
Data and metadata in 
AiiDA and Materials Cloud

The	challenges	we	address

• Enable high-throughput research (10’000+ simulations/day); 
automate simulations, automatically track provenance  

• Share simulations according to the FAIR principles  
and beyond, guaranteeing reproducibility  

• Encode scientists’ knowledge in automated workflows 
(scientific know-how, numerical parameters,  
choice of data to preserve and share) 

• Provide advanced data analytics tools 

• Allow to create metadata on the simulations a posteriori 
using automatically tracked provenance (meta)data



How to manage data, simulations and their provenance?  

IS THERE A REPRODUCIBILITY CRISIS?

Nature 533 
452–454 (2016)

We need a tool to help us  
automate research, organise it,  

store provenance guaranteeing reproducibility, 
then analyze results,  

and finally share them with metadata



Data and metadata in 
AiiDA and Materials Cloud

Data provenance: Directed Acyclic Graphs

G. Pizzi et al., 
Comp. Mat. Sci. 111, 218-230 (2016)

http://www.aiida.net

MIT license (open source)

Developed since 2013 
Used in production from many 

scientific research projects



“Simple” graphs of workflows for a single material
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“Simple” graphs of workflows for a single material
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Graphical representation of an AiiDA 
database of calculations and workflows 

of DFT band structure and Wannier functions



Data and metadata in 
AiiDA and Materials Cloud

An ecosystem of plugins
https://aiidateam.github.io/aiida-registry/

38 plugin entries for Materials Science,  
supporting 67 code executables, 63 workflows, …



Data and metadata in 
AiiDA and Materials Cloud

Open Science Platform: AiiDA + Materials Cloud

https://www.materialscloud.org 

Online since February 2018

Cloud dissemination platform for FAIR data sharing 
and more (cloud simulation and data generation platform)

+ + …



Data and metadata in 
AiiDA and Materials Cloud

Open and FAIR data sharing: Archive, Discover, Explore

Direct links 
to Discover & 
Explore

DOIs 
assigned

FAIRsharing.org 
re3data.org  

+ 

Recommended 
data repository 

by Nature’s 
journal 

Scientific Data



Data and metadata in 
AiiDA and Materials Cloud

DISCOVER (CURATED DATA) & EXPLORE (RAW DATA)

UUID links to jump to the 
provenance graph in the  
EXPLORE section

DISCOVER



Data and metadata in 
AiiDA and Materials Cloud

DISCOVER (CURATED DATA) & EXPLORE (RAW DATA)

UUID links to jump to the 
provenance graph in the  
EXPLORE section

DISCOVER EXPLORE

Browse the full AiiDA 
provenance graph  
(inputs, outputs, …) at any 
level



Data and metadata in 
AiiDA and Materials Cloud

An	example	of	reuse	of	open	data
High-throughput computational discovery of exfoliable 2D materials

N. Mounet et al.,  
Nature Nanotech. 13, 246  (2018) 

Data: 
Nicolas Mounet et al., 

Materials Cloud Archive (2018),  
10.24435/materialscloud:2017.0008/v2 

All data published on the 
Materials Cloud 

with full provenance 
(as stored by AiiDA) 

and accessible via the 
AiiDA REST API

Groups at CINECA and  
University of Bologna:  

develop a project using 
the published data, with a 

new unforeseen goal: 
Prediction of the absolute 

time per iteration of a 
Quantum ESPRESSO run

“Prediction of time-to-
solution in material 

science simulations using  
deep learning” 

F. Pittino et al., PASC19 
Proceedings, 10 (2019) 

Need very detailed 
information (“identikeep”) 
on machines, calculations 

and provenance



WORK: AiiDA Lab (submission)

• Our cloud data generation platform and data analysis platform 

• Based on AiiDA + Jupyter + App Mode



WORK: AiiDA Lab (submission)

• Our cloud data generation platform and data analysis platform 

• Based on AiiDA + Jupyter + App Mode

Graph generated by the previous run



Data and metadata issues 
for workflow provenance tracking 

Our approach



Coupling automation and storage

Inputs stored in the DB, and 
handing over to the daemon

Define (only) necessary inputs 
Interface designed by plugin

Switch computers in one line 
supports different schedulers,  
version of codes, …

code = load_code(‘pw-6.3@daint-mr25’) 
builder = code.get_builder() 

builder.metadata.options = { 
    ‘max_wallclock_seconds’: 600, 
    ‘resources’: {"num_machines": 2}} 

Structure = DataFactory('structure') 
structure = Structure(ase = read('TiO2.cif')) 

Dict = DataFactory('dict') 
parameters = Dict(dict={ 
    'CONTROL': { 
        'calculation': 'scf', 
        'restart_mode': 'from_scratch'}, 
    'SYSTEM': {‘ecutwfc': 40.}}) 

Kpoints = DataFactory('array.kpoints')  
kpoints = Kpoints(kpoints_mesh = [4,4,4]) 

builder.structure = structure 
builder.parameters = parameters 
builder.kpoints = kpoints 
builder.pseudos = get_pseudos_from_family(structure, 
’SSSP_efficiency_v1.0') 

aiida.engine.submit(builder)



Coupling automation and storage

Inputs stored in the DB, and 
handing over to the daemon

Define (only) necessary inputs 
Interface designed by plugin

Switch computers in one line 
supports different schedulers,  
version of codes, …

code = load_code(‘pw-6.3@daint-mr25’) 
builder = code.get_builder() 

builder.metadata.options = { 
    ‘max_wallclock_seconds’: 600, 
    ‘resources’: {"num_machines": 2}} 

Structure = DataFactory('structure') 
structure = Structure(ase = read('TiO2.cif')) 

Dict = DataFactory('dict') 
parameters = Dict(dict={ 
    'CONTROL': { 
        'calculation': 'scf', 
        'restart_mode': 'from_scratch'}, 
    'SYSTEM': {‘ecutwfc': 40.}}) 

Kpoints = DataFactory('array.kpoints')  
kpoints = Kpoints(kpoints_mesh = [4,4,4]) 

builder.structure = structure 
builder.parameters = parameters 
builder.kpoints = kpoints 
builder.pseudos = get_pseudos_from_family(structure, 
’SSSP_efficiency_v1.0') 

aiida.engine.submit(builder)

All	inputs	stored	before	submission	

The	daemon	creates	and	runs	the	
simulations	without	human	intervention:	
all	inputs	are	known,	machine-readable	

and	encoded	in	a	standard	format	

Guarantee	of	reproducibility	of	single	
calculations



Data formats

• Data stored in AiiDA via custom data classes (via plugins) 

• Examples: a crystal structure, a pseudopotential, a grid/list of 
kpoints, a dictionary of input parameters, a trajectory, … 

• Allows Reuse (the R in FAIR) of data between different 
simulations, codes, workflows 

• Data formats, and input data formats, are defined and 
documented by the plugins



Multiple simulations and workflows

• Even just running multiple simulations preserves the connected 
structure and the provenance



An example of a submission (workflow)

• Encoding the knowledge of the scientist also beyond the 
original simulation

Self-documenting code: 
define at the beginning the allowed  
inputs, outputs and the outline

Define the actual steps 
creating dynamically the inputs and  
analysing the parsed outputs

Submit the calculation and make it 
available to the next steps (that are 
run upon completion)



OWL description for the provenance graph

• We are working on a OWL description of the provenance graph



Coupling of automation and storage:  
a posteriori metadata

• Run all simulations first 

• Afterwards, parse and 
reconstruct run information, 
metadata, provenance from 
calculation outputs

Pros: 
• No need to use specific provenance tools 
• Can reuse already-run simulations 
Cons: 
• Hard to guarantee that all inputs are 

described and correct 
• Hard to reconstruct and represent data 

provenance and workflows

• Use a tool (e.g. AiiDA) to manage 
simulations and keep track of data and 
logic provenance at the same time 

• Create metadata from automatically 
tracked provenance information

Pros: 
• Automatic guarantee of single calculation 

reproducibility 
• Automatic description of the provenance 

and reproducibility of entire workflows 
• While not the main goal, it is possible to 

import already-run simulations 
Cons: 
• Need to use a tool to track provenance 

(that, however, helps with automation)

Coupling of automation and storage: 
a posteriori metadata

Run first,  
collect and parse later



A posteriori metadata: AiiDA+TCOD integration

• Coupling to external DBs: implemented via a plugin interface 

• One current implementation: creation of TCOD metadata and 
deposition into TCOD (Theoretical Crystallography Open Database) 

• TCOD: simulation counterpart to the COD (www.crystallography.net) 

• TCOD defines its own ontology and dictionaries, in standard CIF format

Merkys et al., J Cheminform. 9, 56 (2017), doi:10.1186/s13321-017-0242-y 

http://www.crystallography.net


A posteriori metadata: AiiDA+TCOD integration

Metadata as defined in the CIF dictionaries 

• http://www.crystallography.net/tcod/cif/dictionaries/cif_dft.dic 

• http://www.crystallography.net/tcod/cif/dictionaries/cif_tcod.dic

Merkys et al., J Cheminform. 9, 56 (2017), doi:10.1186/s13321-017-0242-y 

data_dft_bulk_modulus
    _name '_dft_bulk_modulus'
    _category dft_calc_property
    _type numb
    _units GPa
    _units_detail gigapascals
    _definition
; Ratio of the infinitesimal pressure increase to 
; the resulting relative decrease of the volume.
;

data_tcod_software_package
    _name '_tcod_software_package'
    _category tcod_software
    _type char
    _definition
; Software package used to compute and produce
; the DFT-computed structure file. Only package 
; or program name should be used, e.g. ‘VASP',
; ’psi3', 'Abinit', etc.
;

Data defined for each entry 
in CIF format

http://www.crystallography.net/tcod/cif/dictionaries/cif_dft.dic
http://www.crystallography.net/tcod/cif/dictionaries/cif_tcod.dic


A posteriori metadata: AiiDA+TCOD integration

• Metadata and data defined also to store the AiiDA graph 
provenance in CIF format

Merkys et al., J Cheminform. 9, 56 (2017), doi:10.1186/s13321-017-0242-y 

+ JSON-serialized graph



A posteriori metadata: open to any metadata format

• The AiiDA+TCOD implementation shows coupling with a CIF-format-based 
ontology 

• In the a posteriori metadata approach, any ontology is allowed

Merkys et al., J Cheminform. 9, 56 (2017), doi:10.1186/s13321-017-0242-y 

Comparison of TCOD CIF 
dictionary with ETSF variables

Comparison of TCOD CIF 
dictionary with NOMAD metadata
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Data and metadata in 
AiiDA and Materials Cloud
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Data and metadata in 
AiiDA and Materials Cloud

Conclusions

• Open Science Platform for computational materials science 

• Guarantee reproducibility + FAIR sharing of data with their 
provenance 

• Define and run scientific workflows for materials and provide 
data analytics tools 

• Allow to create metadata a posteriori without loss of information

+



Contacts

Materials Cloud: http://www.materialscloud.org  

- AiiDA lab: http://aiidalab.materialscloud.org  

- Archive: http://archive.materialscloud.org

@aiidateamhttps://www.facebook.com/aiidateam

Website: http://www.aiida.net 

Docs: http://aiida-core.readthedocs.io 

Git repo: https://github.com/aiidateam/aiida_core/  

Plugin registry: http://aiidateam.github.io/aiida-registry 

Quantum Mobile: http://www.materialscloud.org/work/
quantum-mobile 

http://materialscloud.org
http://aiidalab.materialscloud.org
http://archive.materialscloud.org
https://www.facebook.com/aiidateam
http://www.aiida.net
http://aiida-core.readthedocs.io
https://github.com/aiidateam/aiida_core/
http://aiidateam.github.io/aiida-registry

