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Executive Summary 

The Workflowhub Knowledge Graph has been improved and its generation made more 
robust. 
 
When this work was last reported, a complete knowledge graph had been generated but 
several criticisms were made. The previous graph was: 
 

●​ Verbose and hard for a human to read or navigate 
●​ Had unresolvable URIs as root data entities 
●​ Contained many duplicate entries 
●​ Contained sparse metadata from only a single source 

 
Work has successfully been undertaken to address all of these points. The graph now 
uses partially resolvable, more human readable, URIs for root data entities. Steps have 
been added to the generation software to add metadata from additional sources 
(enrichment) and to remove duplicate entries (consolidation).​
​
Several areas of the codebase have been refactored and improved, to help ensure 
repeatability and longevity.  
 
The new knowledge graph still has areas that could be improved. Partially resolvable 
URIs should be migrated to fully resolvable alternatives. Further enrichment processes 
should be added which affords greater de-duplication. 
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Introduction 

This report describes the workflow that is used to create the Integrated knowledge 
graph (MS6) containing metadata from all workflows registered on WorkflowHub. This 
augments the previous Initial Knowledge Graph [Hambley 2024] (MS5). 

The knowledge graph and the workflow to generate it are archived on Zenodo 
[Chadwick 2025]. The source code, including a configuration for visualizing the 
knowledge graph,  is publicly available on GitHub: 
https://github.com/workflowhub-eu/workflowhub-graph 
[swh:1:rev:e25e18a764da61437e5ad687876457928b792f9d]. 

 

Data Sources 

The primary data source is Workflow RO-Crates downloaded from WorkflowHub. 
Workflow RO-Crate [Bacall 2022] is a profile of RO-Crate for describing workflows, 
including workflow-specific metadata such as input and output parameters. All 
workflows registered with WorkflowHub can be exported as Workflow RO-Crates. The 
exported metadata may be derived from an imported RO-Crate, an imported Git 
repository, or information provided manually by the user that registered the workflow. 
 
Each workflow’s RO-Crate takes the form of a ZIP file containing the workflow files and 
an RO-Crate Metadata Document, which is an RDF document in JSON-LD format. These 
metadata files are combined together to form the knowledge graph, following the 
method detailed below. 
 
The knowledge graph enrichments pull in data from additional sources. At the time of 
writing, those sources are Wikidata and ORCID, though more could be added in future. 
These enrichments can provide canonical sources of information that individual 
workflows can be linked to, such as a Wikidata entry for a workflow language. 
 

Handling relative paths in WorkflowHub’s RO-Crate 
RO-Crate metadata may use relative paths to identify files within the crate. However, 
when many RO-Crates are merged into a single knowledge graph, there may be 
duplicate relative paths coming from different crates, and those paths are no longer 
resolvable as the metadata has been abstracted away from the data itself. To alleviate 
this, a unique identifier is determined for each RO-Crate, and that identifier is prepended 
to all relative paths within the crate. We call this the “base URI” as it corresponds to 
@base in JSON-LD. 
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In the first version of the knowledge graph, each RO-Crate’s base URI was an ARCP URI 
derived from the URL of the workflow on WorkflowHub. ARCP is designed for this 
purpose of creating URIs for files within a ZIP archive [Soiland-Reyes & Cáceres 2018], so 
it seemed a natural choice. However, in the current version of the knowledge graph, we 
switched to using the download link for the RO-Crate as the base URI, followed by a 
trailing slash (e.g. https://workflowhub.eu/workflows/1698/ro_crate/ ). This was done 
for multiple reasons: 

●​ University of Manchester researchers using the knowledge graph found the ARCP 
URIs difficult to understand, as they obfuscate the identifiers of the workflow and 
are not resolvable 

●​ The same users’ feedback also noted that metadata fields such as `distribution` 
and `contentURL` are often missing from the RO-Crates downloaded from 
WorkflowHub, meaning individual files cannot be retrieved using the metadata in 
the knowledge graph. This exacerbates the difficulty of fetching data based on 
ARCP base URIs. 

●​ The base URI is now directly resolvable. We also believed, based on some initial 
testing, that relative file paths within crates would also be semi-resolvable with 
this base URI (resolving to the crate download, but not the file itself). However, 
this turned out not to be true in practice. 

 
If improvements are made to the metadata provided by WorkflowHub, then it may be 
more practical to return to using ARCP URIs in future. A GitHub issue has been raised to 
request these improvements in FAIRDOM-SEEK (the platform on which WorkflowHub is 
based). 

Workflow for building workflow graph 

The development of the first version of the graph, which was published in August 2024, is 
described in the earlier EuroScienceGateway deliverable D2.1 [Soiland-Reyes 2024].  
 
Since then we made some changes to how the graph is constructed. 
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Figure 1: A visual summary of the Snakemake workflow steps. 

The knowledge graph is built using a Snakemake workflow with the following steps: 
 

1.​ Fetch RO-Crates 
2.​ Combine RO-Crates 
3.​ Enrich with additional metadata 
4.​ Consolidate and de-duplicate metadata 
5.​ Capture provenance and publish 

 

1.​ Fetch RO-Crates 
Retrieve the list of known workflows in WorkflowHub, then use WorkflowHub's API to 
download the RO-Crate metadata file for each workflow and store them. There is also 
an option to download the full ZIP archive for each workflow and extract the RO-Crate 
metadata from there, but this is avoided by default to minimize storage use. 

2.​ Combine RO-Crates 
Merge JSON-LD files from each RO-Crate into a single RDF graph, and save in RDF turtle 
format. 
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3.​ Enrich with additional metadata 
Enrich the metadata to increase its usefulness, incorporating metadata from sources like 
Wikidata and ORCID.  
 
Enrichments are included in a modular fashion. There is an abstract base class to 
support the development of new enrichments. The enrichments included in the current 
version of the graph are: 

Workflow Languages 

By convention, WorkflowHub RO-Crates describe their workflow language using entities 
with URIs provided by the Workflow RO-Crate profile. For example, 
https://w3id.org/workflowhub/workflow-ro-crate#cwl will be used to represent the 
Common Workflow Language. These URIs resolve to relevant sections in the Workflow 
RO-Crate profile description. However, some RO-Crates use local entities (entities which 
are not identified by a URI) to describe the workflow language instead. 
 
Canonical entities are added for workflow languages based on Wikidata entries. Entities 
which have local identifiers within an RO-Crate but appear to match one of these 
canonical entities have a `sameAs` relationship added to connect the two. 

People & ORCID identifiers 

Where a Person entity in the graph includes an `identifier` property with an ORCID, 
additional information is retrieved from the ORCID API about that person, including 
family names, given names, and institutions. This metadata is added to the knowledge 
graph.  
 
Some Person entities in the graph are not identified with any PID, only their name. In 
some cases there are many duplicate entities referring to the same person, and 
sometimes at least one duplicate has an ORCID associated. A future enrichment will aim 
to connect all duplicate entities to the same ORCID. This may post challenges at scale, as 
of course there is no guarantee that two entities which have the same name definitely 
refer to the same person. However, the benefits of de-duplicating currently outweigh this 
risk for the data on WorkflowHub. 

4.​ Consolidate and de-duplicate metadata 
 
After all enrichments are completed, there is a final stage of consolidation and 

de-duplication. Entities which are marked as `sameAs` each other are combined into a 

single entity, and cross-references are updated to use that combined entity. This 
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effectively de-duplicates entities that appear in multiple crates, even if they did not use 

the same identifier originally (most common where local identifiers have been used 

instead of PIDs). 

 
In future a quality assurance stage could be added here, including the generation of 

some statistics about the graph. 

5.​ Capture provenance and publish 
Generate a Workflow Run RO-Crate to capture the configuration used, the date of graph 
generation, and so on. Both the knowledge graph and the workflow source code are 
included in the RO-Crate, as well as intermediate files representing the base graph, the 
metadata added with each enrichment, and the merged graph prior to consolidation. 
 
When the workflow is run through GitHub Actions, the generated RO-Crate is preserved 
as an artifact. This artifact can then be uploaded to Zenodo manually, using the 
RO-Crate InvenioRDM package to automatically populate much of the Zenodo 
metadata through the API. In future this upload stage can be automated so that the 
graph can be regenerated on a regular basis. 

Visualisation 

A Docker configuration for visualizing the knowledge graph is included in the source 
code. The stack includes an Apache Jena Fuseki SPARQL server, a Zazuko Trifid server 
which provides endpoint exploration tooling, and a Zazuko Blueprint frontend. 
 
The Blueprint frontend allows exploration of the knowledge graph in a visual interface. 
The user can search for specific entities, explore entities by type (e.g. workflow 
languages), and view relationships between entities in a list or graph layout. Some 
example screenshots are included below. 
 

 

 

 

 

 

 

 
10 

https://jena.apache.org/documentation/fuseki2/
https://github.com/zazuko/trifid
https://github.com/zazuko/blueprint


  
 

 
Figure 2: The relationships for an RO-Crate root dataset. Both forward and reverse 

relationships are included, and each relationship can be expanded to show the entities 
involved. 

Figure 3: A graph view of the relationships within a RO-Crate, an alternative to Fig. 2. In this 
case, the root dataset is connected to many authors, plus the workflow file. The workflow file is 

in turn connected to its programming language, its inputs, and so on. 
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Figure 4. A list of all “SoftwareSourceCode” entities in the graph, which represent workflow 
files. 
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Figure 5. The data page for an individual entity in the graph. In this case, additional information 
about a person is included from the ORCID enrichment. 
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Future Work 

Improvements to the quality of metadata produced by WorkflowHub will improve the 
quality of the knowledge graph. The development work and user feedback helped to 
uncover some quality issues and desired features, such as the need to include the 
`contentUrl` property to help users to find the download link for each file in the graph.  
 
Some workflows also do not fully conform to the Bioschemas ComputationalWorkflow 
profile, as their input and output parameters are not always defined. This limits the 
usefulness of the metadata, and it is a result of users not providing that information at 
the time of workflow registration. It may be possible to improve this with features in 
WorkflowHub or improvements in training to encourage users to add this metadata. 
 
The WorkflowHub knowledge graph work could be combined with other knowledge 
graph work currently being developed in the BIOINDUSTRY 4.0 project (Horizon Europe 
project 101094287). This uses the triple store already integrated and embedded in 
FAIRDOM-SEEK. WorkflowHub could generate fresh RO-Crates and send them to the 
triple store when metadata is updated. 
 
Other outstanding issues for improving the knowledge graph can be found in the GitHub 
repository: https://github.com/workflowhub-eu/workflowhub-graph/issues  
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