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Managing Computational Materials Science:
The ADES model and the AiiDA infrastructure

Giovanni Pizzi
Theory and Simulation of Materials, EPFL, Switzerland
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Accuracy and
predictive power
of quantum
engines
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Result: materials design and discovery via
o hi_q_h-thrciug_hpqt computations



..but did we think at how to manage simulations?
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Computational science should be...

reproducible searchable
Often not possible from the data Find existing calculations,
reported in papers reuse and data-mine results
reliable shareable
Results persisted in repositories, Community to share results,
automated procedures to cross-validate them, and boost
reduce errors and verify results scientific discovery

OISIGL



THE ADES MODEL

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

ADES
| )
Automation Data Environment Sharing
Remote management | Storage High-level workspace | Social ecosystem
Coupling to data Provenance Scientific workflows | Standardization
High-throughput Database Data analytics Repository pipelines

Low-level pillars

User-level pillars

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

OocAi | DA http://www.aiida.net

Automated Interactive Infrastructure and
Database for Computational Science

Oct 2012: First commit 6 tutorials from Feb 2015: First public
to current AiiDA October 2014 to 2016 open release of AiiDA (0.4.0
repository (Lausanne, Kyoto, Zurich, Berlin) on bitbucket + readthedocs)

Mar 2012: First May 2014: Distributing Apr 2015: Paper on Oct-Dec 2015: Paper

discussions about beta versions to arXiv, AiiDA 0.4.1 published, AiiDA 0.5.0
current framework selected groups released released

O Bitbucket Teams -~ Projects ~ Repositories ~ Snippets ~ 2 MIT License

003 AiiDATeam / AiiDA_core

OVGI’V[eW Ii‘ SSH~ git@bitbucket.org:aiida_team/aiida_core.; [~ Share o -
®
il Recent activity Op'e_r;:' S?_U rce
Last updated 23 hours ago 8 5 ) ) . ) Iniciative
. , . Branches “age Ml Possible mispelled library in documenta...
@ Website  hitp// alida.net Issue #217 created in aiida_team/aiida_core Approved License
¢ Language Python Fernando Gargiulo - 20 hours ago
Access level  Admin (revoke) 8 1 9 O ‘ . .
)54 Forks Watchers B ttorial_june_2016

Branch created in aiida team/aiida core



What is AiiDA?
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What is AiiDA?
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Storage
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Users
HPC clusters

\

Database Repository

1.The core of the code is the AiiDA API: the main python code and classes
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What is AiiDA?
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2. The AiiDA Object-Relational Mapper (ORM): transparently store data,
codes and calculations in a database, transparent to the user



What is AiiDA?
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3. A daemon to manage interaction with remote computers without user
intervention



What is AiiDA?

arath Gy

Calc ORM | Data ORM ool

manager
(c:ﬂeéﬁr/we) i B AIDA @ ;
AiiDA AP

daemon

1 (the main python code) (submit, retrieve,
python arse, ... -
scripts - )

A

%

Users
HPC clusters

O

Storage

Database Repository

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

[ l S , 1

Automation

Remote management
Coupling to data
High-throughput

G. Pizzi et al., Comp. Mat. Sci 111, 218-230 (2016)
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Automation: coupling to data

(
D .
GL) y verd
N (cmdline)
»
4 python
scripts
g J
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Scheduler
Calc ORM Data ORM manager
AIIDA
AiiDA AP daemon

e main python ¢

e)

(submit, retrieve,

parse, ...)

N

B e Nifo
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« Coupling automation to data:
— uniformity of the input data, usage of codes and computers

OISIGL

— full reproducibility of calculations (data is stored first)
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Automation: the daemon

A daemon runs in the background

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, ...

Calculation state
TOSUBMIT

¢sAlIDA
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WITHSCHEDULER fﬁ/

l

RETRIEVED

l

PARSED

l

FINISHED

Scheduler
manager
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daemon
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Abstraction into APIs: a single calculation

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': A
'calculation': 'scf',
'restart_mode': 'from_scratch',
F,
'SYSTEM': {

'ecutwfc': 40.,

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

print f.job.pk

Choose code and computer

Define all inputs

Take care of running the calculation
through the daemon

e Oo0e



Abstraction into APIs: a single calculation

DataFactory('parameter')
DataFactory('structure')

Parameter
Structure

code = get_code('quantumespresso-pw@cluster2’')

JobCalc = code.new_process()

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

by

inp = {}
inp['structure'] = Structure(cif=‘silicon.cif")
inp['parameters'] = Parameter({
"CONTROL": A
'calculation': 'scf',
'restart_mode': 'from_scratch',
}
'SYSTEM': {

'ecutwfc': 40.,

i3 g

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

v O0o0e



Data in AiiDA

Storage
Provenance
Database

G. Pizzi et al., Comp. Mat. Sci 111, 218-230 (2016)
OCo0e®



Storage and provenance QP

Open Provenance Model

Calculated properties: result of complex, connected calculations

How do we store simulations preserving the connected structure?

Inspiration from the open provenance
model

Any calculation: a function,
converting inputs to outputs:

outi, outy = F(inq, in3)

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

Output nodes can be used as inputs

N in>

calc F

(ouh \outz

OISIGL



Data provenance: Directed Acyclic Graphs

‘Parameters ‘ Structure

SCF

. Results

Distance

‘ Results

Relax

Parameters ‘ Relaxed structure

‘ Results

SCF

Parameters

Results




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?

OISIGL



Saving the DAGs: Nodes and Links

.Parameters . Structure

SCF

. Results

Distance

. Results

Relax

Relaxed structure

Parameters ‘
. Results

SCF

Parameters

’ Results

e Multiple backends supported:

e SQL (MySQL, PostgreSQL, ...) and
attributes EAV table via Django

e SQL+JSONB (PostgreSQL > 9.4) via
SQLAIchemy

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

How to represent it... in SQL?

e Fach node: row in a SQL table
e Additional data:

e key-value attributes
o Files/folders

e Links also stored in a SQL table
= jobs provenance

Repository |DbAttribute | (DbLink |
folder node_pk | key |value

input_pk |output_pk | label

— J]

(r )
DbNode

pk | type | date | owner | ...

[ DbComputer
( DbAuthinfo
DbComment

DbGroup

(
DbUser
email |\name| ... \‘

G. Pizzi et al., Comp. Mat. Sci 111,

218-2302016) O Q QO @



Environment in AiiDA
ADES

1 l : |
Environment

High-level workspace
Scientific workflows
Data analytics

Low-level pillars User-level pillars

Is AiiDA easy to use?

Does it provide an advantage
over files and custom-made scripts?

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



Environment in AiiDA: user interaction

High level Python interface

G ﬁiﬁﬂmﬂ%

Scheduler
Calc ORM Data ORM manager
® verdi -
% “\ emdiine) " AIDA
- AIDA AP daemon
(the main python code) (submit, retrieve,
parse, ...)

=k

v

Storage

Database Repository

\Q-

Seamless user interaction

Y P

. Calculations

HPC clusters

DB-agnostic query interface for

AiiDA obj

results

StrucélreData

child

= QueryBuilder (**

o[
:PhCalculation,
:ParameterData,

ects and their provenance

PhCalculation
machine='piz-daint’

Parameter
min_frequency=-52.3

Extensive documentation + tutorials

E Docs » Welcome to AliDA's documentation!

¢sAIDA

Automated Interactive Infrastructure and Database for Computational

User's guide

Welcome to AiiDA's documentation!

AliDA is a sophisticated framework designed from scratch to be a flexible and
scalable infrastructure for computational science. Being able to store the full
data provenance of each simulation, and based on a tailored database
solution built for efficient data mining implementations, AliDA gives the user
the ability to interact seamlessly with any number of HPC machines and
codes thanks to its flexible plugin interface, together with a powerful
workflow engine for the automation of simulations.

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




Reusability and modularity: AiiDA plugins

- A b U ——

2 4 — X oy =
Calculation Data Parser Transport Scheduler
Generation of Management Parsing of How to How to
input files for a of data objects code output& connecttoa interact with

given code for input/ generation of cluster the scheduler
output new DB nodes
Quantum files&folders, Quantum
ESPRESSO, parameter sets, ESPRESSO, local connection,  PBSPro, Torque,
Phonopy, remote data, Phonopy, ssh, ... SGE, SLURM, LSF,
ASE, GPAW, structures, ASE, GPAW,

Yambo, NWChem, pseudos, Yambo, NWChem,

Importers &
exporters

Import
structures, ...
from external

DBs

ICSD, COD,
TCOD, MPOD, ...




Environment in AiiDA: Scientific workflows

o Computed properties: result of complex
sequences of calculations

\

(Not only storage: also the management aQ
encoding is important for reproducibility

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

— the calculation of materials properties
— the automatic validation of results

RELAX

SCF
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Workflows - a ‘Hello World’ example

@wf
def sum(a, b):
return {'sum': Int(a.val + b.val)}

@wf
def mul(a, b):
return {'prod': Int(a.val * b.val)}

@wf
def add_mul_wf(a, b, c):
return {'result':
mul(add(a, b)[‘sum’], c)[‘prod’]}

final_value = add_mul_wf(
a=Int(3),
b=Int(4),
c=Int(5))[‘result’]

final_value =(3+4) *5=35

sum

35

CALL

result @

prod




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




OO A real-life workflow example:

phonon

Main-Workflow

" Structure
z Relaxation
=

o

> .

o Dynamical
> :

n matrices
m ]
S Interatomic
k=B @ force constants
>

o

©

9

)

E,, Phonon
o dispersion

N. Mounet et al.

dispersions

/ Relaxation #1

Relaxation #2

Relaxation #n

Structure cell converged

Inltlallze PH

Collect phonons

PHon q- gnd

Restart
management

"

PW vc-relax

Restart (wall-time
exceeded, ...)

PW vc-relax

PW vc-relax

several failure cases
handled automatically

PH on qs1

PHon q»

PH on qn



Visualising the outcome

'pw_parameters': {
'SYSTEM': {'ecutwfc': 30.},
"ELECTRONS': {'conv_thr': 1l.e-10}}
'ph_input':{'distance kpoints_ in dispersion': 0.005,
'diagonalization': 'cg'}

params = {'input': {'kpoints_density': 0.2,
'convergence': 'tight'},
'structure': structure,
'pseudo_family': pseudo family,
'machinename’': 'mycluster',
'pw_input':{'volume conv_threshold': 5e-2},

}

wf = asyncd(PhBandsWorkflow, **params)

ParameterData (215522) ( Kp"'"‘i?‘;:;‘g 15851y

parameters jpoints.

a(215518)

ParameterData (215519) ParameterData (215521)

—~——
KpointsData (215316)
(1 kpts)

Qpoints

PhCalculation (215520) PhCalculation (215523)
HED | FINISHED I

petrieved
FolderData (215797) FolderData (215848)  FolderData (215924) ) FolderData (215831)

retrieved 4 retrieved 5 retrieved 2 fotrieved 3 Tetrieved 0 Tetrieved_L Tetrieved_8 Tetrieved 9

InlineCalculation (215980)
recollect_gpoints_inline()

petrieved

Code (209960)
'q2r-5.1.2-module’

FolderData (215981)

ParameterData (215982)

arent_calc._folder

Q2rCalculation (215983)
FINISHED

force_constants




Discovering new 2D materials

~——11. Workflow

sub-workflow

-points distributic
q-points distril W Phonon calculation

" Workflow to set the stage for an . " Sub-workflow to produce self-consistent calculations, ™,
« Clean out cif files using COD-tools [3] ,," annown structure, and produc? the structural re!axations anc} band structures: \\
1CSD [2] « Refine struct i ith spelib [4 ; first reliable total energy calculation. SSSP [6] « currently interfaced with Quantum-ESPRESSO [7], \
ehne structures symmetries with Spgit 14l Set of tested & * many failure cases handled automatically, to ease the
e\ 150 1= * Find layered materials (see below) [amm—— \ Conveggf-'d handling of high-throughput calculations.
¢ Eliminate duplicates with pymatgen [5] / siten
structure matcher \
CHRONOS Set of structures with Input
e Magnetic testin: Pl random magnetizations AgySipicture " parameters
2D 8N 8 T workflow vy @laribiom
* Energy relaxation - / . b
structures [T TESSREENEN Restantif cleanstopd
Relaxation: loops ~ Energy “restart” ‘ reached) :
N i i i M. i until volume sub-workflow v
energy relaxation energy relax. energy relax. energy relax. converges Energy calculation
Relaxed ALY
Finding If requested )
2D Mpn Loops on e
Take lowest energy "
structures e . ENERGY parameters)
| ~--~71 workflow AT LEIED
- calculation
Phonon R -
. " bands
dispersions - .
lem:g metallic Fully relaxed Electronic
{ character TR 1A bands
\ Final energy workflow i /
e — N, : ;
. o N relaxation + bands Electronic /
PHONON 4« -~  Workflow to perform all steps required for the \‘\ . ot /
7 workflow phonon dispersions: A - e -
* compute dynamical matrices from DFPT, 4
« currently interfaced with Quantum-ESPRESSO [7], H
Energy Input * many failure cases handled automatically. | s B
calculation " parameters i
|
|
H
Phonon initialization Phonon “restart” i
H
H
i
H
H
i
H
H
i

ersion (eV)

Single q Single q Single q £ Restart if clean stop (max
leulati ;cru time reached)

\ l / Phonon calculation :

Fourier Loops on itself if Y
Collect results = . 3 e e
interpglation parameters) 3[) :
\

. . Phonon
« Dynamical matrices J [ dispersion ) -~

= SN ‘ souil —
- n 8 o
N. Mounet et al., in preparation 1] __| I | .




Some current applications

Phonon-phonon

scattering in 2D Phonon hydrodynamics in 2D materials

1D metallic wires

o | H I . n .n oy .n2
atinterfaces Engineering polar discontinuities in 2D

Functional

Development of a Koopmans’ compliant functional
development

Neural Network Generating databases for neural network potentials

potentials
Pseudopotential Creation of a Standard Solid State EEE“““_“i: 555
database Pseudopotentials library %8 Xt ooa @com o

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

i 1 l

Sharing

Social ecosystem
Standardization
Repository pipelines

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

e Private AiiDA instances

e UUIDs used to uniquely identify
all data/calculation objects
Data can be pushed to other
repositories or the outside world

o S AIDA S
ooAIIDA ol E% ;

A§{

oaAIIDA

l 1 5
- =l : =




Materials Cloud
www.materialscloud.org

_ mozilla Firefox

AWeb nterface

cor\'\P“‘E(s s o Calculations - AiiDA Web Interface
werf..-
uters - AIDA web %
Bcom? awi/cOTP Calculations - AlIDA Web Interface
(host:8000

& @ \oc@

A'\'\DA\Neb \nterface

) List
Compute Y Filters

gcheduler

me
User Transport Hostna!
. bsSpro
: De“"phon anes.epl\.ch p!

State Creation~

Type Computer

6 June 2014
215 Test QE pw.x with..., PwCalculation daint 2= 18:17:29 Action v
GMT+02:00

it c865.CN

o B2

| | .

Access curated sets of ] Find documentation e @
- =3

project results including e and the AiiDA AppStore  [TRASd
structures and their of plugins and

6 June 2014
221 Test QE pw.x with..., PwCalculation daint ool 18:17:27 Action v
GMT+02:00

properties JM workflows = petalls
. 6 June 2014
") pisable i .
217 Test QE pw.x with... ~ PwCalculation daint FINISHED 18:17:26 Action ~
/ Renamé GMT+02:00

glovanni.pizzi@epfl.ch

Test calculation with the Quantum ESPRESSO pw.x code with lattice
constant 4.079

Discover

\.quantt pw.PwCalculation.

job_id 319282

Learn W Explore

jobresource_params default_mpiprocs_... 8

num_machines 1

Learn using materials Directly browse and
including lectures and visualise the AiiDA
video tutorials related to database
materials science




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

The MaterialsCloud AiiDA app-store

Simulation codes

Quantum Yambo Fleur

ESPRESSO

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

Computing clusters

CINECA

Turn-key workflows

Electronic Phonons Optical Transport
density properties



Acknowledgements

£
(~]
v o /A
- Giovanni Andrea Nicolas Riccardo Boris Nicola
< Pizzi Cepellotti Mounet Sabatini Kozinsky Marzari
Q (EPFL) (EPFL) (EPFL) (EPFL) (BOSCH) (EPFL)
:é < A
),
Martin Spyros Fernando Andrius
Uhrin Zoupanos Waychal Gargiulo Merkys
(EPFL) (EPFL) (EPFL) (EPFL) (EPFL) (Vilnius)

Plugin contributors — Quantum ESPRESSO NEB: Marco Gibertini (EPFL); Quantum ESPRESSO DOS, PDOS;
Wannier90: Daniel Marchand (EPFL); CP2K: Aliaksandr Yakutovich (EMPA), Uli Aschauer (ETHZ), Tiziano Mdller,
Andreas Gloess, Patrick Seewald (UZH); FLEUR: Jens Broeder, Gregor Michalicek, Daniel Wortmann (Jilich); Exciting:
Anton Kozhevnikov (CSCS); YAMBO: Andrea Ferretti, Giovanni Borghi, Daniele Varsano (CNR-NANO), Gianluca
Prandini (EPFL); SIESTA: Victor Garcia Suarez (Uni Oviedo); i-Pl: Venkat Kali (EPFL); VASP: Mario Zic (Trinity C. Dublin).
Contributors — Christoph Koch, Jocelyn Boullier (EPFL); Valentin Bersier, Philippe Schwaller (THEOS EPFL); Marco
Dorigo (ICAMS - Bochum); Eric Hontz (MIT & Bosch RTC)

Early beta testers — Giovanni Borghi, lvano Castelli, Marco Gibertini (THEOS EPFL); Prateek Mehta (Bosch RTC)




Infrastructure Projects

e MIARVEL 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.
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Lewin Boehnke
Postdoc in group of Philipp Werner Read more

Recents News

Software development engineers
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Computational Engineering Science) visualisation

% Management Team Welcome on board contest, in the image section.
& Executive Committee The goal of the NCCR-MARVEL is to radically transform Alessandro Curioni named director of IBM
and accelerate invention and discovery in science and Research, Zurich

Equalopportunities PR R DR S I | PR T TR <. [ [ T N @ s A leoamar ¥ Al ol pw e e e a2 2 e



Infrastructure Projects

e MIARVEL 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.

e 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)

Home Project Research People

MARVEL

Who's behind MARVEL?

Lewin Boehnke
Postdoc in group of Philipp Werner Read more

Recents News

Software development engineers

Up to three software development engineer positions
will be available as of late summer / early fall 2015 at
SISSA, Trieste.

Visualization contest winner
Andrius Merkys, a MARVEL PhD student at EPFL, has won




Conclusions

A' ® DA A computational science platform
0O 1 adopting the ADES model:

Automation
automate repetitive tasks via daemon, abstracting into APIs

Data
reproducibility&provenance, directed acyclic graphs, queries

Environment
flexible platform; workflows to encode scientists’ knowledge

Sharing

social ecosystem to encourage interactions



Contacts and info:

¢sAlIDA

Website: http://www.aiida.net

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

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

'i https://www.facebook.com/aiidateam

g @aiidateam




