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First-Principles calculations
at the atomic scale

e Electronic Structure
e Atomic forces and stresses
e Molecular Dynamics

Scheme 1. Chorismate to Prephenate Conversion Reaction
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The “ultimate model” for electrons in a material
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We could compute “everything”
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W: Coulomb interaction

_ lattice potential
= correlations

Density-functional theory E =Fn| n(r)
V= 4 Veg[n](r)}1); = e One electron
Vert [ (r) = Vexi (1) + Var[n)(r) + Vie[n|(r)



The SIESTA method for ab-initio materials simulation

~\ Soler, Artacho, Garcia, Gale, Junquera, Ordejon, Sanchez-Portal
® a J. Phys. Cond. Matt (2002)
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HOMO and LUMO of DNA
(800 atoms, small computer)
Linear-scaling calculation (1999)
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: Cu phthalocyanine
i on Ag(001)
1400 atoms

More than 3600 citations
Localized atomic orbitals
More than 1000 active users

TranSIESTA: Electronic transport
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Brandbyge, Mozos, Ordejon, Taylor and Stokbro
Phys. Rev. B. (2002) --- 900 citations




OBJECTIVES

e Optimization of the SIESTA code

e Performance of a "Grand-Challenge” calculation
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Hamiltonian

of afy P _ Generalized
;:(H‘“’ EiSund™ ey =0 eigenvalue problem
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p(r) =) pudi(T)du(r)
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SM\/ and HMV are sparse

pPW is not strictly sparse but
only a sparse subset is needed

| | |
--= = Free atom
— This work -

cme= Sancey

(Finite-range
basis orbitals)



eTASK 8.1: "Optimization of the SIESTA code”

—Massive parallelization for optimal performance in
computers with thousands of processors (allowing the
treatment of systems with many thousands of atoms)

—Operation in MPI (present) and OpenMP (future) modes.

H = (¢ |T + VEE + VVA(r) +8VH (r) + VP ()| éy)

Hamiltonian Improvement of load-balancing
of real-space mesh operations

Z(H;ff — E; SWS“ﬁ)cfi — 0 Generalized

eigenvalue problem
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Cellxc

Cellxc

Graph
of processes

Graph of processes

Vmat

Graph
of communications
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Optimization of the diagonalization:
|ldeas to beat Scalapack

Scalapack: Uses dense matrices; limited scalability

® Use an iterative method, exploiting the
sparse character of the H and S matrices.

® Krylov-type methods: Not appropriate when the
number of eigenvectors to compute is relatively large.

® Split-spectrum methods for trivial
parallelization at the top level.
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Sugiura-Sakurai and FEAST algorithms

(Implementation and benchmarking: Georg Huhs, BSC)

= Solving many (sparse) / \

linear systems
m Massive parallelization @ @ @ @

due to th ree |€V€|S mu_1, rho_1 mu_2, rho_2 mu_3, rho_3 mu_Nc, rho_Nc
= Reuse of data /\// ) k
- - > E )
Problems

m Less gain of reusing data than expected

m Load balancing problem
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Alternative electronic-structure method
Pole Expansion plus Selected Inversion

A N Fermi-Dirac function
p=[fs(H —p)
2 o T>0K
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Pole Expansion plus Selected Inversion
(Lin Lin, Chao Yang, LBNL)

Trivially parallel over poles, with perfect load balancing

For sufficiently big problems
(quasi-)1D:  O(N)
. Due to sparsity of
(qua81—) 2D: O (N 3/2 ) the(targe't dellzsitytr);atrix)
3D:  O(N?)

Will beat Scalapack for large systems: It can use thousands
of cores efficiently, with small memory footprint.

There is still scope for further optimization of the factorization
and inversion operations
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Pole Expansion plus Selected Inversion (PEXSI)

Implementation of interface to SIESTA and benchmarking:
Alberto Garcia (ICMAB) and Georg Huhs (BSC)

Development of heuristics to handle the variation of
the chemical potential during the self-consistent-field updates

Main test systems: quasi-2D C-BN structures
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O(N) functional

 Sij =<wily;>, |@> = %5 |w;> Sx=Y?

e Exs = Tr[S~! H] yo
e Eovy = Tr[(2I-S) H] ( o 5
e Exs = Eov) at the minimum \ &)
i
SN

Energy penalty from
non-orthogonality
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eTASK 8.2: "Tools for data handling and implementation
of new simulation techniques”

e New library to process operational parameters in parallel
(Raul de la Cruz, BSC)

e Use of more efficient formats for data storage (HDF5,
ongoing)

e Implementation of a mechanism to dispatch tasks in
parallel, used to drive SIESTA from a Path-Integral program.
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Quantum effects described by Path-Integral method
Isomorphism to a classical system
with replicated particles

A

Each calculation is independent
The method is thus trivially parallelizable

JM. Soler (UAM), Rafael Ramirez (ICMM)
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van der Waals interactions

v v

Original Temporary Dipole Inducea Temporary Dipole

Non-local functional, implemented efficiently in SIESTA
(JM Soler, UAM)

Residual interactions in water Stability of clathrate hydrates
Roman-Perez, Moaied, Soler,Yndurain. PRL (2010) Wang, Roman-Perez, Soler, Artacho, Fernandez-Serra, JCP (201 1)
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Quantum and van der Waals effects
in hydrogen-rich systems: water and clathrate hydrates

Hydrogen
bonds
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e TASK 8.3: "Preparation and Execution of Radiation Damage simulations”

a0 T T

!.*\\:\ /cusm
a-decay process - ? e kov hon
recol atomr
600 |- R
a-particle T
o-decay process 4Hg2+ 2 AN ctmtar
® 2 4w

Cluster .
20 - E

Location of k!
inial collision ~

2 1 L
=360 -240 120

recal Produces:
t — Amorphization
Recoil - Swelling
~ 100 keV — Fragilization
— Fractures

® Simulation of “atomic” collisions.
® Energy loss due to electron heating effects (coupled electron-ion dynamics)

Thousands of atoms, and long times, needed in the simulation
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Quasi two-dimensional systems

Lateral graphene-BN heterostructures
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Ongoing work

® Final refinements to PEXSI| method to allow the
performance of converged large scale calculations,
including molecular dynamics simulations.

® Completion of the upgrade of the I/O subsystem
in SIESTA.

® Further work on sparse matrix library to
streamline the coding of the O(N) method.
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Collaborations

e Optimization of SIESTA: BSC-CASE.

® Pole-Expansion plus Selected-Inversion method: Lin Lin,
Chao Yang (L. Berkeley Lab)

® Quasi-2D graphene-based systems: Miguel Pruneda,
Rafael Martinez (CIN2, Barcelona)

® Radiation damage (D. Sanchez-Portal, centro mixto CSIC-
UPV (San Sebastian) and M. Pruneda, CIN2)

® Structure of water and quantum effects: M.V. Fernandez-
Serra, Stony Brook U, R. Ramirez, ICMM.

® Work towards GPU implementation: NVIDIA
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