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Atomistic simulations of molecules 
and crystals using 

quantum-mechanical first-principles methods  
to predict and discover new materials 

and materials properties

But: ideas and the infrastructure 
go beyond Physics and Materials Science 

to all fields of computing and HPC



Nature, 
November 2014

12 papers on DFT in the 
top-100 most cited papers 

in the entire scientific 
literature 

Van Noorden et al., Nature 514, 550 (2014)

Accuracy and 
predictive power 

of quantum 
engines

Computing	power	1993-2013

Sum	of	the	top-500	supercomputers
Number	1
Number	500 150,000x	increase 

in	the	past	20	years 
 

1	month	(1993) 
� 

10	seconds	(2015)

Result: materials design and discovery via  
high-throughput computations



...but did we think at how to manage simulations?  

Without  AIDA With AIDA 
Without  AIDA With AIDA 

We run computer laboratories: 
we should manage simulations and data with a 

dedicated platform

But how should the platform be?



Computational science should be...

reproducible 

Often not possible from the data 
reported in papers

searchable 
Find existing calculations,  

reuse and data-mine results

reliable 
Results persisted in repositories, 

automated procedures to 
reduce errors and verify results

shareable 
Community to share results, 

cross-validate them, and boost 
scientific discovery



THE ADES MODEL

We have encoded these requirements in the four pillars  
for a computational science infrastructure

Low-level pillars User-level pillars

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



AiiDA 

http://www.aiida.net

MIT License

Approved License

Oct 2012: First commit  
to current AiiDA  

repository

May 2014: Distributing 
beta versions to 
selected groups

Mar 2012: First  
discussions about 

current framework

Feb 2015: First public  
open release of AiiDA (0.4.0  
on bitbucket + readthedocs)

Apr 2015: Paper on 
arXiv,  AiiDA 0.4.1  

released

6 tutorials from  
October 2014 to 2016  

(Lausanne, Kyoto, Zurich, Berlin)

Early codes  
by Boris  
Kozinsky

2012 2013 2014 2015 2016

Oct-Dec 2015: Paper 
published, AiiDA 0.5.0  

released



What is AiiDA?



What is AiiDA?

1. The core of the code is the AiiDA API: the main python code and classes



What is AiiDA?

2. The AiiDA Object-Relational Mapper (ORM): transparently store data, 
codes and calculations in a database, transparent to the user



What is AiiDA?

3. A daemon to manage interaction with remote computers without user 
intervention



What is AiiDA?

4. User interaction occurs via the command line tool verdi, the interactive 
shell or via Python scripts



Automation in AiiDA

A

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



Automation: coupling to data

• Coupling automation to data: 
– uniformity of the input data, usage of codes and computers 

– full reproducibility of calculations (data is stored first)



Automation: the daemon

A daemon runs in the background

Calculation state 
TOSUBMIT 

WITHSCHEDULER 

RETRIEVED 

PARSED 

FINISHED

• Process runs in the 
background 

• Daemon processes 
managed using celery 
with a django backend, 
and supervisor 

• Supports direct 
connection and various 
protocols: ssh, sftp, … 

• Schedulers supported: 
SLURM, SGE, Torque, 
PBSPro, LSF, …



Abstraction into APIs: a single calculation

16

Parameter = DataFactory('parameter') 
Structure = DataFactory('structure') 

code = get_code('quantumespresso-pw@mycluster') 
JobCalc = code.new_process() 

attrs = { 
    'max_wallclock_seconds': 3600, 
    'resources': {"num_machines": 2}, 
    } 

inp = {} 
inp['structure'] = Structure(cif=‘silicon.cif') 

inp['parameters'] = Parameter({ 
    'CONTROL': { 
        'calculation': 'scf', 
        'restart_mode': 'from_scratch', 
    }, 
    'SYSTEM': { 
        'ecutwfc': 40., 
    }}) 

f = async(JobCalc, _attributes=attrs, **inp) 

print f.job.pk

Choose code and computer

Define all inputs

Take care of running the calculation 
through the daemon



Abstraction into APIs: a single calculation

17

Parameter = DataFactory('parameter') 
Structure = DataFactory('structure') 

code = get_code('quantumespresso-pw@cluster2') 
JobCalc = code.new_process() 

attrs = { 
    'max_wallclock_seconds': 3600, 
    'resources': {"num_machines": 2}, 
    } 

inp = {} 
inp['structure'] = Structure(cif=‘silicon.cif') 

inp['parameters'] = Parameter({ 
    'CONTROL': { 
        'calculation': 'scf', 
        'restart_mode': 'from_scratch', 
    }, 
    'SYSTEM': { 
        'ecutwfc': 40., 
    }}) 

f = async(JobCalc, _attributes=attrs, **inp) 

print f.job.pk

Just one line change to change 
computer (with different cluster, 
schedulers, version of codes, …)

Data gets stored in the DB during 
submission

Take care of running the calculation 
through the daemon



Data in AiiDA

D

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



Storage and provenance

• Inspiration from the open provenance 
model 

• Any calculation: a function, 
converting inputs to outputs: 

         out1, out2 = F(in1, in2) 

• Each object is a node in a graph, 
connected by directional labeled links 

• Output nodes can be used as inputs out1 out2

in1 in2

F

data

data

data

data

calc

• Calculated properties: result of complex, connected calculations 

• How do we store simulations preserving the connected structure?



Data provenance: Directed Acyclic Graphs



Data provenance: Directed Acyclic Graphs

Directed Acyclic Graphs: 
appropriate representation  

of calculations, data 
and their provenance

Next questions 
What must we store? 
How can we store it? 
How can we query it?



Saving the DAGs: Nodes and Links
How to represent it… in SQL? 

• Each node: row in a SQL table 
• Additional data: 

• key-value attributes 
• Files/folders 

• Links also stored in a SQL table 
⇒ jobs provenance

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

• Multiple backends supported: 

• SQL (MySQL, PostgreSQL, …) and 
attributes EAV table via Django 

• SQL+JSONB (PostgreSQL > 9.4) via 
SQLAlchemy 

• Easy to extend to other backends 
(preliminary benchmarks with graph 
DBs like Neo4j and TitanDB)



Environment in AiiDA
E

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

Low-level pillars User-level pillars

Is AiiDA easy to use? 
Does it provide an advantage 

over files and custom-made scripts?



q = QueryTool()
q.set_class(PhCalculation)
q.add_attr_filter('machine_name', '=', "piz-daint")

q.add_attr_filter('min_frequency', '<', 0., relnode="out.parameters") 
results = q.run_query()

AiiDA: an automation tool
Querying example

...

StructureData

child
through the Transitive

Closure table

PhCalculation
machine=‘piz-daint’

Parameter
min_frequency=-52.3

output
parameters

Environment in AiiDA: user interaction
High level Python interface

results = QueryBuilder(**{
  'path':[
    {'cls':PhCalculation, 'tag': 'ph'},
    {'cls':ParameterData, 'tag': 'param'}],
  'filters':{
    'ph': [‘machine': “piz-daint”},
    'param': [‘attributes.min_freq': {‘<‘:-50.0}]},
  'project':{
   'param': [‘attributes.min_freq'],}
}).iterall()

DB-agnostic query interface for 
AiiDA objects and their provenance

Seamless user interaction Extensive documentation + tutorials

http://aiida-core.readthedocs.org/



Reusability and modularity: AiiDA plugins

Calculation Data Parser Transport Scheduler Importers & 
exporters

Generation of 
input files for a 

given code  

Quantum 
ESPRESSO, 
Phonopy, 

ASE, GPAW, 
Yambo, NWChem, 

…

Management 
of data objects 

for input/
output 

files&folders, 
parameter sets, 

remote data, 
structures, 
pseudos,  

... 

Parsing of 
code output & 
generation of 
new DB nodes 

Quantum 
ESPRESSO, 
Phonopy,  

ASE, GPAW, 
Yambo, NWChem, 

...

How to 
connect to a 

cluster 

local connection, 
ssh, ...

How to 
interact with 
the scheduler 

PBSPro, Torque, 
SGE, SLURM, LSF,

…

Import 
structures, ... 
from external 

DBs 

ICSD, COD, 
TCOD, MPOD, ...



Environment in AiiDA: Scientific workflows

Workflows

post
processing

SCF #2

Phonon 
#2

SCF #1

Phonon 
#1

post
processing

Compare results

Workflows don’t have to be ‘linear’

SCF #2

Phonon 
#2

SCF #1

Phonon 
#1

SCF #3

Phonon 
#3

Relax

compress
lattice 

constant

expand
lattice 

constant

Workflows
• We go a step further: workflows
• Definition of a workflow: a group 

of calculations with some 
dependency relationship

• All actual simulations are made 
of different steps

• For a given task, the logical 
relationship between the single 
calculations (i.e., the workflow) is 
always the same!

An example:

SCF

PH

RELAX

D3

THERM

CHECK

• Computed properties: result of  complex 
sequences of calculations

• Not only storage: also the management and 
encoding is important for reproducibility

Workflows

post
processing

SCF #2

Phonon 
#2

SCF #1

Phonon 
#1

post
processing

Compare results

Workflows don’t have to be ‘linear’

SCF #2

Phonon 
#2

SCF #1

Phonon 
#1

SCF #3

Phonon 
#3

Relax

compress
lattice 

constant

expand
lattice 

constant

• We need to encode and to share 
“turn-key solutions” for: 

– the calculation of materials properties 

– the automatic validation of results



Workflows features

• Automatic tracking of provenance in the DB from simple 
python functions  
Inputs, outputs, call links, stored by simply adding a decorator 

• Both serial and parallel (multithreaded) execution 
(using async calls and waiting for the result of futures) and combination of 
parallel and serial execution 

• Checkpointing of workflows  
(you can shutdown your machine while it’s waiting for a day-long job, and 
then continue from where you left) using a custom Workflow class 

• Nesting and reuse of existing workflows 

• Description of the inputs and outputs of a workflow 
for perspective provenance



A real-life workflow example: 
phonon dispersions

Main-Workflow
Structure 

Relaxation

Dynamical 
matrices

Interatomic 
force constants

Phonon 
dispersion

Su
b-

w
or

kfl
ow

s
Si

ng
le

 c
al

cu
la

tio
ns

Relaxation #1

Relaxation #2

Relaxation #n

Structure cell converged

Restart 
management

Restart (wall-time 
exceeded, …)

PW vc-relax

PW vc-relax

PW vc-relax

several failure cases 
handled automatically

Initialize PH

PH on q-grid

Collect phonons

Parallelization

PH on q1

PH on q2

PH on qn

N.	Mounet	et	al.
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Visualising the outcome

params = {'input': {'kpoints_density': 0.2, 
                    'convergence': 'tight'},
          'structure': structure,
          'pseudo_family': pseudo_family,            
          'machinename': 'mycluster',
          'pw_input':{'volume_conv_threshold': 5e-2},                        

          'pw_parameters': {
             'SYSTEM': {'ecutwfc': 30.},
             'ELECTRONS': {'conv_thr': 1.e-10}}
         'ph_input':{'distance_kpoints_in_dispersion': 0.005,
             'diagonalization': 'cg'}
           }
wf = asyncd(PhBandsWorkflow, **params)
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Discovering new 2D materials

Single q
calculation

Single q 
calculation

Using density-functional theory (DFT) and density-functional perturbation theory (DFPT), we compute thermodynamical
properties on a number of known and novel two-dimensional structures that can be exfoliated from currently known layered
materials.

Goal: populate a database of potential 2D materials and their thermodynamical properties computed from first principles.

Environment: the AiiDA platform [1], which can
o launch (thousands of) calculations, retrieve and store their outputs,
o keep the full provenance data of every data object,
o store everything in a queryable relational database,
o handle workflows, i.e. sets of calculations with relative dependencies.

Main ideas:
o identify 2D substructures inside known 3D crystals, by checking the absence of chemical bonds between layers,
o compute structural / electronic / magnetic / vibrational properties of the 2D structures found, by using automated

workflows that handle automatically failure cases.

High-throughput predictions of two-dimensional materials
NICOLAS MOUNET1,2, PHILIPPE SCHWALLER1, GIOVANNI PIZZI1,2, ANDREA CEPELLOTTI1,2, 
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Number of structures extracted and analyzed

Magnetization vs. band gap for a selection of 2D materials

ICSD [2] 
database

• Clean out cif files using COD-tools [3]
• Refine structures symmetries with spglib [4]
• Find layered materials (see below)
• Eliminate duplicates with pymatgen [5] 

structure matcher
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Structure
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Take lowest energy 
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Non-magnetic
energy relaxation

Non-magnetic
energy relaxation

Final energy workflow 
relaxation + bands

Final energy workflow 
relaxation + bands

Electronic 
bands

Energy calculation + 
bands

Energy calculation + 
bands

Finding
magnetic properties

Workflow to set the stage for an 
unknown structure, and produce the 
first reliable total energy calculation.  SSSP [6]

Set of tested  & 
converged 
pseudos

CHRONOS
workflow

Energy “restart” 
sub-workflow

Structure Input 
parameters

Energy bands 
calculation

Relaxation: loops 
until volume 
converges

Relaxed 
structure

Output 
parameters

Electronic 
bands

If requested

Energy calculation

Energy calculation

Loops on itself 
if fails (change 
parameters)

Restart if clean stop 
(max CPU time 
reached)

Sub-workflow to produce self-consistent calculations,
structural relaxations and band structures:
• currently interfaced with Quantum-ESPRESSO [7],
• many failure cases handled automatically, to ease the 

handling of high-throughput calculations.

ENERGY
workflow

Phonon initialization

Energy 
calculation

Input 
parameters

q-points distribution

Dynamical matrices

Phonon calculation

Phonon calculation

Loops on itself if 
fails (change 
parameters)

Restart if clean stop (max 
CPU time reached)

Single q
calculation

Collect results

Phonon “restart” 
sub-workflow

Workflow to perform all steps required for the 
phonon dispersions:
• compute dynamical matrices from DFPT,
• currently interfaced with Quantum-ESPRESSO [7],
• many failure cases handled automatically.

Fourier 
interpolation

Phonon 
dispersion

PHONON
workflow

Phonon dispersion of a 2D material Band structure of a magnetic 2D material. Black and red 
curves indicate the two different spins.

Layered materials are automatically found using an algorithm based on the identification of
chemically bonded groups in a 3D crystal. As a first step all interatomic distances are evaluated on a
supercell of size 3 × 3 × 3, and chemical bonds are identified as those for which

𝑑𝑖, 𝑗 < 𝑟𝑖𝑣𝑑𝑤 + 𝑟𝑗𝑣𝑑𝑤 − ∆
where 𝑑𝑖, 𝑗 is the distance between two atoms 𝑖 and 𝑗, 𝑟𝑖𝑣𝑑𝑤 is the van der Waals radius of atom 𝑖 as
obtained from Ref. [8], and ∆ = 1.3 ± 0.2Å (multiple values are tested in the range, on each material).
Two dimensional substructures are then found from groups which are periodic in two independent
directions. Note that the algorithm is general and does not assume any specific orientation of the 2D
plane with respect to the crystal or Cartesian axes.

Initial
structure

Supercell Groups of atoms

Primitive cell (side view)
2x2x2 supercell (side view)

3D

2D

[6] I. E. Castelli. Standard solid state pseudopotentials (SSSP). http://www.materialscloud.ch/sssp/.
[7] P. Giannozzi et al. QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of 
materials. Journal of Physics: Condensed Matter, 21(39):395502, 2009.
[8] S. Alvarez. A cartography of the van der Waals territories. Dalton Transactions, 42(24):8617–8636, 2013.
[9] J. Li. AtomEye: an efficient atomistic configuration viewer. Modelling and Simulation in Materials Science and 
Engineering, 11(2):173, 2003.
[10] S. Lebegue, T. Bjorkman, M. Klintenberg, R. M. Nieminen, and O. Eriksson. Two-dimensional materials from data 
filtering and ab initio calculations. Physical Review X, 3:031002, 2013.

Screening algorithm: a supercell of the initial structure is
constructed, then chemically connected groups are identified.

Distribution of packing ratios in the ICSD and 
in the subgroup of layered materials.

Examples of layers found from 3D ICSD structures. Plots were generated using AtomEye [9].

Example illustrating the need of a 3 × 3 × 3 
supercell rather than 2 × 2 × 2.

# 2D/3D

ICSD structures downloaded 99212 3D

Distinct ICSD structures analyzed 50584 3D

Layered materials found 4869 3D

Distinct 2D materials found 4957 2D

Set of band gaps and magnetizations computed with the Chronos workflow, 
using Quantum-ESPRESSO and PBE exchange-correlation. 2D materials here 

were also found in Ref. [10].

Insulators

Metals

Magnetic metals

Magnetic 
insulators

Relaxed structures 564 2D

Band structures 81 2D

Magnetic properties 81 2D

Phonon dispersions 77 2D

Number of DFT / DFPT results so far (high-throughput 
calculations started on the Piz-Dora CSCS cluster on 25/08/2015)

N.	Mounet	et	al.,	in	preparation



Some DB figures for 2D materials

Crystal structures analysed from external DB 479986

Remove duplicates 111998

Distinct layered materials found 6362

Run workflows
3D relaxed structures (3 functionals with VdW) 12387

Band structures 8653
Binding energy 3666

… and running!

Updated May 2016
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Some current applications

Phonon-phonon 
scattering in 2D Phonon hydrodynamics in 2D materials

1D metallic wires 
at interfaces Engineering polar discontinuities in 2D

Functional 
development

Development of a Koopmans’ compliant functional

Neural Network 
potentials Generating databases for neural network potentials

Pseudopotential 
database

Creation of a Standard Solid State 
Pseudopotentials library

Thermodynamical 
properties of 2D 
materials

Discovering 2D materials and creating a 
database of their thermodynamical properties

Paraelectric-ferroelectric transition in perovskites,  
optical properties with GW, stability of structures, …  



Sharing in AiiDA

S

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



Sharing in AiiDA

• Private AiiDA instances 
• UUIDs used to uniquely identify 

all data/calculation objects 
• Data can be pushed to other 

repositories or the outside world ...



Materials Cloud 
www.materialscloud.org

Access curated sets of 
project results including 

structures and their 
properties 

 
 
 
 

Discover 

Find documentation 
and the AiiDA AppStore 
of plugins and 
workflows 
 
 
 
 

Work 
 

Learn 
 
 
 

Learn using materials 
including lectures and 

video tutorials related to 
materials science 

Explore 
 
 
 
Directly browse and 
visualise the AiiDA 
database 

http://www.materialscloud.org


App-store model

“App-store”-like model for 
plugins & workflows, e.g. 

• Computers: automatically 
setup a new cluster or 
supercomputer 

• DB importers: load structures 
and data from COD, ICSD, …  

• Calculations: plugin for your 
simulation software 

• Turn-key solutions:  
workflows to compute a 
desired property 

• …

Quantum  
ESPRESSO

Yambo CP2K Fleur

Simulation codes

Electronic  
density

Phonons Optical  
properties

Transport

Turn-key workflows

CSCS (CH) CINECA (IT) BSC (ES) Jülich (DE)

Computing clusters

The MaterialsCloud AiiDA app-store
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•MARVEL	NCCR	(http://marvel-nccr.ch):	Swiss	National	Centre	of	Competence	
on	Computational	Design	and	Discovery	of	Novel	Materials;	started	May	2014,	
funded	2014-2026.	33	PIs	from	11	Institutions.	

• MaX:	MAterials	design	at	the	eXascale	(http://max-center.eu):	EU	H2020	  
e-infrastructure	project,	from	Sep	2015	(Modena/Trieste/EPFL/Barcelona/
Julich)	+	5	supercomputing	centers	(CINECA,	CSCS,	BCS,	Julich,	KTH)

Infrastructure Projects

http://marvel-nccr.ch
http://max-center.eu
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Conclusions

A computational science platform  
adopting the ADES model:

Data 
   reproducibility&provenance, directed acyclic graphs, queries

Environment 
   flexible platform; workflows to encode scientists’ knowledge 

Sharing 
   social ecosystem to encourage interactions

Automation 
   automate repetitive tasks via daemon, abstracting into APIs



Contacts and info:

Website: http://www.aiida.net 

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

Git repo: https://bitbucket.org/aiida_team/aiida_core/ 

@aiidateam

https://www.facebook.com/aiidateam


