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Large use of the Density Functional Theory
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DFT METHODS

Reproducibility indensityfunctional
theorycalculationsof solids
Kurt Lejaeghere,* Gustav Bihlmayer, Torbjörn Björkman, Peter Blaha, Stefan Blügel,
Volker Blum, Damien Caliste, I vano E. Castelli, Stewart J . Clark, Andrea Dal Corso,
Stefano deGironcoli, ThierryDeutsch, J ohn KayDewhurst, Igor Di Marco, Claudia Draxl,
Marcin Dułak, OlleEriksson, J oséA. Flores-Livas, Kevin F. Garrity, Luigi Genovese,
Paolo Giannozzi, Matteo Giantomassi, Stefan Goedecker, Xavier Gonze, Oscar Grånäs,
E. K . U. Gross, AndrisGulans, FrançoisGygi, D. R. Hamann, Phil J . Hasnip,
N. A. W. Holzwarth, Diana Iuşan, Dominik B. J ochym, François J ollet, Daniel J ones,
GeorgKresse, K laus Koepernik, EmineKüçükbenli, YaroslavO. Kvashnin,
Inka L. M . Locht, Sven Lubeck, Martijn Marsman, NicolaMarzari, UlrikeNitzsche,
LarsNordström, TaisukeOzaki, Lorenzo Paulatto, Chris J . Pickard, Ward Poelmans,
Matt I . J . Probert, Keith Refson, Manuel Richter, Gian-Marco Rignanese, Santanu Saha,
Matthias Scheffler, Martin Schlipf, Karlheinz Schwarz, Sangeeta Sharma,
Francesca Tavazza, Patrik Thunström, AlexandreTkatchenko, Marc Torrent,
David Vanderbilt, M ichiel J . van Setten, VeroniqueVan Speybroeck, J ohn M. Wills,
J onathan R. Yates, Guo-Xu Zhang, Stefaan Cottenier*

INTRODUCTION: Thereproducibilityofresults
isoneoftheunderlyingprinciplesofscience.An
observationcanonlybeacceptedbythescientific
communitywhen it can beconfirmed by inde-
pendent studies.However,reproducibilitydoes
not come easily. Recent works have painfully
exposedcaseswherepreviousconclusionswere
not upheld. Thescrutinyof thescientific com-
munity has also turned to research involving
computer programs, findingthat reproducibil-
itydependsmorestronglyon implementation
than commonly thought. These problems are
especially relevant for property predictions of
crystalsandmolecules,whichhingeonprecise
computer implementations of the governing
equation of quantumphysics.

RATIONALE:Thisworkfocusesondensityfunc-
tional theory(DFT),aparticularlypopularquan-

tummethod for both academic and industrial
applications.Morethan 15,000DFT papersare
published each year, and DFT is now increas-
ingly used in an automated fashion to build
largedatabasesor applymultiscaletechniques
with limitedhumansupervision.Therefore,the
reproducibility of DFT results underlies the
scientificcredibilityofasubstantial fractionof
current work in the natural and engineering
sciences. A plethora of DFT computer codes
areavailable, many of themdiffering consid-
erably in their detailsof implementation, and
each yielding a certain “precision” relative to
othercodes.Howisonetodecideformorethan
afewsimplecaseswhichcodepredictsthecor-
rect result, and which doesnot?Wedevised a
proceduretoassesstheprecisionofDFTmeth-
ods and used this to demonstrate reproduci-
bility amongmany of themost widely used

DFT codes.Theessential partof thisassessment
is a pairwise comparison of a wide range of
methodswithrespecttotheirpredictionsofthe
equationsof stateof theelemental crystals.This
effort requiredthecombinedexpertiseofalarge
groupof codedevelopersandexpert users.

RESULTS:Wecalculatedequation-of-statedata
for four classesof DFT implementations, total-
ing40methods.Most codesagreeverywell,
with pairwisedifferencesthat arecomparable
tothosebetweendifferent high-precision exper-

iments.Eveninthecaseof
pseudization approaches,
which largely depend on
theatomicpotentialsused,
a similar precision can be
obtainedaswhenusingthe
full potential.Theremain-

ingdeviationsareduetosubtleeffects, suchas
specificnumerical implementationsor thetreat-
ment of relativisticterms.

CONCLUSION: Our work demonstrates that
the precision of DFT implementations can be
determined,even in theabsenceofoneabsolute
referencecode.Althoughthiswasnot thecase5
to10yearsago,mostofthecommonlyusedcodes
andmethods arenow found to predict essen-
tiallyidentical results.Theestablishedprecision
ofDFTcodesnotonlyensuresthereproducibility
ofDFT predictionsbutalsoputsseveral pastand
futuredevelopments on a firmer footing. Any
newlydevelopedmethodologycannowbetested
against the benchmark to verify whether it
reachesthesamelevel ofprecision.NewDFTap-
plications can be shown to have used a suffi-
cientlyprecisemethod.Moreover,high-precision
DFT calculationsareessential for developingim-
provementstoDFTmethodology,suchasnew
densityfunctionals,whichmayfurther increase
thepredictivepower of thesimulations.▪

RESEARCH

SCI ENCE sciencemag.org 25 MARCH 2016 • VOL 351ISSUE 6280 1415

Thelist of author affiliations is available inthe full articleonline.
*Correspondingauthor.E-mail:kurt.lejaeghere@ugent.be(K.L.);
stefaan.cottenier@ugent.be(S.C.)
Citethis articleas K. Lejaeghereet al., Science351, aad3000
(2016). DOI: 10.1126/ science.aad3000

Recent DFTmethods yield reproducible results.Whereas older DFT implementations predict different values (red darts), codes have nowevolved to
mutual agreement (greendarts).Thescoreboard illustrates thegoodpairwiseagreement of four classes of DFT implementations (horizontal direction)
withall-electronresults (vertical direction).Eachnumber reflects theaveragedifferencebetweentheequations of statefor agivenpairofmethods,with
thegreen-to-red color schemeshowing the range from thebest to thepoorest agreement.

ON OUR WEB SITE
◥

Read the full article
at http://dx.doi.
org/ 10.1126/
science.aad3000
..................................................
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Ab initio calculations with DFT

Several advantages
4 Ab initio: No

adjustable parameters

4 DFT: Quantum
mechanical
(fundamental)
treatment

Main limitations
8 Approximated approach

(electron correlations)

8 Requires high computer
power, limited to few
hundreds atoms in most
cases

Wide range of applications
Nanoscience, biology, materials

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Finding the most stable atomic configuration

Need a large number of calculations
Different methods linked with BigDFT:

Minima Hopping (S. Goedecker,
Basel)

Activation-Relaxation Technique
(N. Mousseau, Montreal)

Applied on different systems

Benefit from
high flexibility
and
performances

Interesting for potential
synthesis pathways
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A basis for nanosciences: the BigDFT project

STREP European project: BigDFT(2005-2008)
Four partners, 15 contributors:
CEA-INAC Grenoble, U. Basel, U. Louvain-la-Neuve, U. Kiel

Aim: To develop an ab-initio DFT code
based on Daubechies Wavelets for large
system calculations,
distributed freely (GNU-GPL license)

References
“Daubechies wavelets as a basis set for density functional pseudopotential calculations”,

L. Genovese, A. Neelov, S. Goedecker, T. Deutsch, et al., J. Chem. Phys. 129, 014109 (2008)

“Daubechies wavelets for linear scaling density functional theory”, S. Mohr, L. Genovese, T. Deutsch,

S. Goedecker, et al., J. Chem. Phys. 140, 204110 (2014)

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

Goal

Wavelets
an ideal basis for electronic
structure calculations –
flexible, systematic etc.

(Linear-scaling) DFT
allows us to access very
large system sizes via the
use of a localized minimal
basis set

we want to combine the two...
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Goal

Massively parallel architectures
... and run calculations on large, realistic systems, using
massively parallel machines

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

Why do we use wavelets in BigDFT?
Adaptivity

One grid, two resolution levels in
BigDFT:

• 1 scaling function (“coarse
region”)

• 1 scaling function and 7 wavelets
(“fine region”)

• Ideal for big inhomogeneous
systems

• Efficient Poisson solver, capable
of handling different boundary
conditions – free, wire, surface,
periodic

• Established code with many
capabilites
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A brief description of wavelet theory

Two kind of basis functions

A Multi-Resolution real space basis
The functions can be classified following the resolution level
they span.

Scaling Functions
The functions of low resolution level are a linear combination
of high-resolution functions

= +

φ(x) =
m

∑
j=−m

hj φ(2x− j)

Centered on a resolution-dependent grid: φj = φ0(x− j).

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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A brief description of wavelet theory

Wavelets
They contain the DoF needed to complete the information
which is lacking due to the coarseness of the resolution.

= 1
2 + 1

2

φ(2x) =
m

∑
j=−m

h̃j φ(x− j)+
m

∑
j=−m

g̃j ψ(x− j)

Increase the resolution without modifying grid space
SF + W = same DoF of SF of higher resolution

ψ(x) =
m

∑
j=−m

gj φ(2x− j)

All functions have compact support, centered on grid points.
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Adaptivity of the mesh

Atomic positions (H2O)
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Adaptivity of the mesh

Fine grid (high resolution)

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

Adaptivity of the mesh

Coarse grid (low resolution)
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Systematic basis set

Two parameters for tuning the basis
The grid spacing

The extension of the grid
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Deltatest benchmark: ∆ = 1.0 Science 351, 6280 (2016)

For first three rows

Screenshot of DeltaTest webpage as of 24/02/16, elements
up to Ar, new NLCC - HGH - NC - PSP (S. Saha)
Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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http://bigdft.org version 1.8.1

A code both for Solid-State and Quantum Chemistry
3D periodic, Surfaces and Free BC (← Poisson Solver)

Very high precision (analytic KS operators)

Usage of analytic HGH pseudopotentials

AE accuracy, benchmarked in G2-1, S22, DeltaTest

Present functionalities
Traditional functionalities for GS Kohn-Sham DFT (including
metals, Hybrid Functionals), LR-TDDFT, empirical VdW
Exhaustive library of Structural Prediction, O(N) calculations

Under implementation
Non orthorhombic cells, Systems embedded in electrostatic
environments JCP 144, 014103 (2016),
Resonant States extraction

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Open Source (GPL) Launchpad site
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BigDFT breakdown process (1.8.0)

Each section of BigDFT
is, when appropriate,
defined as a module
with its own build
system and compilation
instructions. At present:

FUTILE 1.0

CheSS 1.0

PSolver 1.8

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Completely separated from BigDFT code

Chebyshev Sparse Solvers Fundamental for O(N) BigDFT

Can be built completely independently from BigDFT

Comes with a set of tests and examples

Integration in ELSI package (PEXSI, OMM, ELPA,. . . )

Comparison with PEXSI in BigDFT

 10

 100

 1000

 50  100  150  200

ru
n

ti
m

e
 (

s
e

c
o

n
d

s
)

spectral width (eV)

matrix size 6000 
 sparsity S: 97.95 % 
 sparsity H: 92.97 % 
 sparsity K: 88.45 %

CheSS

 10

 100

 1000

 50  100  150  200

spectral width (eV)

matrix size 12000 
 sparsity S: 98.93 % 
 sparsity H: 96.25 % 
 sparsity K: 93.73 %

PEXSI

 10

 100

 1000

 50  100  150  200

spectral width (eV)

matrix size 18000 
 sparsity S: 99.27 % 
 sparsity H: 97.42 % 
 sparsity K: 95.65 %

 10

 100

 1000

 50  100  150  200

spectral width (eV)

matrix size 24000 
 sparsity S: 99.45 % 
 sparsity H: 98.03 % 
 sparsity K: 96.66 %

 10

 100

 1000

 50  100  150  200

spectral width (eV)

matrix size 30000 
 sparsity S: 99.56 % 
 sparsity H: 98.40 % 
 sparsity K: 97.28 %

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

Outline

1 Introduction: Ab initio and wavelet

2 BigDFT code

3 Parallelization (MPI + OpenMP)

4 GPU acceleration

5 Linear scaling

6 Perspectives

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

Massively parallel (MPI + OpenMP)

Two kinds of parallelisation
By orbitals (Hamiltonian application, preconditioning)

By components (overlap matrices, orthogonalisation)

A few (but large) packets of data
More demanding in bandwidth than in latency

Better data locality (Hamiltonian application and
orthonormality)

Optimal speedup (eff. ∼ 85%), also for big systems

Cubic scaling code
For systems bigger than 500 atomes (1500 orbitals) :
orthonormalisation operation is predominant (N3)

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Orbital distribution scheme

Used for the application of the hamiltonian
The hamiltonian (convolutions) is applied separately onto
each wavefunction

ψ5

ψ4

ψ3

ψ2

ψ1

MPI 0

MPI 1

MPI 2

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Coefficient distribution scheme

Used for scalar product & orthonormalisation
BLAS routines (level 3) are called, then result is reduced

ψ5

ψ4

ψ3

ψ2

ψ1

MPI 0 MPI 1 MPI 2

Communications are performed via MPI_ALLTOALLV
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Using GPUs in a Big systematic DFT code

Nature of the operations
Operators approach via convolutions

Linear Algebra due to orthogonality of the basis

Communications and calculations do not interfere

* A number of operations which can be accelerated

Evaluating GPU convenience
Three levels of evaluation

1 Bare speedups: GPU kernels vs. CPU routines
Does the operations are suitable for GPU?

2 Full code speedup on one process
Amdahl’s law: are there hot-spot operations?

3 Speedup in a (massively?) parallel environment
The MPI layer adds an extra level of complexity

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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BigDFT code on Hybrid architectures (2009)

No Hot-spot operations
Different code sections can be ported on GPU
up to 20x speedup for some operations,
7x for the full parallel code

 0

 20

 40

 60

 80

 100

1 2 4 6 8 10 12 14 16 1 2 4 6 8 10 12 14 16
 1

 10

 100

 1000

P
er

ce
nt

S
ec

on
ds

 (
lo

g.
 s

ca
le

)

Number of cores

LinAlg
locden
locham
precond
PureCPU
Other
Comm
Time (sec)

Hybrid code (rel.)CPU code

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch



www.bigdft.org

Introduction

BigDFT code

MPI/OpenMP

GPU

Linear

Perspectives

BigDFT code on Hybrid architectures (2009)

No Hot-spot operations
Different code sections can be ported on GPU
up to 20x speedup for some operations,
7x for the full parallel code

Bull-Fourier 2009 Prize

Reference Paper: L. Genovese et al., J. Chem. Phys. 131, 034103
(2009)
Use of Titan (Oak Ridge) with 18,000 GPUs

Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Hybrid and Heterogeneous runs with OpenCL (2011)

NVidia S2070
Connected each
in a workstation

BigDFT may run
on both

ATI HD 6970

Sample BigDFT run: Graphene, 4 C atoms, 52 kpts

No. of Flop: 8.053 · 1012

MPI 1 1 4 1 4 8
GPU NO NV NV ATI ATI NV + ATI
Time (s) 6020 300 160 347 197 109
Speedup 1 20.07 37.62 17.35 30.55 55.23
GFlop/s 1.34 26.84 50.33 23.2 40.87 73.87

Supercomputer in a workstation
Laboratoire de Simulation Atomistique http://inac.cea.fr/L_Sim T. Deutsch
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Exact Exchange operator acceleration (2016)

PS is used for the Exact Exchange operator
Recently accelerated via GPU
conjunction with GPU-Direct (improves communications)

MPI 0

MPI 1

MPI 2

MPI 3

MPI 4

MPI 5

MPI 6

MPI 7

STEP1

CPU CPU

GPU GPU

INTERCONNECT
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Exact Exchange operator acceleration (2016)

PS is used for the Exact Exchange operator
Recently accelerated via GPU
conjunction with GPU-Direct (improves communications)

MPI 0

MPI 1

MPI 2

MPI 3

MPI 4

MPI 5

MPI 6

MPI 7

STEP1

STEP2

CPU CPU

GPU GPU

INTERCONNECT
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Exact Exchange operator acceleration (2016)

PS is used for the Exact Exchange operator
Recently accelerated via GPU
conjunction with GPU-Direct (improves communications)

MPI 0

MPI 1

MPI 2

MPI 3

MPI 4

MPI 5

MPI 6

MPI 7

STEP1

STEP2

STEP3

CPU CPU

GPU GPU

INTERCONNECT
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Exact Exchange operator acceleration (2016)

PS is used for the Exact Exchange operator
Recently accelerated via GPU
conjunction with GPU-Direct (improves communications)

MPI 0

MPI 1

MPI 2

MPI 3

MPI 4

MPI 5

MPI 6

MPI 7

STEP1

STEP2

STEP3

STEP4

CPU CPU

GPU GPU

INTERCONNECT
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Hybrid Functionals for large systems (2016) γ=PBE0/PBE

UO2 systems:

Atoms Orbitals

12 200
96 1432

324 5400
768 12800
1029 17150
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Scaling of BigDFT
“Traditional” BigDFT code
We can reach systems containing up to a few hundred
electrons thanks to wavelet properties and efficient
parallelization: (MPI + OpenMP + GPU)

Varying the number of atoms N
DFT operations scale differently:

O(N logN): Poisson solver

O(N2): convolutions

O(N3): linear algebra

and have different prefactors:

cO(N3)� cO(N2)� cO(N logN)

    0
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For bigger systems the O(N3) will dominate

* (first) motivation for a new approach
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Local orbitals and linear scaling
KS orbitals
Linear combinations of
support functions φα(r):

Ψi(r) = ∑
α

cα
i φα(r)

localized around atoms

expanded in wavelets

optimized in-situ

Density Matrix

Defined via the kernel K αβ in
the φα(r) basis:

ρ(r, r′) = ∑
i

fiΨi(r)Ψi(r′)

= ∑
α,β

φα(r)K αβ
φβ(r

′)

Localized form for the Density and the Hamiltonian

Localization→ sparse matrices→ O (N)
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Comparison with the cubic version

Energy and forces with accuracy of a systematic approach
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total runtime linear
total runtime cubic

linear extrapolation, reference 3000 atoms 20 min for 18 000 atoms

CPU Time and memory
∝ number of atoms

Precise DFT computing
for thousands atoms at
Institute-Scale (102−103

CPU cores)

Different levels of precision * cutoff radii
Without fine-tuning converges to absolute energy differences
of the order of 10 meV/atom, and almost exact forces.

High flexibility, like the cubic code
Charged systems, various BC (free, surfaces, periodic)

System sizes: 100 - 30K atoms 100 k Basis functions
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Recent improvements

Algorithm is robust and reliable on a variety of systems

Included in the Real-space numerical 
grid methods in quantum chemistry 

themed issue of PCCP
Guest-edited by Luca Frediani

(The Arctic University of Norway) and 
Dage Sundholm (University of Helsinki)

Accurate and efficient linear scaling DFT 
calculations with universal applicability

S. Mohr, L. E. Ratcliff, L. Genovese, D. Caliste, P. Boulanger, 
S. Goedecker and T. Deutsch

Phys. Chem. Chem. Phys., 2015, 17, 47, 31360-31370. 
DOI: 10.1039/c5cp00437c 
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Why Large Scale DFT? Present-day situation
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Summary and future directions

Linear-Scaling DFT calculations based on wavelets
Robust convergence, high accuracy and flexibility (BC)

Reduction in degrees of freedom→ large systems via
moderate sized machines (∼ TFlop/s) Lab-scale

Optimal mapping between KS DoF and atoms

Different level of descriptions (controlling the precision)
QM ⊃ Fragments ⊃ Atomic charges

Opens up new possibilities

Challenges and future directions
Explore interplay environment↔ electronic excitations
(CDFT, QM/MM, statistics. . . )

Provide high quality back end for extraction of atomic
multipoles from QM calculations

Towards a control of the level of theory (QM/QM)
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