Dataset Search.

In EuroScienceGateway we have primarily used RO-Crate in these aspects, which are
detailed in the rest of this deliverable:

e Asarchival and submission format for the https:/workflowhub.eu/ workflow
registry
As provenance export of a workflow run, including from Galaxy

e Asimport and export format of a Galaxy history and its data, e.g. for depositing to
the Zenodo repository.

Using Signposting for FAIR Digital Objects

Signposting is a way to give machines “just enough” navigation elements and metadata
using existing HTTP mechanisms on the Web [Van de Sompel 2015]. Notably a fixed set of
link relations are used to provide typed references from a HTML landing page to persistent
identifier, downloadable resources and metadata (Figure 2).
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Figure 2: FAIR Signposting level 1 link relations. Reproduced from https:/signposting.org/FAIR/
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Taken together, the FAIR Signposting Profile [Van de Sompel 2023] has been specified as a
community effort to identify the minimum of link relations needed to support the FAIR
principles.

Simplified, we can say that FAIR consumption of a digital object involves:

Resolve persistent identifier, following any redirects

Find and retrieve data download

Find type and metadata for resource, and its expected format & profile
Parse metadata (e.g. into knowledge graph), query according to profile

>N -

Recent effort in the EOSC (including the FAIR-IMPACT project) has supported a growing
uptake of Signposting by repositories, in particular to simplify FAIR consumption and to
improve FAIR metrics [Wilkinson 202443, as it was previously not very consistent how a
client should do the FAIR resolution, causing differences in heuristics (particularly. in step 2
and 3 above) and thus measuring different metrics [Wilkinson 2022a). Signposting helps by
making the identification of constituent resources of a digital object explicit and consistent.

In EuroScienceGateway, we have implemented Signposting for exposing WorkflowHub
entries as FAIR Digital Objects [Soiland-Reyes 2022a] and extended Signposting support

for:
[l Funded by
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1. Retrieving JSON-LD using schema.org as a DCAT-like DataCatalog from
https://workflowhub.eu/ following the Bioschemas profile for catalogues
— this links to a Dataset for each of:

Collections (e.g. Workflows in EuroScienceGateway [Soiland-Reyes 2024¢]),
Uploaded data files, Documents, Events, Institutions, Organisms (including
SARS-CoV-2), People, Presentations, Spaces? Teams, Workflows

For each grouping, a Dataset description (Figure 3) link to a complete dump of the
corresponding entries as JSON-LD/Bioschemas. For instance,
https://workflowhub.eu/workflows jsonld?dump=true describes all the workflows.

2. JSON-LD metadata for each individual entry, following BioSchemas profiles

3. For each workflow, XML of metadata in Datacite Metadata Schema 4.4 [Datacite
2021]

4. Retrieving RO-Crate from WorkflowHub entries, e.g. from
https:/workflowhub.eu/workflows/29?version=3 to the crate download
https:/workflowhub.eu/workflows/29/ro_crate?version=3

5. Retrieving the persistent identifier for a workflow entry which has an assigned DOI

"@context": "https://schema.org",
"@id": "https://workflowhub.eu/workflows",
"type": "Dataset",
"dct:conformsTo": "https://bioschemas.org/profiles/Dataset/0.3-RELEASE-2019_06_14/",
"creator": {
"id": "https://about.workflowhub.eu/",

"type": "Organization",

"name": "WorkflowHub",

"url": "https://about.workflowhub.eu/"
1,
"description": "Workflows in WorkflowHub.",

"distribution": {
"type": "DataDownload",
"contentSize": "3.8 MB",
"contentUrl": "https://workflowhub.eu/workflows. jsonld?dump=true",
"dateModified": "2024-06-11T00:11:09+01:00",
"description": "A collection of public Workflows in WorkflowHub, serialized as an
array of JSON-LD objects conforming to Bioschemas profiles.",
"encodingFormat": "application/ld+json",
"name": "workflows-bioschemas-dump.jsonld"

1,
"includedInDataCatalog": {

"id": "https://workflowhub.eu"
}

"keywords": [1],

"license": "https://spdx.org/licenses/CC-BY-4.0",
"name": "Workflows",

"url": "https://workflowhub.eu/workflows"

Figure 3: Example Dataset description in JSON-LD, reformatted for readability from
https://workflowhub.eu/workflows

2 See https://about.workflowhub.eu/docs/quide-to-using-workflowhub/ for a guide to WorkflowHub'’s
grouping of Space, Team and Collection. The linked JSON-LD dump is generated periodically..
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For workflows, the biggest difference from Bioschemas markup and RO-Crate’'s metadata is
that each RO-Crate also contain the workflow definition files (e.g. snapshotted from
GitHub). The crate’s description of the workflow itself will be equivalent to the BioSchema in
the case of the crate being auto-created by WorkflowHub at definition file upload, but may
contain extra annotations if registered as an RO-Crate directly (see section Encouraging
research software best practices for workflows).

The Signposting support has been verified with the Python Signposting tool [Soiland-Reves
2024d], see Figure 4.

$ curl -sI https://workflowhub.eu/workflows/415 | grep -i “link

link: <https://workflowhub.eu/workflows/415?version=1> ; rel="describedby" ;
type="application/vnd.datacite.datacite+xml", <https://workflowhub.eu/workflows/415?version=1>
; rel="describedby" ; type="application/ld+json",
<https://doi.org/10.48546/workflowhub.workflow.415.1> ; rel="cite-as",
<https://workflowhub.eu/workflows/415/ro_crate?version=1> ; rel="item" ;

type="application/zip" ; profile="https://w3id.org/ro/crate"

$ signposting https://workflowhub.eu/workflows/415

Signposting for https://workflowhub.eu/workflows/415

CiteAs: <https://doi.org/10.48546/workflowhub.workflow.415.1>

DescribedBy: <https://workflowhub.eu/workflows/4157version=1>
application/vnd.datacite.datacite+xml

<https://workflowhub.eu/workflows/415?version=1>

application/ld+json

Item: <https://workflowhub.eu/workflows/415/ro_crate?version=1> application/zip

Figure 4: Signposting for https:/workflowhub.eu/workflows/415 explored from the HTTP Link
header using curl, and as parsed by the Python signposting tool. The persistent identifier (PID) is
indicated as rel=cite-as. The metadata linked to from rel=describedby makes explicit the ability to
use HTTP Content Negotiation to retrieve metadata in either Datacite or JSON-LD formats. The ZIP
download (rel=item) is likewise typed with a profile to indicate it is an RO-Crate.

Further work that has been identified as within scope for the remaining period of
EuroScienceGateway include:

1. Automate FAIR metrics checking of WorkflowHub resources with Signposting

2. More specific Signposting and FAIR metadata to find individual WorkflowHub
entries, e.g. rel=item from a WorkflowHub collection to the contained workflows

3. Additional Signposting on WorkflowHub extracted from metadata, e.g. rel=type,
rel=author, rel=license

4. Signposting from Galaxy public workflow landing pages (e.g.
https://usegalaxy.eu/published/workflow?id=466bdd8ba7b67264) to download
(https://useqalaxy.eu/api/workflows/466bdd8ba7b67264/download?format=json)

5. Signposting from Galaxy public history landing pages to their RO-Crate export

Wider collaboration at the ELIXIR Biohackathon [Soiland-Reyes 2024c] helped demonstrate
and further develop EuroScienceGateway's FDO approach.
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FDO profile using Signposting and RO-Crate

The FDO Data requirements (FDO-D) [Strawn 2024] can be implemented using Signposting,
RO-Crate, or as explored by EuroScienceGateway, their combination. Table 1 shows the
profile we have developed to formalise these implementations.

FDO-D requirement Signposting implementation RO-Crate implentation

PID HTTP redirect, rel=cite-as HTTP redirect and/or
signposting, identifier

FDO-Record Signposting in HTTP header RO-Crate metadata document,
resolved using signposting or
content negotiation from PID.

FDO-Profile rel=profile and conformsTo QN data entity,
profile="http://example.com/pid/1 | conformsTo on crate. Defined as
" 0on rel=describedby and rel=item a Profile Crate as its own FDO.

Mandatory-FDO-D rel=describedby, rel=item, Required properties: name,

attributes rel=type license, description,
datePublished

Optional attributes rel=license, rel=author Multiple contextual attributes &
Extensions by URI (see types, extensible by profiles.
111-fdo-grd-attribute-uris/)

FDO Content-Type rel="type" (semantic type), encodingFormat On data entity,
IANA media type as with detailed file format info
type="text/html" ON rel=item and
rel=describedby (syntactic type)

Bitsequence reference rel=item to download Data entity, including
web-based and directory
archives

Metadata reference rel=describedby with type= and Additional metadata resources
profile= linked using subjectof and file

format profile.

Table 1: Fulfilling FDO-FD requirements using Signposting and RO-Crate. Adapted from
https:/s11.n0/2024/webby-fdos/#tab:relations

Further work is undergoing within the FDO TSIG working group to document all “FDO
flavours” similarly [Broeder 2024], where EuroScienceGateway is responsible for
documenting the Signposting and RO-Crate approaches.

Training and outreach

As FAIR Digital Objects implemented with RO-Crate is an emerging solution receiving broad
interest, we have also developed training material, initially for the Galaxy Smorgasbord and
ELIXIR communities, but since expanded into full tutorials at Open Science and FAIR
venues:
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Galaxy Smorgasbord 2023, virtual, 2023-05-23/-26
o Module: FAIR data and provenance with RO-Crate and Galaxy
e [LIXIRAll Hands 2023, Dublin+virtual, 2023-06-05/-08
o Workshop: Building lightweight FAIR data packages with Bioschemas and
RO-Crate 2023-06-06
e Open Science Festival 2023, 2023-07-04/-05, Cologne, Germany.
o Workshop: Data Exchange with RO-Crate and Knowledge Graphs
2023-07-05
e 15th International SWAT4HCLS Conference (Semantic Web Applications and Tools
for Health Care and Life Sciences), 2024-02-26/-29 Leiden, Netherlands
o Tutorial: Improving FAIRability of your research outcomes with RO-Crates
SignPosting and Bioschemas
e International FAIR Digital Objects Implementation Summit (EDOF2024),
2024-03-20/-21, Berlin, Germany
o Training: Practical web-based FDOs with RO-Crate and FAIR Signposting

These practical tutorials include a template GitHub repository that is then modified to be
published with Signposting and FAIR metadata using GitHub Pages:

e Signposting tutorial: https://github.com/stain/signposting-tutorial

In EuroScienceGateway WP2 have considered primarily one type of FAIR Digital Objects,
where computational workflows become scholarly objects.

Using RO-Crate for workflows

Building on early work on WorkflowHub, in EuroScienceGateway we have expanded its
support for generating and consuming Workflow RO-Crate as a package of the workflow
and its supporting resources. Workflow RO-Crate is a profile of RO-Crate for describing the
workflow and its metadata based on the Bioschemas ComputationalWorkflow profile
[Bacall 2022] with additional definitions such as constants for known workflow systems
and licences.

In WorkflowHub, workflows uploaded as deposits are wrapped into Workflow RO-Crates,
storing the metadata filled in by the registering user. This means the metadata can travel
with the workflow definitions as they are downloaded or retrieved.

Encouraging research software best practices for workflows

Development of mature workflows is increasingly treated like development of any research
software, by following best practices, e.g. using source control repositories like GitHub or
GitLab, and accompanying continuous integration (Cl) testing such as Jenkins Cl or GitHub

Actions.
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For instance, Nextflow's mature nf-core pipelines are maintained by its community through
individual repositories under the https:/github.com/nf-core/ organisation, while Galaxy's
Intergalactic Workflow Commission (IWC) has mature workflows listed in the single
repository https:/github.com/galaxyproject/iwc and maintained in individual git

repositories under https:/github.com/iwc-workflows.

For both communities, this way of maintaining workflows enables mature software
development techniques such as pull requests, automatic testing and deployments (e.g. to
https://useqalaxy.eu/workflows/list_published).

As part of EuroScienceGateway, to support and encourage this way of creating workflow
scholarly objects, we have expanded WorkflowHub’s method of importing workflows from
git repositories. By default this works similar to upload in that the user has to manually
select the workflow file and workflow diagram as well as provide textual descriptions.
However, if the repository includes an ro-crate-metadata. json file, it means it is an RO-Crate,
which will then be parsed by WorkflowHub to extract this metadata. This functionality is
now also available via WorkflowHub APIs.

This means metadata can be maintained upstream by workflow authors and the
community, and updated along with workflow changes. This method has now been
adopted throughout IWC and is used by the WorkflowHub Bot which propagates tagged
GitHub releases to update the corresponding Workflowhub entry [Soiland-Reyes 2024e]. For
instance, GitHub repository iwc-workflows/allele-based-pathogen-identification has a
ro-crate-metadata json that provides the metadata for Workflowhub entry [Nasr 2024] (with
some caveats to be ironed out in its generation, such as formatting of ORCID identifiers). In
EuroScienceGateway we have now engaged with the nf-core community to expand our
support importing their workflows, there the nf-core command line is generating the
RO-Crate by converting from nf-core metadata files.

Continuous Integration and Testing for workflows

With the EOSC-Life and BY-COVID project we have also integrated further with the
LifeMonitor service, which expects the Workflow Testing RO-Crate profile, a specialisation
of Workflow RO-Crate that defines test scaffolding in the Git repository and Cl services. We
have expanded WorkflowHub to look up corresponding LifeMonitor test status if the crate
is following this profile, which means the two services are integrated to indicate workflow
stability, as shown in Figure 5 and Figure 6.
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=. allele-based-pathogen-identification/main
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Workflow Type: Galaxy
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Microbiome - Variant calling and Consensus Building

SEEK ID: https://workflowhub.eu/workflows/1063?version=2

DOI: 10.48546/workflowhub.workflow.1063.2d

Figure 5: LifeMonitor test indicates the current IWC testing status of workflows [Nasr 2024] as
inspected by LifeMonitor, shown in Figure 6.
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@ allele-based-pathogen-identification/main
M workflow uuid: Oedffe80-158e-013d-c6f9-005056ab8eb2
£ workflow origin: https://workflowhub.eu/workflows/1063/ro_crate?version=2
¥ workflow version: 2
& workflow type: galaxy ‘ a {@}
& workflow authors: Engy Nasr, Bérénice Bz ier Workflow Hub RO-Crate
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a  workflow registered on WorkflowHub: https://workflowhub.eu/workflows/1063
version=2 &
{8} workflow ROCrate: https://app.lifemonitor.eu/api/workflows/Oedffe80- 158e-013d
€6f9-005056ab8eb2/rocrate/2/download
Suites
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Figure 6: LifeMonitor tests for [Nasr 2024], inspected from the GitHub Action executions, as
indicated by the Workflow Testing RO-Crate metadata.

Encouraging workflow in publishing practices

WorkflowHub encourages minting of DOIs to help make public workflows citable, in which
case we include a Citation box for the workflow, as shown in Figure 7. Users are
encouraged to double-check the metadata before freezing to get a DOI, asthisis a
persistent identifier (PID) for that particular workflow version, which can't be changed after
being minted. As highlighted earlier, such PIDs are also provided as Signposting by
WorkflowHub for programmatic agents.
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Citation S Copy

Nasr E, Batut B, Zierep P. 2024. allele-based-
pathogen-identification/main. DOI: 10.48546/
WORKFLOWHUB.WORKFLOW.1063.2.

Peerd

Figure 7: Citation box for workflow [Nasr 2024] allowing selection of citation style. The DOl is
registered with DataCite where bibliographic information has been propagated from WorkflowHub

The publisher GigaScience Press has recently raised awareness of FAIR Computational
Workflows [Goble 2022] and encouraged use of WorkflowHub as part of their policies
[Edmunds 2024]. GigaScience highlights the publication [Niehues 2024] by the Netherlands
X-omics Initiative, which utilised RO-Crate and WorkflowHub to fully describe their Nextflow
workflow [de Visser 2024] as a FAIR Digital Object. Here the RO-Crate metadata file is
included in the upstream GitHub repository, where it has been generated by a Jupyter
Notebook in order to add detailed annotations including Docker containers, |ISA
(Investigation, Study, Assay) structure and EDAM ontology annotations. The structure of
the workflow scripts/steps is also listed.

As part of EuroScienceGateway we have also initiated a Workflow Publisher Forum, which
in its inaugural meeting had representatives from several major publishers in the life
sciences including representatives from Elsevier, GigaScience, PLoS, and Taylor & Francis
[Goble 2024]. Several publishers in the forum were supportive of the idea of recommending
registries like WorkflowHub as part of their author guidelines, but without making this
mandatory. For our suggestion of improving workflow citation practices, this was received
well, but the publishers flagged that it remains a challenge to get authors to add data
citations and software citations in general.

A worry from several publishers was that a proliferation of PIDs may actually make citation
tracking harder, and can decrease consistency in software citations. For instance, a
computational workflow used in an analysis may have associated:

1. WorkflowHub entry, which the authors may have cited by versioned DOI or as direct
workflowhub.eu URL.
Unfortunately observed practice is commonly the latter using footnotes (or in
Availability statements), rather than a formal citation under References. Some
publishers still have outdated author guidelines that only recognise peer-reviewed
scholarly articles.
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2. Web page in a workflow-specific repository, e.g. https:/nf-co.re/rnaseq/3.14.0/ with
textual description.

3. Direct GitHub/GitHub source code repository URL

DOl of Zenodo entry, auto-generated from GitHub

5. SoftWare Heritage persistent IDentifiers (SWHIDs) with versioned commit (not yet
commonly used)

>

From a business perspective, journal publishers are of course interested in increasing
citations to their publications, and are also encouraging publications about Research
Software artefacts (e.g. Application Notes), but citing data and software through registries
like WorkflowHub can disincentive traditional article-to-article citations, which reduces the
perceived “impact” in established publisher/journal/article metrics calculations, when in
reality the impact of a journal’'s author guidelines can be seen as being increased if authors
followed its recommended workflow & software citation practices.

It was raised as a bigger concern by publishers that authors using workflows may not have
the right guidelines and practical knowledge for robust workflow design [Moller 2017] and
how to follow best practices to ensure reproducibility, interoperability and long term
sustainability of the workflow. Indeed the concern of workflow decay was raised more than

a decade ago [Hettne 2012].

In EuroScienceGateway we see here a bridge to ongoing work with the Workflows
Community Initiative (see next section) to fully define FAIR principles for workflows.
Gathering of existing best practices for different workflow systems (e.g. for nf-core, IWC,
CWI, Snakemake) and distilling these to general workflow best practices will be an
important next step. Future meetings with the Workflow Publisher Forum are planned to be
organised by EuroScienceGateway, in order to define common goals across publishers and
to agree on such recommendations.

The idea of considering computational workflows as FAIR objects in their own right was
established as FAIR Computational Workflows [Goble 2022]. There are two aspects of this:
Firstly, a workflow definition is a specialisation of FAIR Research Software [Lamprecht
2020] and so the workflow should be treated as a citable scholarly output (see previous
section); secondly, a workflow can be an important consumer and producer of FAIR data,
and with the help of the workflow engine, should assist users in capturing and propagating
the associated metadata.

In EuroScienceGateway we have engaged with the Workflows Community Initiative, which
has spun out of previous Workflows Community Summits [Ferreira da Silva 2023]. In the
task group we are formalising the FAIR Computational Workflow principles based on best
practices in several Workflow Management Systems (WfMS) (including on HPC) and the
FAIR Research Software guidelines. The current draft of the principles [Wilkinson 2024b] is

listed in Table 2.
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PRINCIPLE

F1. A workflow is assigned a globally unique and persistent identifier.

F1.1. Components of the workflow representing levels of granularity are assigned distinct
identifiers.

F1.2. Different versions of the workflow are assigned distinct identifiers.

F2. A workflow and its components are described with rich metadata.

F3. Metadata clearly and explicitly include the identifier of the workflow, and workflow versions,
that they describe.

F4. Metadata and workflow are registered or indexed in a searchable FAIR resource.

A1. Workflow and its components are retrievable by their identifiers using a standardised
communications protocol.

A1.1. The protocol is open, free, and universally implementable.

A1.2. The protocol allows for an authentication and authorization procedure, when
necessary.

A2. Metadata are accessible, even when the workflow is no longer available.

I1. Workflow abstraction and its metadata use a formal, accessible, shared, transparent, and
broadly applicable language for knowledge representation.

12. Metadata and workflow use vocabularies that follow FAIR principles.

13. Workflow is specified in a way that allows its components to read, write, and exchange data
(including intermediate), in a way that meets domain-relevant standards.

14. Metadata (about a workflow) and workflow include qualified references to other objects and
the workflow's components.

R1. Workflow is described with a plurality of accurate and relevant attributes.

R1.1. Workflow is released with a clear and accessible licence.

R1.2. Components of the workflow representing levels of granularity are given clear and
accessible licences.

R1.3. Workflow is associated with detailed provenance.

R2. Workflow includes qualified references to other workflows.

R3. Workflow meets domain-relevant community standards.

Table 2: Draft of FAIR Computational Workflow principles, adapted from [Wilkinson 2024b)]
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In EuroScienceGateway we see these principles as important to formalise FAIR Digital
Objects for workflows and find requirements to expand the existing Workflow RO-Crate
profile.

Raised by this work is a very important distinction from research software in general: The
concept of a workflow component that itself should be treated as a FAIR scholarly object.
What makes workflows different from software is that they can more easily be broken
down into steps, which help to explain the scientific computational method, but also are
often using software written by someone else than the workflow authors. This necessarily
complicates software citation practices [Smith 2016], as a single computational workflow
may easily use 20 of such tools, and workflows themselves can become nested.

We see an example of this such annotations done manually in the previously mentioned
Nextflow example [Niehues 2024] with multiple containers. Earlier work also highlighted the
need for complex software citations when the workflows use building blocks that wrap
underlying software [Soiland-Reyes 2022c], as is common in both Galaxy [Galaxy 2024] and
Nextflow. Clearly it needs to be the role of a FAIR supporting WfMS to propagate this
information, and that is part of EuroScienceGateway’s effort in this work package.

In Galaxy for instance, tool citation is often available as part of its wrapper, in terms of a
preferred citation (e.g. a journal paper), although not in terms of software release (e.g.
Zenodo deposit from a GitHub release). The underlying GitHub repository of the software
may have CodeMeta annotations [Jones 2023] that provides the full list of tool authors etc.
but the source code repository is not easily located from a deployment, Conda package or
Docker image.

However, currently this information is not easily available, nor propagated to the workflow
definition or the corresponding RO-Crate in WorkflowHub, as it is only available on the
server where the tool definitions are installed. In EuroScienceGateway we are therefore
looking at ways to augment this information so it becomes part of the workflow scholarly
object (see later section on knowledge graphs).

As mentioned in previous section, WfMS can be instrumental in making FAIR data. One
aspect of this is to record provenance of workflow outputs, connecting them to the
workflow execution, and ideally the particular step executions that produced them within
the workflow. This then builds a chain of provenance that goes back to the origin data and
parameters, which, with sufficient data citations and additional provenance, can be traced
further.

Capturing workflow provenance is also an important element of ensuring reproducibility,
the previously mentioned workflow decay can be partially addressed by having a detailed
trace - the workflow may no longer be executable, but with sufficient provenance and
metadata can still be explained and recreated using different tools and settings.
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This has been a motivating principle for workflows since the early days [Atkinson 2017], and
earlier work like CWLProv [Khan 2019] has demonstrated methods to capture workflow
execution provenance from WfMS as Research Objects and using the W3C PROV standard.
However these methods are not as connected to the workflow as a scholarly object, and
tend to expose many execution details of the workflow engine itself, rather than explain the
workflow independently. There are also many pragmatic cases where a workflow is
conceptually implied, but not formally defined in a WfMS.

In EuroScienceGateway we have therefore helped lead the effort to develop Workflow Run
Crate (WRROC), a set of RO-Crate profiles that capture the execution of one or more
processes, which may be organised by a WfMS [Leo 2024].

The three profiles defined, as shown in Figure 8:

1. Process Run Crate [WRROC 2024a] — a computational process was executed,
which consumed and produced some files. The tool may be identified by URL to its
homepage or source code. Multiple processes, where one tool's output is
consumed as input by another tool, indicates an implied workflow.

2. Workflow Run Crate [WRROC 2024b] — a computational process was executed, and
it was defined by a computational workflow. The workflow definition is included in
the crate and described by the Workflow RO-Crate profile (see section Using
RO-Crate for workflows).

3. Provenance Run Crate [WRROC 2024c] - the execution of the workflow is detailed
for each tool (as in Process Run Crate) and related to a prospective provenance step
definition within the workflow. Further details on the workflow engine is also
included.

Workflow
RO-Crate

Process
Run Crate

Workflow Run Crate

Provenance Run Crate

Figure 8: Venn diagram of the specifications for the various RO-Crate profiles. Workflow Run Crate
inherits the specifications of both Process Run Crate and Workflow RO-Crate. Provenance Run Crate,
in turn, inherits the specifications of Workflow Run Crate. Reproduced from [Leo 2024].

JIRCEl Funded by
LN the European Union


https://doi.org/10.1016/j.future.2017.05.041
https://doi.org/10.1093/gigascience/giz095
https://www.w3.org/TR/prov-overview/
https://w3id.org/ro/wfrun
https://w3id.org/ro/wfrun
https://doi.org/10.48550/arXiv.2312.07852
https://w3id.org/ro/wfrun/process/0.5
https://doi.org/10.5281/zenodo.12158562
https://w3id.org/ro/wfrun/workflow/0.5
https://doi.org/10.5281/zenodo.12159311
https://w3id.org/workflowhub/workflow-ro-crate/1.0
https://w3id.org/ro/wfrun/provenance/0.5
https://doi.org/10.5281/zenodo.12160782
https://doi.org/10.48550/arXiv.2312.07852

N EO0SC | EuroScienceGateway

By having multiple profiles, different provenance detail levels are possible depending on the
WfMS capabilities, as suggested by [Khan 2019]. The current implementations of WRROC,
shown in Table 3, are generating such RO-Crate according to different profiles.

Workflow Invocations

Workflow History Invoked ¥ State Run

A Hello World Hello world 2 15 days ago scheduled u

Last updated: 15 days ago ; Invocation ID: b6d84d453cde63cf
Overview Inputs Outputs Report Export

Research Object Crate (RO-Crate) Generate ©,} &

RO-Crate is a community effort to establish a lightweight approach to packaging research data with their metadata. It
is based on schema.org annotations in JSON-LD, and aims to make best-practice in formal metadata description
accessible and practical for use in a wider variety of situations, from an individual researcher working with a folder of

data, to large data-intensive computational research environments.

Learn more about RO Crate.

Figure 9: Exporting a Galaxy Workflow Invocation as RO-Crate.

In addition to defining the WRROC profiles and supporting the developers of these WfMS,
as part of EuroScienceGateway (building on BY-COVID work [De Geest 2022]) we have
continued development of WRROC support in Galaxy, shown in Figure 9. The export can
either be downloaded locally, or transferred by Galaxy to a user-defined file store such as an
S3 bucket or an institutional Nextcloud/ownCloud endpoint.

:***** Funded by
LN the European Union

* p Kk


https://doi.org/10.1093/gigascience/giz095
https://doi.org/10.3897/rio.8.e95164
https://gxy.io/GTN:T00340

EO0SC

Euro

Gateway

WEMS Profile Description Primary domain
runcrate Provenance Command line tool and Python library for Generic
Workflow Run Crate profiles. Can re-execute
CWL workflow runs,
Galaxy Workflow Web-based workflow system, can export and Life sciences
import Workflow Run Crates.
COMPSs Workflow HPC-centric workflow system with big data Simulation, modelling
StreamFlow | Provenance HPC-centric container-based workflow system. Bioinformatics
WIEXxS Workflow Workflow Execution Service, wraps existing Life sciences
engines, captures their provenance and rerun.
Sapporo Workflow WES execution service, wraps existing engines. Genomics
Autosubmit | Workflow HPC-centric workflow system focused on Climate research
climate research
Nextflow Provenance Script-like cloud-native workflow system, Genomics
popular in genomics.
Snakemake | (in File-based workflow system with pluggable Generic
development) | executions

Table 3. Implementations of Workflow Run Crate profiles across different workflow management
systems (WfMs) and their primary science domains. Adapted from [Leo 2024
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Current implementation of WRROC in Galaxy is done as the Workflow Run Crate profile,
meaning the RO-Crate includes:

1. The workflow definition (classical .ga format and newer.gxwf.yml format)

2. Workflow abstractions (as Abstract CWL, consumed by WorkflowHub; and a HTML
diagram)

3. Workflow inputs and output values, copied from the history

Execution details for the overall workflow, linking these files

5. Additional internal state representations from Galaxy, e.g. collections_attrs.txt list
the Galaxy data types of the data files, and invocation_attrs.txt has details of the
invocation.

>

The additional representations allows Galaxy to recreate the workflow execution state on
import, however they are not interoperable with other Workflow Run Crate implementations.
Further work being investigated by EuroScienceGateway WP2 is to translate from these to
lift the additional details on step execution, making a more granular Provenance Profile
Crate as demonstrated with runcrate, Streamflow and Nextflow.

Additional reproducibility work on WRROC, to resolve the workflow component citation
issue mentioned earlier, is to fully define capturing of software containers at the time of
execution, along with provenance of how these containers were built. EuroScienceGateway
work on the workflow execution service (WfExS) (with WP3) has already implemented this
in terms of capturing containers, and have recently developed deep inspection of
Snakemake workflows [Iborra 2024]. This shows that it is not necessary to be deeply
integrated in the workflow engine, however further revision of the WRROC profiles may be
needed to better support this kind of mixture of the Workflow Run and Provenance Run
profiles.

Through the profile inheritance shown in Figure 8, crates following Workflow Run Crate or
Provenance Run Crate will also be implementing Workflow RO-Crate and so technically be
possible to deposit in WorkflowHub, of which a handful of examples already exist.

It however is not in EuroScienceGateway's vision that WorkflowHub will become a global
host of WRROC workflow runs, as these will include workflow output files and potentially
container images, they can become large or complex, and require different treatment as
data-like rather than as software-like scholarly objects. In addition, a large majority of
workflow runs will have failed in some respect or not be interesting for broader publication.
Naturally, one workflow definition may have many workflow runs, and some of these may
be good exemplars to help explain the workflow. This is one aspect of Workflow scholar
objects we will explore further within EuroScienceGateway.

In general, EuroScienceGateway would encourage users to publish the workflow runs to
general repositories like Zenodo, ideally providing links back to the WorkflowHub entry.
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Further work on this being explored is to traverse such repositories to identify matching
runs of known workflows (see knowledge graph section), or to provide a pingback
mechanism for RO-Crate upload mechanisms like in Galaxy to notify WorkflowHub about
the publishing of the related workflow run.

Zenodo uploader

In order to support general uploading of RO-Crate as FAIR Digital Objects, in
EuroScienceGateway we have developed the rocrate-zenodo command line tool and

Python library (https://github.com/ResearchObject/ro-crate-zenodo) [Chadwick 2024]. This

tool has two functionalities:

1. Extract RO-Crate metadata and transform to Zenodo's metadata format
2. Upload the RO-Crate to the configured Zenodo instance, zipping if necessary

The tool can be configured to work against https://sandbox.zenodo.org/ for testing, and
needs a Zenodo developer token for authentication. It is also configurable if the uploaded
record should be immediately published, or left in draft stage for further editing in the
Zenodo Web Ul

This uploader uses the “classic” official Zenodo REST API, which still remains the official
API of Zenodo. The mapping includes some heuristics for selecting the open source
license, as many different identifiers are used in RO-Crate. For consistent results, SPDX
identifiers should be used for the license in the RO-Crate.

However, as of autumn 2023, Zenodo.org has been updated to be based on the open
source InvenioRDM, which has its own APl and metadata based on the Datacite Metadata
schema [Datacite 2021]. InvenioRDM is also used by several institutional repositories,
including by EuroScienceGateway partner Freiburg (https:/freidata.uni-freiburg.de/).

For this reason, we have also contributed and released ro-crate-inveniordm [Beer 2024], a
fork of the open source beerphilipp/ro-crates-deposit [Beer 2023]. This tool was enhanced
from Beer & Szente's version to add automated tests, new command line options, and
support for environment variables for credentials. Some minor bugs in the original tool have
also been fixed.

Moving forward, we suggest using and developing further ro-crate-inveniordm rather than
ro-crate-zenodo, although for now we will maintain both options pending Zenodo's decision
on their official API. It should be noted that ro-crate-inveniordm also has a more complete
and configurable mapping of authors and contributors than our initial ro-crate-zenodo.
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Using and enriching workflow FDOs

In general sense, the term knowledge graph refers to a collection of facts expressed through
named nodes and qualified edges, which can be examined and queried in multiple ways,
without having one particular top node. Using knowledge graphs have become established
as a powerful method for data analysis and insight, and compared to relational databases
have strengths such as flexibility, extensibility, mergeability and transformability.

In practical applications, different ways to implement knowledge graphs build on existing
data structures and formats, and are typically prepared from underlying databases and
other data sources for use in particular knowledge graph software. JSON-based knowledge
graphs such as ElasticSearch and Neo4J can index such data and expose it with APIs such
as GraphQL, but have a disadvantage that such graphs must be merged and prepared in
advance for the intended set of queries and integrations, by closing the types of nodes and
edges, and transforming local identifiers.

RDF is a method for expressing Linked Data on the Web (for a detailed history, see
[Soiland-Reyes 2024a)), but has also become a format for building and querying knowledge
graphs, where the edge and node identifiers are named using URIs. This allows future
extensibility as different RDF graphs of various shapes can be merged by the data
scientists, with nodes overlapping based on these global identifiers.

For instance, two repositories like Zenodo and WorkflowHub may both be expressing
https://orcid.org/0000-0002-1825-0097 as the author of a dataset and a workflow
correspondingly. By merging RDF graphs of this metadata from both repositories into a
single knowledge graph, querying for this identifier will find both entities, or even querying
for "datasets made by the same author as a workflow” will find the relation. If it is possible
to retrieve Linked Data from such identifiers (as is possible from ORCID) then the graph can
also be augmented dynamically with additional information.

While RDF allows each data source to use their own types and edges in such knowledge
graphs (flexibility), to simplify such queries it is recommended to reuse vocabularies where
possible. One such vocabulary that has grown in popularity for marking up Web content is
schema.org — for instance both sources would declare the author as a
http://schema.org/Person although they may vary in which particular attributes of that type
are expressed.

As detailed in section Using RO-Crate for workflows, in the WorkflowHub repository, each
workflow is archived as an RO-Crate [Soiland-Reyes 2022a], which comply with the
Workflow RO-Crate profile [Bacall 2022] that specify workflow-specific properties such as
input/output parameters.
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This builds on the schema.org vocabulary, as well as the Bioschemas
ComputationalWorkflow profile. Within each workflow’s RO-Crate ZIP, the RO-Crate
Metadata document is expressed in the RDF-format JSON-LD using these vocabularies.

As part of EuroScienceGateway we have developed a method to build a joint knowledge
araph of all the WorkflowHub Workflow RO-Crates (Milestone 5), detailed below.

Handling relative paths in WorkflowHub’s RO-Crate

While JSON-LD as a format is compatible with knowledge graphs, as WorkflowHub crates
are expressed within a ZIP file rather than directly exposed on the Web, RO-Crate’s
considerations for handling relative identifiers must also be observed. This is important as
a knowledge graph that merges all the WorkflowHub entries may encounter several
workflows with the same relative filename.

In short, a unique identifier can be assigned for a ZIP file based on its download URL, e.g. if
downloading https://workflowhub.eu/workflows/415/ro_crate?version=1then a UUIDv5 can
be calculated from hashing this URL: 4979a39d-d733-570f-b838-ad5fef0994eb — and from
this a base URI of arcp://uuid,4979a39d-d733-570f-b838-ad5fef0994eb/ (signifying the root of
that ZIP file) which can be used when parsing the JSON-LD, so that say a relative filename
conesearch.cwl becomes

arcp://uuid, 4979a39d-d733-570f-b838-ad5fef@994eb/conesearch.cwl.

It is worth noting that this combines two identifier methods [REC 41712, Soiland-Reyes
2018] but the resulting URI is not resolvable directly, it is only meaningful together with the
RO-Crate download URI, which therefore must also be preserved in the knowledge graph.

We are exploring alternative ways to generate and reference such “inner” identifiers within
RO-Crate, as WorkflowHub APl also can expose individual files when the origin is a git
repository, e.g. https:/workflowhub.eu/workflows/502/qit/4/
raw/vaccine_effectiveness_analytical_pipeline/Dockerfile is a file
vaccine_effectiveness_analytical_pipeline/Dockerfile from
https:/workflowhub.eu/workflows/502?version=4 - this challenge becomes relevant when
referencing parts of one RO-Crate from another crate.

Workflow for building workflow graph

In order to build a single knowledge graph of all WorkflowHub entries we have developed a
Snakemake workflow workflowhub-eu/workflowhub-graph that performs this process:

Retrieve list of known workflows in WorkflowHub

Retrieve the RO-Crate ZIP for each of the workflows

Merge JSON-LD files from each RO-Crate, mapping to global identifiers
Save knowledge graph in RDF Turtle format

(Quality assurance and statistics) (planned)

Generate RO-Crate Metadata for knowledge graph
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7. Upload to Zenodo using ro-crate-inveniordm (manually)

For testing purposes the workflow can be configured to only retrieve a limited set of
workflows or to use the Sandbox instance https:/dev.workflowhub.eu/ instead of the
production instance https://workflowhub.eu/.

The generated WorkflowHub graph is output in the RDFE Turtle format, can be loaded in a
triple store like Apache Jena Fuseki, then examined using the SPARQL query language, as

shown in Figure 10.

The upload to Zenodo [Hambley 2024] is currently done manually until we have integrated
quality control measures in the workflow. This will do queries such as ensuring every
downloaded crate has a corresponding ComputationalWorkflow entity in the graph. Some
data cleaning needs have also been identified that will be added at this stage. This Q&A
stage will also calculate further statistics that can be added to the outer RO-Crate for the

knowledge graph itself.

The use of Snakemake allows repeated runs of the workflow without redownloading

existing versioned RO-Crates, and we are planning to set up automatic deployment as part
of the workflowhub.eu server in UNIMAN, which will regularly update Zenodo records with
the latest knowledge graph dump, e.g. every week.

SPARQL Endpoint

/workflowhub/query

v PREFIX schemas: <https://schema.org/>
2 PREFIX bioschemas: <https://bioschemas.org/>
3 PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
4 PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
5> PREFIX schema: <http://schema.org/>

7 SELECT DISTINCT ?wf ?name ?description
& v WHERE {
?wf a bioschemas:ComputationalWorkflow
OPTIONAL { ?wf schema:name ?name}
OPTIONAL { ?wf schema:description ?description}
}

order by ?name

EA Table = Response 1512 resultsin 0.292 seconds

wf
1<arcp://uuid,cbfed3b9-db0b-5635-bae6-793d376Fd020/workflow/Snakefile>
2<arcp://uuid,2e9150aa-9527-5cd5-846¢-23f7dc971895/workflow_metagenomic

3<arcp://uuid,11fc1582-7ae0-577b-8b59-3409711490bb/vpipe.snake>

4<arcp://uuid,baf66c43-0402-5c08-a7c7-dc35F234de7a/Galaxy-Workflow-0__Vie...
S<arcp://uuid,a9d87bcf-4c18-5ae1-b6d8-893112e88c65/16S_biodiversity_BIOM....
6<arcp://uuid,f1a49697-92ea-5924-b170-1620646b3080/16S_biodiversity_for_n...

7<arcp://uuid,14a24432-de25-5142-89bc-3e3056ef8Fa9/16S_biodiversity_for_ov...

8<arcp://uuid,4c3c9e85-7c7d-5333-9638-35b4d 1a484bc/Galaxy-Workflow-1__PL.

9<arcp://uuid,2914bff8-2bf0-56d2-a0a9-7a502e0f4384/Galaxy-Workflow-1__Pla.

10<arcp://uuid,a95¢157c-dae2-50e6-bb6a-5ad4104056e2/Galaxy-Workflow-2__PL.

Content Type (SELECT)

JSON

name

...(Hybrid) Metagenomics workflow

(old) SARS-COV?2 version of the V-Pipe workflow
0: View complete virus identification
16S_biodiversity_BIOM
16S_biodiversity_for_nonoverlap_paired_end
16S_biodiversity_for_overlap_paired_end

.. 1: Plant virus detection with kraken2 (PE)

.. 1: Plant virus detection with kraken2 (SE)

.. 2: Plant virus confirmation

description

##t# Workflow (hybrid) metagenomic assembl
A version of V-pipe (analysis of next generatio
Non-functional workflow to get a global view

This is a Galaxy workflow that uses to convert

MetaDEGalaxy: Galaxy workflow for differenti
Metagenomic dataset taxonomic classificatior
Metagenomic dataset taxonomic classificatior

Mapping against all plant virus then make conl!

Figure 10: SPARQL Query in Fuseki to select name and description for every workflow.
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Initial statistics and example queries

The SPARQL query for Figure 10 selects name and description for each workflow:

PREFIX bioschemas: <https://bioschemas.org/>
PREFIX schema: <http://schema.org/>

SELECT DISTINCT ?wf ?name ?description
WHERE {
?wf a bioschemas:ComputationalWorkflow
OPTIONAL { ?wf schema:name ?name}
OPTIONAL { ?wf schema:description ?description}
}
ORDER BY ?name

This query for counts number of workflows per licence, shown in Table 4:

PREFIX bioschemas: <https://bioschemas.org/>
PREFIX schema: <http://schema.org/>

SELECT ?license (COUNT(?wf) AS ?workflows)
WHERE {
?wf a bioschemas:ComputationalWorkflow .
?wf schema:license ?license .

}
GROUP BY ?license
ORDER BY DESC(?workflows)

license workflows

https://spdx.org/licenses/MIT 594
https://spdx.org/licenses/Apache-2.0 305
https://spdx.org/licenses/CC-BY-4.0 110
https://spdx.org/licenses/GPL-3.0 79
https://spdx.org/licenses/CC-BY-NC-4.0 12
(unknown) 12
https://spdx.org/licenses/LGPL-3.0 10
https://spdx.org/licenses/CC0-1.0 10
https://spdx.org/licenses/BSD-2-Clause 8
https://choosealicense.com/no-permission/ 8
https://spdx.org/licenses/BSD-3-Clause 4
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https://spdx.org/licenses/GPL-3.0+ 1
https://spdx.org/licenses/GPL-2.0 1
https://spdx.org/licenses/CECILL-2.1 1
https://spdx.org/licenses/CC-BY-SA-4.0 1
https://spdx.org/licenses/CC-BY-NC-SA-4.0 1
https://spdx.org/licenses/AGPL-3.0-or-later 1
https://spdx.org/licenses/AGPL-3.0 1
https://spdx.org/licenses/AFL-3.0 1

Table 4: Specific workflow licences in WorkflowHub. Note that all WorkflowHub entries have also got
a licence for the overall RO-Crate, which may differ from the above.

This query selects how many properties have been used to describe each type of entity
(Table 5). The inner subquery here selects which properties ?prop are used for each ?class,
while the outer query counts them per aggregated class:

PREFIX bioschemas: <https://bioschemas.org/>
PREFIX schema: <http://schema.org/>

SELECT ?class (COUNT(?prop) AS ?properties)
WHERE {

SELECT DISTINCT ?class ?prop WHERE {

?any a ?class ;

?prop ?obj .
}

}
GROUP BY ?class
ORDER BY DESC(?properties)

LIMIT 14
class properties
http://schema.org/Dataset 41
http://schema.org/MediaObject 37
http://schema org/SoftwareSourceCode 32
https://bioschemas.org/ComputationalWorkflow 30
http://schema.org/SoftwareApplication 13
http:/schema.org/CreateAction 11
http://schema.org/CreativeWork 11

[l Funded by
LN the European Union


http://schema.org/Dataset
http://schema.org/MediaObject
http://schema.org/SoftwareSourceCode
https://bioschemas.org/ComputationalWorkflow
http://schema.org/SoftwareApplication
http://schema.org/CreateAction
http://schema.org/CreativeWork

D E0SC | EuroScienceGateway

http://schema.org/ComputerLanguage 10
http://schema.org/PropertyValue 8
http:/schema.org/DataDownload 7
http://schema.org/Im ' 7
http://schema.org/Organization 7
http://schema.org/ScholarlyArticle 7
arcp://uuid,01c8b5d3-81a5-52db-876b-545a09674128/WorkflowSketch 6

Table 5: Types and their number of unique properties used within all RO-Crates in
WorkflowHub. Note that RO-Crate File is an alias for http://schema.org/MediaObject

Select how many RO-Crates have declared which RO-Crate profiles (Table 6):

PREFIX dct: <http://purl.org/dc/terms/>
PREFIX bioschemas: <https://bioschemas.org/>
PREFIX schema: <http://schema.org/>

SELECT ?profile (COUNT(?ro) AS ?crates)
WHERE {
?ro schema:about ?dataset .
{ ?ro dct:conformsTo ?profile } UNION { ?dataset dct:conformsTo ?profile }
3
GROUP BY 7?profile
ORDER BY DESC(?crates)

profile crates
https:/w3id.org/ro/crate/1.1 3787
https:/w3id.org/workflowhub/workflow-ro-crate/1.0 2461
https://w3id.org/ro/wfrun/pr 1 73
https://w3id.org/ro/wfrun/workflow/0.1 64
https:/w3id.org/ro/wfrun/process/0.4 20
https:/w3id.org/ro/wfrun/workflow/0.4 20
https:/w3id.org/ro/wfrun/process/0.5 4
https://w3id.org/ro/wfrun/workflow/0.5 4

Table 6: RO-Crate profiles and how many deposits declares conformance
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Notable from Table 6 is that there are about 80 crates with Workflow Run Crate profiles
(section Workflow provenance helps explain workflow use). Although WorkflowHub has not
(currently) got any specific support for WRROC, as the provenance profiles expands
Workflow RO-Crate (section Using RO-Crate for workflows), these crates are nevertheless
compatible with WorkflowHub.

Further knowledge graph developments

We will be further developing the knowledge graph to improve its usability and
interoperability.

In particular we have identified some data cleaning needs:

e Deposits with the older version of the Workflow RO-Crate profile use relative
identifiers like “#galaxy” for programming language, meaning that with absolute
URIs (section Handling relative paths in WorkflowHub's RO-Crate) in the graph the
same workflow systems differ across crates. Data cleaning can merge known
workflow systems to to their PIDs e.g.
https://w3id.org/workflowhub/workflow-ro-crate#galaxy

e Some GTN deposits provide ORCID using local identifiers like #0000-0001-9842-9718
instead of https://orcid.org/0000-0001-9842-9718 - data cleaning can recognize the
particular ID pattern of ORCIDs and transform.

e Licences on the RO-Crates are expressed in many different ways, typically as strings
like “GPL-2.0”. They should be unified to SPDX identifiers as shown in Table 4.

e The type workflowSketch is inadvertently mapped to
arcp://uuid,@1c8b5d3-81a5-52db-876b-545a09674128/WorkflowSketch etc as it is not in
the JSON-LD context. (Table 5)

We will also add corresponding updates and fixes to Workflow RO-Crate profile and tooling
based on these identified issues. We will however only be updating the RO-Crates that have
been generated by WorkflowHub, and not retrospectively modify any RO-Crates that have
been submitted as-is (section Encouraging research software best practices for workflows)
- here we will rather report the issues upstream.

Additional data can be added to the knowledge graph from the organisational structure of
WorkflowHub, which is not yet fully shown in the RO-Crate, but has Bioschemas metadata

(see section Using Signposting for FAIR Digital Objects).

Submitting User and their Organisation

Collections containing workflow

Teams and Spaces that “own” the workflow

Assigned DO

List of versions (currently only latest workflow version is included in graph)

Additional data can be added from external sources, which can be mapped or consumed as
FAIR resources and included in the graph:

[l Funded by
LN the European Union


https://w3id.org/workflowhub/workflow-ro-crate#galaxy
https://orcid.org/0000-0001-9842-9718

D E0SC | EuroSci Gateway

e For each author, find other schema.org data from ORCID, e.g. country, affiliation,
publications

e ROR organisation identifiers (e.g. https:/ror.org/027m9bs27 for University of
Manchester)

e SPDX licence information from
https:/github.com/spdx/license-list-data/tree/main/rdfturtle

e Details of tools used by Galaxy workflows, including EDAM annotations of their
purpose

e RDF transcription of CWL workflows, e.g. using CWL Viewer

Alternative formats and subsets of the knowledge graph can also be generated:

e Named graphs in RDE TriG format, e.g. to distinguish properties such as an author’s
full name depending on which crate stated it.

e Every RO-Crate JSON-LD as-is (alternative ways to parse these can however easily
modify the Snakemake workflow)

e JSON-LD using fFraming to create a nested JSON tree of selected objects (e.g. a
ComputationalWorkflow) — this can be consumed by GraphQL and other
JSON-based knowledge graphs.

Galaxy have developed a workflow annotation mechanism for graphically grouping and
describing various parts of the pipeline. We have now made it possible for any web page to
embed interactive Galaxy workflow diagrams that show these descriptions [Los 2024]. This
is a powerful explanation mechanism by documenting the workflow visually, as
demonstrated in Figure 11.
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% Is that a Workflow on the Community Hub?

It sure is!

And it's also the first feature we'd like to show you: Workflow Embeds

Full Analyse Argo data

Galaxy Earth system @

m.usegalaxy.eu/
Come ystem subdomain and test our tutorials with the

earth-system tag

try our

B Earth System tool

tput [bociean)

Can be temperature,
pressure, salinity, ..

T Netc fle
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Figure 11: Workflow https://usegalaxy.eu/published/workflow?id=a80f9b926ba43892 embedded
with interactive navigation in the Galaxy Community Hub blog post [Los 2024]. The Community Hub
is rendered as static HTML pages from Markdown sources, where the workflow preview is included

using <iframe>, similar to embedded YouTube videos.

This is a new Galaxy feature which we're exploring how users make best use of. Earlier
workflow systems that explored such “free hand” annotations include KNIME [Eillbrunn
2017] and Taverna Data Playground [Gibson 2009]. This way of explaining a pipeline
presents both a challenge and great opportunity for Workflow FAIR Digital Objects and
WorkflowHub:

1. Tools grouped together typically perform some scientific function; common
workflow motifs include Data retrieval, Data cleaning etc. [Garijo 2013]. This is
clearly important for explainability, and can be connected to established FAIR
resources like the EDAM ontology. Such semantic grouping can be useful for
instance for enhancing workflow discovery by their methods, and also for finding
the purpose of individual tools.

However the Galaxy annotation is not currently semantically linked to the tools in
Galaxy's saved JSON .ga representation, rather the tools are geographically “‘near”
the annotation in x,y coordinates. This means the implied motif grouping is not
directly machine-readable. The grouping is however available within Galaxy’s code
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while editing, so this could be saved as a secondary annotation to make it
accessible and FAIR.

2. Established FAIR annotation models include Web Annotation Data Model [Sanderson
2017], which include powerful selector mechanisms and rich annotation properties.
However existing selectors assume an image of fixed dimensions, while the Galaxy
workflow embedding is effectively a read only view of the workflow editor, not a
static image. Repositioning a tool graphically also means moving its annotation.

3. WorkflowHub could be expanded to embed the interactive diagram, however the
iframe embeds from a “live” entry at a Galaxy server like usegalaxy.eu, while
currently WorkflowHub registration is done by upload or reference to a Git
repository. Further APIs may be needed to query which Galaxy servers have a
particular workflow version installed, or if the workflow is in IWC then this is already
guaranteed for the latest version.

4. Adding Signposting (section Signposting and RO-Crate) for navigating between
WorkflowHub DOIs, WorkflowHub entries, Galaxy workflows, and embedded
workflows can help “wake up” a workflow (FDO machine actionability) and in the
other direction make embedded views display citation information. However, this
requires additional WorkflowHub discovery or notification of a workflow view having
been made public by the owner at the Galaxy Server.

In Galaxy we have extended the support for file storage backends to support institutional
storage systems such as ownCloud and repositories like InvenioRDM. These are powerful
ways to include large data in workflows, as Galaxy can refer to such data by reference,
which can be taken advantage of by the Bring Your Own Data (BYOD) mechanism in Pulsar
network (WP3) by computing the workflow near such data.

In EuroScienceGateway we have further improved this support to do a paginated filtered
search and also added explicit connectors to the EU-wide Zenodo repository [Lopez 2024],

shown in Eigure 12.
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Figure 12: Galaxy data import showing a Dataset search for galaxy training from Zenodo, equivalent
to https://zenodo.org/search?g=galaxy%20training

The current import (see screencast) uses the general file import mechanism in Galaxy, and
does not have particular requirements on the underlying data sources. Envisioned further
work to expand on this support from an FDO perspective include:

1. Import from any persistent identifier (e.g. Zenodo DOI), using Signposting to resolve
to data

2. Propagation of metadata from upstream repository, for further embedding in
RO-Crate (e.g. PID, title and author in order to comply with licences like CC-BY-SA
4.0)

3. Guided import of data sources that are published as RO-Crate, e.g. selection of
particular resources based on their types. Matching to Galaxy data types.

In addition to importing, we have also improved Galaxy export of histories. The Galaxy
history includes the data files that have been progressively used and generated by a Galaxy
user, along with the Tool settings for each analysis. Note that in Galaxy the history does
not necessarily imply a Galaxy workflow, however a workflow can be extracted from the

history.
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In EuroScienceGateway we have connected the export mechanism to the new file storage
systems, including Zenodo, shown in Figure 13 and a screencast. The generated history
includes all the history data and an RO-Crate description of each data item. The user may
choose to store as a draft record to complete additional metadata in the Zenodo Ul, or
publish it directly. When the Zenodo record has been published, its generated DOl is
recorded by Galaxy and shown as part of archived histories.

[E> Export Geospatial Analysis of Urban Heat Islands
Show advanced export options

How do you want to export this history?

to direct download Zenodo [ is a general-purpose open repository developed under the European OpenAIRE =2 program and
operated by CERN . 1t allows researchers to deposit research papers, data sets, research software, reports, and
to remote file any other research related digital artefacts. For each submission, a persistent digital object identifier (DOI) is

minted, which makes the stored items easily citeable.

1o RDM repository

to ZENODO

You may need to setup your credentials for ZENODO in your preferences page to be able to export. You can also define some default options for
the export in those settings, like the public name you want to associate with your records or whether you want to publish them immediately or

keep them as drafts after export.

(Galaxy History) Geospatial Analysis of Urban Heat Islands

Give the exported file a name.

Your history needs te be uploaded to an existing draft record. You will need te create a new record or select an existing draft record and then export
your history to it.

o Export to new record O Export to existing draft record

Geospatial Analysis of Urban Heat Islands

Give the new record a name or title.

You need to create the new record in a repository before exporting the history to it.

Create new record

This history has no export records yet. You can choose one of the export options above.

Figure 13: Galaxy export of execution history to create a new record in the Zenodo repository.

Histories published as such RO-Crates can later be reloaded by another Galaxy instance,
showing each tool execution as if it had happened there.

In comparison, Workflow Invocations are tracked separately in Galaxy and connected to a
workflow definition. These can also be exported to a selection of file storage systems. In
this case the files are exported as a Workflow Run Crate that embeds the Galaxy workflow
definition (section Workflow provenance helps explain workflow use), shown in Figure 14.
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. n n : :
Invoked Workflow: "Hello World € Invocations List
© invoked 21 days ago a5 Workflow Version: 4 [ Edit
& History: Hello world 2 (3= workflow runs: 5)
Overview Inputs Outputs Report Export

Research Object Crate (RO-Crate) Generate &, &

RO-Crate is a community effort to establish a lightweight approach to packaging research data with their metadata. It is based on schema.org
annotations in JSON-LD, and aims to make best-practice in formal metadata description accessible and practical for use in a wider variety of
situations, from an individual researcher working with a folder of data, to large data-intensive computational research environments.

Learn more about RO Crate.

Figure 14: RO-Crate export of a Galaxy workflow invocation.

Such invocation RO-Crates can likewise be Imported from the supported file storage
mechanisms, as well as from a URL (Figure 15).

Annotated Research Contexts (ARC) is a way to structure plant experiments with workflows
in an RO-Crate [Beier 2023]. The NEDI DataPlant initiative has used ARC in Galaxy [Schaaf
2023], and recently also in the Molecular Adaptation to Land (MADIland) programme
[Varshney 2024]. With help from EuroScienceGateway, Galaxy has added a DataPlant git as
a dedicated data source on UseGalaxy.eu that can be used in the Ul, e.g. to import an ARC.

From a FDO perspective, further possibilities in Galaxy's RO-Crate mechanisms include:

1. Process executions can be documented as a Process Run Crate [WRROC 2024a]
with multiple tool executions and an implied workflow where output and input data
match across steps. (It may not be reliable to always extract the workflow, as some
steps may have been removed from the history by the user, or a tool was run
multiple times)

2. Existing metadata (e.g. from data imports) should be mentioned with citations in
the RO-Crate

3. Import of any RO-Crate into the history with graceful “upgrade” if it was a previous
Galaxy history or Galaxy Workflow Invocation. Currently different export and import
mechanisms are needed.

4. Import of RO-Crate from a PID, using Signposting to match to a supported file
storage or URL download.

[l Funded by
LN the European Union


https://doi.org/10.37044/osf.io/7y2jh
https://www.nfdi4plants.de/
https://doi.org/10.52825/cordi.v1i.421
https://doi.org/10.52825/cordi.v1i.421
https://doi.org/10.7490/f1000research.1119789.1
https://w3id.org/ro/wfrun/process/0.5
https://doi.org/10.5281/zenodo.12158562

N EO0SC | EuroScienceGateway

search

Label

Im FTP Directory

@ Your Dropbox Files
m b2drop

I Nextcloud/ownCloud
m COVID-19 FASTQ

= PDB

B ML models

I EBI FTP server
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NCBI FTP server
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Figure 15: Galaxy invocation import from configured data sources

Reproducing workflow runs in Galaxy and WfExS

A motivation for doing Workflow Run Crate (WRROC) export from workflow management
systems like Galaxy and WfEXS is to support reproducibility. The simplest form of
reproducibility of computational workflows is rerunability, that is to execute with the same
inputs again on an equivalent platform, to verify that the computational tools produce the
expected outputs. In this document, Replicability is reproducibility where one or more
factors are modified, e.g. different inputs, different installation.

The distinction between rerun, replicate and reproduce is a sliding scale for computational
analyses, as even in the simplest case, some factors are necessarily different. For instance,
running the very same workflow with the very same inputs and very same tools on the
same Galaxy instance may still experience small technical changes over time, giving
differences in output, e.g. different compute nodes may be scheduled for the tasks, or the
tool relies on external data sources or random seeds.
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Reproducibility in Galaxy

After importing an existing Galaxy workflow invocation, it is possible to re-execute it.
Existing inputs are shown as in the original run (rerun), but with the possibility to modify
some of these (light reproducibility) . As the workflow is included in the RO-Crate and is
editable in Galaxy, users can further modify it, to do a slightly different analysis (reuse).

Reexecution for imported Galaxy workflow histories are more complex, as each step must
be executed in order, and this produces new outputs that must be reconnected in the
corresponding next step rather than the old output (the overall workflow is implied).

For Galaxy histories, practical re-runnability would be to extract a workflow before
re-executing it. It is however an advantage if this is rather done by the original author, which
is better informed to clean up the workflow for unnecessary steps. However, one advantage
of “step by step” reproducibility is that it is possible to bypass a tool which no longer
produces a valid or desired result, by using the old value from the history for subsequent
steps.

Challenges with reproducibility include:

1. Provenance of a rerun or reproduced RO-Crate should cite the original, which may
have been executed by someone else.

2. Edited workflows from an imported WRROC should propagate any citation
information of the original author (e.g. at WorkflowHub), which may not be the
same as the users who executed the workflow and made the first WRROC.

3. Provenance of derived WRROC implies a provenance from one RO-Crate to another,
not just for its individual files. For this, versioned identifiers must be ensured, e.g.
WorkflowHub DOls (Figure 7).

4. Tools used by the workflow should be available at the Galaxy instance where the
WRROC is imported. In Galaxy, only system administrators are able to add new
tools. The installed tool may be in a different version than used by the original
workflow, but this can be highlighted by Galaxy.

Reproducibility in WfExS

The workflow orchestrator WfEXS has support for generating WRROC for any of the
supported workflow systems (currently Nextflow and CWL) [Fernandez 2024]. WfEXS can
also export the used container images as part of the RO-Crate. We have recently also
expanded WfEXS to support rerunnability of WRROC crates at different compliance levels,
with the potential to override particular inputs (reproducibility and replicability).

The potential of rerunning with container image snapshots is very powerful, as
computational tools can be captured in the version and binary form used at a particular
time. Workflow systems like Common Workflow Language support container image
references, but these are frequently not versioned. There is also the potential of infrequently
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used images being deleted after some time, as is the policy of Docker Hub, meaning
workflows with versioned containers may no longer run just 6 months later.

While researchers generally prefer running the latest version of tools in a workflow,
sometimes these evolve beyond the retrocompatibility, requiring changes to the workflow.
This mechanism would allow more precise reproducibility of workflows using older tools
with new parameters.

This WEXS feature is also being explored by the EOSC-ENTRUST project and HDR UK
Federated Analytics program, as a mechanism for moving a workflow’s container
dependencies inside the “airlock” of a Trusted Research Environment (TRE), where strict
firewalls prevent direct software downloads e.g. from Docker Hub. In this case the workflow
can be executed as a “dry run” outside the TRE (using synthetic/test inputs) to populate the
containers, with the full WRROC moved inside the TRE, to be used as a base for the actual
execution on sensitive data (automatic replicability).

Reproducibility and replicability efforts can be hindered by workflows which have steps
depending on external services (e.g. they could not be reached within a TRE, they are
discontinued or temporarily unavailable). In these scenarios, metadata and data gathered
by WRROC snapshots are crucial to ease authors to modify the workflow to avoid such
external services. For this, further FDO aspects such as moving Data RO-Crates along with
the Workflow RO-Crate may be needed.
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