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Annual reminder on FAIR principles

https://doi.org/10.1038/sdata.2016.18 “FAIR Tulip” by 

Meznah Aloqalaa

https://doi.org/10.1038/sdata.2016.18


Annual reminder on FAIR principles
Interoperable

I1. (meta)data use a formal, accessible, shared, and

broadly applicable language for knowledge representation.

I2. (meta)data use vocabularies that follow FAIR principles

I3. (meta)data include qualified references to other (meta)data

https://doi.org/10.1038/sdata.2016.18

Findable
F1. (meta)data are assigned a globally unique and persistent identifier

F2. data are described with rich metadata (defined by R1 below)

F3. metadata clearly and explicitly include the identifier of the data it  
describes

F4. (meta)data are registered or indexed in a searchable resource

Reusable
R1. meta(data) are richly described with a plurality of

accurate and relevant attributes

R1.1. (meta)data are released with a clear and accessible data usage license

R1.2. (meta)data are associated with detailed provenance

R1.3. (meta)data meet domain-relevant community standards

Accessible
A1. (meta)data are retrievable by their identifier using a

standardized communications protocol

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

A1.2 the protocol allows for an authentication and authorization

procedure, where necessary

A2. metadata are accessible, even when the data are no longer available

tl;dr: machine-readable metadata

https://doi.org/10.1038/sdata.2016.18


Use case: 
Metagenomics pipeline

Identifies 1952 bacterial species from the human gut

Computationally intense pipeline to assembles the 
sequencing reads

Genomics: 
Plethora of open source tools for different steps

Almeida, A., Mitchell, A.L., Boland, M. et al. A new genomic blueprint of the human gut microbiota. 
Nature 568, 499–504 (2019). https://doi.org/10.1038/s41586-019-0965-1

https://doi.org/10.1038/s41586-019-0965-1


FAIR Mixed and Multi Object

Source data and results
Instruments, software, workflows, scripts…

Different data types…

Public archives, spreadsheets, project ftp 
servers…



This image was created by Scriberia for The Turing Way community and is used under a CC-BY licence.

http://www.scriberia.co.uk/






https://s.apache.org/existing-workflow-systems

https://s.apache.org/existing-workflow-systems


One standard, many CWL implementations

• commercially supported systems that support CWL from vendors 
such as Curii (Arvados), DNAnexus, IBM (IBM® Spectrum LSF), 
Illumina (Illumina Connected Analytics), and Seven Bridges 
Genomics/Velsera.

• Open source implementations: cwltool (ref engine), Arvados (AWS, 
GCP, Azure, Slurm, LSF), Toil (AWS, Azure, GCP, Grid Engine, 
HTCondor, LSF, Mesos, OpenStack, Slurm, PBS/Torque), 
CWL-Airflow (Apache Airflow), StreamFlow (Kubernetes, HPC with 
Singularity, PBS, Slurm), Occam (multi-node SSH, local, Docker, 
Singularity)

• Partial implementations (ep3, REANA, Xenon, Galaxy, cwl-tes, 
Calrissian, Pegasus)

https://www.commonwl.org/

https://arvados.org/
https://www.dnanexus.com/
https://www.ibm.com/analytics/spectrum-computing
https://www.illumina.com/products/by-type/informatics-products/connected-analytics.html?scid=2021-269ECL4851
https://www.sevenbridges.com/
https://www.sevenbridges.com/
https://github.com/common-workflow-language/cwltool
https://arvados.org/
https://github.com/BD2KGenomics/toil
https://github.com/Barski-lab/cwl-airflow
https://streamflow.di.unito.it/
https://c3s.unito.it/index.php/super-computer
https://github.com/tom-tan/ep3
https://docs.reana.io/
https://nlesc.github.io/Xenon/
https://galaxyproject.org/
https://github.com/ohsu-comp-bio/cwl-tes
https://github.com/Duke-GCB/calrissian
https://pegasus.isi.edu/documentation/reference-guide/cwl-support.html
https://www.commonwl.org/


https://doi.org/10.1038/d41586-019-02619-z

https://doi.org/10.1038/d41586-019-02619-z


Scattered and diverse metadata
Multiple platforms and repositories



Is it FAIR to use all 
these repositories?

Researchers are asked to make their research 

outputs FAIR – where to publish?

Thousands of public, institutional and domain-

specific repositories 

Help from guidance and catalogues

(FAIRsharing, re3data, FAIR Cookbook)

..but how to gather and reference outputs across 

multiple repositories? 

What about contextual information?

https://fairsharing.org/

https://faircookbook.elixir-europe.org/

https://www.re3data.org/

https://faircookbook.elixir-europe.org/
https://faircookbook.elixir-europe.org/
https://faircookbook.elixir-europe.org/


Metadata love letter delivery
Each object in its own repository or platform with its own metadata 

: Research Objects



https://www.researchobject.org/

https://www.researchobject.org/


Describe and package data collections, datasets, software etc. with their metadata

Platform-independent object exchange between repositories and services

Support reproducibility and analysis: link data with codes and workflows

Transfer of sensitive/large distributed datasets with persistent identifiers

Aggregate citations and persistent identifiers

Propagate provenance and existing metadata

Publish and archive mixed objects and references

Reuse existing standards, but hide their complexity

Aims of FAIR 
Research Objects

https://researchobject.org/


A little bit of packaging goes a long way

http://www.researchobject.org/ro-crate/

▪ Practical lightweight packaging
▪ Aggregate files/directories

+ any content with URI
▪ Embed contextual information 
▪ Archive with rich structured metadata

http://www.researchobject.org/ro-crate/


A little bit of packaging goes a long way

Familiar, developer friendly Lo-Tek - web native, off-the-
shelf, machine and human readable, search engine accessible: 
PIDs + JSON-LD + Schema.org + BagIT/Zip/OCDL.

Infrastructure independent to overcome repository 
and service silos: Practical, lightweight, robust.

One size does not fit all - embrace diversity, legacy, 
unknowns – open-ended, multi-interpretation, self-
describing. Extensible metadata + pre-existing ontologies: 
Duck type profiling.



Developers Matter – this is Middleware!

RSECon 2022 – Research Software Engineers!

https://society-rse.org/



Developer Friendly, Problem Driven

DataCrate
simple web 

stack

ROs
rich RDF 

stack +
simplifications rather than generalisations 

fewer features, more directed

easier to understand, conceptually simpler
opinionated guide to current best practices

constrained and predictable but not too 
cumbersome to work with

retain “just enough” linked data for benefits
querying, vocabularies, clickable URIs, 

knowledge graphs 

with all the stuff developers need
documentation, examples, libraries, tools

Adoptability!!!!



Developer Friendly, Tool development

Packaging research artefacts with RO-Crate.  Data Science 
https://doi.org/10.3233/DS-210053

RO-Crate Specification 1.1
https://w3id.org/ro/crate/1.1

Infrastructure facing
Software libraries

https://www.npmjs.com/package/ro-crate
https://github.com/ResearchObject/ro-crate-ruby
https://pypi.org/project/rocrate/
https://github.com/kit-data-manager/ro-crate-java

Contact: andreas.pfeil@kit.edu

https://doi.org/10.3233/DS-210053
https://w3id.org/ro/crate/1.1
https://www.npmjs.com/package/ro-crate
https://github.com/ResearchObject/ro-crate-ruby
https://pypi.org/project/rocrate/
https://github.com/kit-data-manager/ro-crate-java


Developer Friendly, Tool development

Packaging research artefacts with RO-Crate.  Data Science 
https://doi.org/10.3233/DS-210053

User Facing
Describo

https://arkisto-platform.github.io/describo/

https://doi.org/10.3233/DS-210053
https://arkisto-platform.github.io/describo/


Structured self-describing, machine readable, 
metadata objects

RO-Crate Metadata file

Archive file format / packaging system

type
id
description
datePublished
…

licenseauthor organisation
Linked Data

JSON-LD
Schema.org

https://github.com/o/script

files

links to web 
resources

RO-Crate Content

directories

type, id
description
datePublished
creator
size
format …

https://zenodo.org/record/3541888

Structured 
metadata about 
the RO-Crate 
and content

Standard
Packaging

BagIT, Zip



Techie deep-dive!
Warning: JSON ahead

24





{ "@id": "cp7glop.ai",
"@type": "File",
"name": "Diagram showing trend to increase",
…

},
…

{ "@type": "CreativeWork",
"@id": "ro-crate-metadata.json",
"conformsTo": {"@id": "https://w3id.org/ro/crate/1.1"},
"about": { "@id": "./" }

}

{ "@context": "https://w3id.org/ro/crate/1.1/context", 
"@graph": [

Collection

RO-Crate metadata file descriptor

RO-Crate root dataset

..aggregates Data entities

..described w/ contextual entities

{ "@id": "./",
"identifier": "https://doi.org/10.5281/zenodo.1009240",
"@type": "Dataset",

"hasPart": [
{ "@id": "cp7glop.ai" },
{ "@id": "lots_of_little_files/" },
{ "@id": "communities-2018.csv" },
{ "@id": "https://doi.org/10.4225/59/59672c09f4a4b" },
{ "@id": "SciDataCon Presentations/AAA_Pilot_Project_Abstract.html" }

],

"author": { "@id": "https://orcid.org/0000-0002-8367-6908" },
"publisher": { "@id": "https://ror.org/03f0f6041" },
"citation": { "@id": "https://doi.org/10.1109/TCYB.2014.2386282"},
"name": "Presentation of user survey 2018"

},

Flat list of metadata per entity

JSON-LD preamble

"hasPart": [
{ "@id": "cp7glop.ai" },
{ "@id": "lots_of_little_files/" },
{ "@id": "communities-2018.csv" },
{ "@id": "https://doi.org/10.4225/59/59672c09f4a4b" },
{ "@id": "SciDataCon-Presentations/AAA_Pilot_Abstract.html"}
],



Data and Contextual entities 

described within RO-Crate Metadata File

Base vocabulary & types:  schema.org

Cross-references to further contextual entities

RO-Crate principle: 

Reuse existing PIDs and URLs   

..but always describe entities which lack a 

human-readable resolution

Metadata

{
"@id": "https://orcid.org/0000-0002-8367-6908",
"@type": "Person",
"affiliation": { "@id": "https://ror.org/03f0f6041" },
"name": "J. Xuan"
}

{
"@id": "https://ror.org/03f0f6041",
"@type": "Organization",
"name": "University of Technology Sydney",
"url": "https://www.uts.edu.au/"
}

{
"@id": "figure.png",
"@type": ["File", "ImageObject"],
"name": "XXL-CT-scan of an XXL Tyrannosaurus rex skull",
"identifier": "https://doi.org/10.5281/zenodo.3479743",
"author": {"@id": "https://orcid.org/0000-0002-8367-6908"},
"encodingFormat": "image/png"
}







https://www.npmjs.com/package/ro-crate-html

https://www.npmjs.com/package/ro-crate-html


https://arkisto-platform.github.io/describo/
https://arkisto-platform.github.io/describo-online/

https://arkisto-platform.github.io/describo/
https://arkisto-platform.github.io/describo-online/


How is RO-Crate being used?



Adding rich metadata to existing 
data platforms

https://doi.org/10.5281/zenodo.7310739
https://doi.org/10.3897/rio.8.e95972
https://cs3mesh4eosc.eu/
https://arkisto-platform.github.io/tools/description/describo-online/

The CS3MESH4EOSC project combines major data services into the federated ScienceMesh

Users can collaborate across established data repositories and data science services.

FAIR Description Service (based on Describo Online) to annotate data using RO-Crate

Domain-specific profiles for additional metadata requirements

https://doi.org/10.5281/zenodo.7310739
https://doi.org/10.3897/rio.8.e95972
https://cs3mesh4eosc.eu/
https://arkisto-platform.github.io/tools/description/describo-online/


Exporting data using an interchange format

HMC Hub Energy
Time series data from different databases exported with metadata 
description of their structure and content into a single web service

Jan Schweikert - Institute for Automation and Applied Informatics

Web service using
ro-crate-java

Data file format: CSV

LD-Vocabularies: RO-Crate 
Context, QUDT, CSVW

https://github.com/kit-data-manager/ro-crate-java
https://w3id.org/ro/crate
https://w3id.org/ro/crate
https://qudt.org/
https://www.w3.org/ns/csvw/


BioConnect

RO-Crate

Abigail Miller https://doi.org/10.5281/zenodo.7116702

Frictionless data 

Packaging Structure File type defs for 
tabular data

ISA format

+ +

https://doi.org/10.5281/zenodo.7116702


https://youtu.be/Rsuxn0m4bIM

https://www.reliance-project.eu/

EOSC, Copernicus, Earth Science 

RO-Crate + Data Cubes
Mixed object sharing
Reproducibility

Raul Palma, Oscar Corcho, Daniel Garijo 

https://youtu.be/Rsuxn0m4bIM
https://www.reliance-project.eu/


Annotating 
plant research data

ANNOTATED 

RESEARCH 

CONTEXT (ARC)

RO metadata file is 

automatically generated, 

converting from ISA 

folder structure and 

annotations

Reuse established 

standards including ISA 

Model, CWL

ANNOTATION

https://nfdi4plants.de/
         

             
          
        

   

https://nfdi4plants.de/content/learn-more/annotated-research-context.html

Stored using Git LFS to 

support large data
assays

workflows

studies

runs <run1>

…

data files

<study1>

…

investigation

<assay1>

…

dataset

protocols

<workflow1>
…

script / code / …

CWL

resources

protocols

CWL

COMPUTATION

EXPERIMENTAL DATA

Investigation

Study

Assay

https://isa-tools.org/

https://nfdi4plants.de/
https://nfdi4plants.de/content/learn-more/annotated-research-context.html
https://isa-tools.org/


Computational Workflows

Packaging workflow files & 
companion objects

https://workflowhub.eu/

https://workflowhub.eu/


Building an 
ecosystem of
FAIR Workflows 

39

• Exchange of rich Workflow RO-Crates within an 

emerging ecosystem of workflow services

• Workflow Crates transfer

• identifiers, authors, license, workflow system

• executable workflows in their native format (e.g. 

Galaxy)

• interoperable CWL description of the workflow

• software citations (e.g. tools used)

• required data sources

• test suites

• workflow execution provenance
https://workflowhub.eu/

https://www.researchobject.org/workflow-run-crate/

https://workflowhub.eu/
https://www.researchobject.org/workflow-run-crate/


A gentle road towards reproducible data 
management by recording provenance

https://www.researchobject.org/ro-crate/1.1/provenance
http://www.researchobject.org/workflow-run-crate/

“Just enough” provenance model using 
schema.org Actions:

input1.txt is the object Alice used to create
result1.txt with instrument matlab

No distinction between hardware and software
(yet easier to open lid on software)

Provenance chain of connected actions
→ implicit workflow: can it be automated? 

Understanding which tools were used why is 
more important than unpractical 1:1 re-run.

https://www.researchobject.org/ro-crate/1.1/provenance
http://www.researchobject.org/workflow-run-crate/
https://schema.org/docs/actions.html


Federated Pipelines & Provenance Packaging

Federated analytics, distributed research pipelines in Trusted Research Environments 
for sensitive data

• Controlled access to sensitive data
• Exchange between data platforms
• Reporting & sharing pipelines 
• Reporting results & provenance
• Common Provenance Model between different 

organizations
• Mapping to 

common data model

Tom Giles, Rudolf Wittner 
Five Safes

RO-Crate



Handling big & sensitive data
Scalable collections of references while data stays at host

Big genomic & clinical data, images etc, 
distributed over multiple locations. 

https://doi.org/10.1109/BigData.2016.7840618

Retain & archive processed datasets
Reference & transfer large data on demand
Controlled access
Moving data between archives

Ravi Madduri,  Kyle Chard, Carl Kesselman, Ian Foster

https://doi.org/10.1109/BigData.2016.7840618


Biodiversity Digital Objects and Digital Twinning

Hardisty et al (2022): The Specimen Data Refinery: A Canonical Workflow Framework and FAIR Digital Object Approach to 
Speeding up Digital Mobilisation of Natural History Collections. Data Intelligence 4(2): 320–341. 
https://doi.org/10.1162/dint_a_00134

Bags of references

courtesy of Alex Hardisty, Dimitris Koureas 

Digital Surrogate FAIR Digital Object

https://biodt.eu/

predicting biodiversity dynamics

https://doi.org/10.1162/dint_a_00134




FAIR Digital Object (FDO) – conceptual view
Predictable implementation of FAIR for active objects - not just static data

PID Profile

Collection
FDO

PID
20.301/a

Metadata

Operation
Operation

Operation

Attributes
20.123: “Alice” 
20.789: <http://...>
20.456: 10.1234/ab 

PID 

Record

Bytes
Bytes

FDO
FDO

FDO Type
• Distributed architecture
• Self-describing digital objects
• Several types of metadata
• Encapsulation of operations

RO-Crate implements FDO 
with current web stack

FAIR Digital Objects for Science: From Data Pieces to Actionable Knowledge Units: 

https://doi.org/10.3390/publications8020021

Soiland-Reyes, Sefton, et al (2022): 
Creating lightweight FAIR Digital 
Objects with RO-Crate. Research 
Ideas and Outcomes, 1st Intl Conf on 
FAIR Digital Objects

https://doi.org/10.3390/publications8020021
https://www.fdo2022.org/
https://www.fdo2022.org/


FAIR RO-Crates as a realization of FDOs
A bunch of papers/posters at FDO2022

Implementing FDO web with 
current web standards

FAIR Signposting – to look up
RO-Crate describe object
▪ Types from schema.org
▪ Metadata files
▪ Directives to profiles the FDO 

conforms to
▪ Community APIs (like GA4GH)

Soiland-Reyes, Sefton, et al (2022): Creating lightweight FAIR Digital Objects with RO-Crate. 
Research Ideas and Outcomes, 1st Intl Conf on FAIR Digital Objects

https://signposting.org/FAIR/

https://www.fdo2022.org/


FAIR Signposting

https://signposting.org/FAIR/
https://pypi.org/project/signposting/

https://signposting.org/FAIR/
https://pypi.org/project/signposting/


Resolving RO-Crate FDOs
using FAIR Signposting

Profile:

RO-Crate
w3id

<…schema.org/dataset>; rel=type
<https://doi…>; rel=cite-as
<…crate.zip>; rel=item
<ro-crat…>; rel=describedby;

profile=…ro-crate

PID 

Record

zip

Type

Dataset

FAIR Signposting

...

Type

ComputationalWorkflow

Metadata FDO
ro-crate-metadata.json

PID
https://doi.org/...

w3id

RO-Crate 

profile

HEAD https://workflowhub.eu/workflows/255?version=1 HTTP/1.1
…
Link: <https://workflowhub.eu/workflows/255?version=1> ;

rel="describedby"; 
type="application/vnd.datacite.datacite+xml", 

<https://workflowhub.eu/workflows/255?version=1> ; 
rel="describedby" ; type="application/ld+json", 

<https://doi.org/10.48546/workflowhub.workflow.255.1> ; 
rel="cite-as", 

<https://workflowhub.eu/workflows/255/ro_crate?version=1> ; 
rel="item" ; type="application/zip" ;
profile="https://w3id.org/ro/crate"

HTTP Link headers for machines

HTML landing page for humans

https://signposting.org/FAIR/

https://signposting.org/FAIR/
















https://www.researchobject.org/workflow-run-crate/examples/draft/ml-pipeline/

Machine learning pipeline #1

https://www.researchobject.org/workflow-run-crate/examples/draft/ml-pipeline/


Machine learning pipeline #2

               

                

                     

                  

          

                

     

                      

                   

          

                     

          

           

              

     

                      

          

   

   

      

                  

      

                 

     

           

     

                

          

                

          

            

      

                 

     

                

     

     

   

      

           

                        

Ten simple rules for making a software tool workflow-ready
Rule 1: Make sure a workflow engine can talk to your software easily
Rule 2: Make your tool simple to install
Rule 3: Document your tool
Rule 4: Make your tool maintainable
Rule 5: Follow the principle of least surprise
Rule 6: Make your tool parallelizable
Rule 7: Make your workflow tool a good citizen
Rule 8: Make output reproducible
Rule 9: Carefully consider human interaction
Rule 10: A software tool should just do one thing

https://doi.org/10.1371/journal.pcbi.1009823

https://github.com/crs4/deephealth-pipelines
https://cwl-airflow.readthedocs.io/

https://doi.org/10.1371/journal.pcbi.1009823
https://github.com/crs4/deephealth-pipelines
https://cwl-airflow.readthedocs.io/


Machine learning pipeline #2 as RO-Crate

https://www.researchobject.org/workflow-run-crate/examples/draft/ml-predict-pipeline/

https://www.researchobject.org/workflow-run-crate/examples/draft/ml-predict-pipeline/


Considerations for RO-Crates with 
Machine learning pipelines
• Ensure pipeline steps can run in a container (e.g. Singularity) or Conda

• Make training a separate step from evaluation and use
• Trained model (e.g. network weights) as a FAIR object in itself

• Which data sources was the model trained on? Is the data sensitive?
• Persistent identifiers, provenance, attribution

• GPU support in workflow engines are still at its infancy
• Can block interoperability and even scalability!

• Capturing parameters are important for understanding

• Updating code of steps can make pipeline fragile
• Follow best practices for research software and versioning

https://docs.conda.io/en/latest/miniconda.html


Metadata is a love note to the FAIR future…. 

….RO-Crate is the delivery package in a multi-

platform, mixed object research ecosystem. 

Keep it practical, real and simple 

Adoption and diversity friendliness

Metadata middleware to drive the release of research, 

reproducible scholarship and knowledge graphs.

It takes a village
To make Research Objects normative

Promote to researchers but …... target Research Infrastructures to deliver
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