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QUANTUM ESPRESSO™ (QE) is an integrated suite of Open-Source computer codes
for electronic-structure calculations and materials modeling at the nanoscale. It is
based on density-functional theory, plane waves, and pseudopotentials.

QUANTUM
ESPRESSO™ is an
open initiative involving
a large community of
developers and '
contributors from
different regions
of the world

2500 Citations

2000

1500

1000

500

0 ___EEN BN B EBu Bd B O Ee B O Em =

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020




QUANTUM ESPRESSO MAX = @ —

Pwscft, the core of QE, computes the electronic
structure of molecules and materials by solving
the Kohn-Sham (KS) equations, within the
Density Functional Theory framework:

HES 0 (r) = i3 (v)

using Plane-Wave and Pseudopotential methods:
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All the most important features of QUANTUM ESPRESSO™ have been ported
to GPU-accelerated architectures in the last years using CUDA Fortran
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QUANTUM ESPRESSO on GPU ( Q
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The CUDA Fortran version of the code has a significantly better performance than
the CPU version, but also comes with some drawbacks that we want to tackle using
OpenACC



Data transfer

ESPRESSDO
using_ vkb(intento)
i iy L 2 Aatento If we synchronize host and device
d(__CUDA) | variables every time one of the copies
o o ) vk — kb changes, the computational burden of
SR I the calculations explodes.
ENDIF
IF (intento > @) vkb_d_ood =
using_vkb We use flags that keep track whether

the last change on a given variable has
occurred on the host or device copy

using_vkb_d(intento)

(TN) :: intento

TF (size(vkb)==8) return

IF (vkb_d_ood) THEN
IF (intento < 2) vkb_ d = vkb
vkb_d_ood =

ENDIF

IF (intento > @) vkb_ood =

CALL upf_error(

using_vkb d P. Bonfa’




Code duplication

ESPRESSO

IF ( use_gpu ) THEN

IF ( nkb >
IF ( nkb >

ELSE

IF ( nkb >
IF ( nkb >

END IF

) CALL
) CALL

) CALL
) CALL

using vkb d(2)
BENE 2 cpu( ngk(ik), igk k d(1,ik), xk(1,ik), vkb_d )

using vkb(2)
POERNNS 2( ngk(ik), igk_k(1,1k), xk(1,ik), vkb )

In many cases we have to duplicate memory allocations creating both host and
device copies of the variables.

This lead to a frequent
a strong impact on the maintenance of the code, and makes it more difficult to add

new features

. that has
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OpenACC allows to reduce code duplication

IF ( nkb > & ) CALL nnaERle 2( ngk(ik), igk k(1,ik), xk{1,ik), vkb,

(e.g. by declaring vkb as present inside init_us_2) but we have to be very careful
with synchronizations as the data transfer burden quickly explodes
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ESPRESSO

In this part of the code we have many complex nested loops

do iat=na_smax,na_e

do ktaux=repminl,repmaxl
min2, repmax2
in3, repmax3
(1,1)+ktauy*

ktau3=ktaux*lat( i . 13 )
i ‘ikvecl+ktaul Y*(ikvec2+ktau2)+(ikvec3+ktau3)*(ikvec3+ktau3)
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For complex and nested loops provides more flexible optimization
directives than CUF

do iat=na_smax,na_e
do jat=2, n
do kat=1, n

if((jat.ge.iat).or.(kat.ge.jat)) cycle
linij=lin(iat,jat)
ijvecl=xyz(1,jat)-xyz(1,iat)
ijvec2=xyz(2,jat)-xyz(2,iat)
ijvec3=xyz(2,jat)-xyz(3,iat)

do ktaux=repminl,repmaxl
do ktauy=repmin2,repmax2
do ktauz=repmin3, repmax3

ktaul=ktaux*lat(1,1)+ktauy*lat(1,2)+ktauz*lat(1,3)
ktau2=ktaux*lat(2,1)+ktauy*lat(2,2)+ktauz*1lat(2,3)
ktaud=ktaux*lat(3,1)+ktauy*lat(3,2)+ktauz*1lat(3,3)
rik2=(ikvecl+ktaul)*(ikvecl+ktaul)+(ikvec2+ktau2)*(ikvec2+ktau2)+(ikvec3+ktauld)*(ikvec3+ktaul)
if (rik2.gt.abcthr)cycle

dumvecl=jkvecl+ktaul-jtaul
dumvec2=jkvec2+ktau2-jtau2
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Molecular dynamics with D3 dispersion (54 water molecules)
36 Intel(R) Xeon(R) Gold 6140 CPU @ 2.30GHz + 2 Quadro GV100
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Results provided by the Quantum ESPRESSO Foundation accelerated with
OpenACC



XC functionals
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(n-1)-th PW iter.

n-th PW iteration

(n+1)-th PW iter.

Build potential V= | XClib library
(out of density) (DFT functionals)

kind 1,

F. Ferrari Ruffino

o XClib, library of functionals with
large number of kernels and acc
routines

e Vxc, potential calculation with calls
to XClib and FTTs

e XClib and Vxc in OpenACC (no
code duplication) with CUDA FFTs
(already present)
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Car-Parrinello MD
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Car-Parrinello molecular dynamics using plane waves and pseudopotentials:
most of the simulation time is spent in the main_loop repeated for each step of the

dynamics
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Car-Parrinello MD
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* The exch_corr part benefits from
the work done in XClib with a 2X
speedup without any code
change

* Replacing the multithreading
with OpenACC directives we
observe a reduction from ~100
to few ms

e Currently the overall acceleration
of each step is ~ 3X

* Further speedup can be achieved
* Using accelerated FFTs
* Improving data locality and
syncronization

P. Delugas, F. Ferrari Ruffino, S. Orlandini |
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For those parts of the code where overlap,
compilation directives (taken from the ) are employed
to choose one of the two, on the basis of the available architectures

s 5 @XPS-13 32:130 11~ |+ & [= @XPS-13 32:130

1: pdelugas@login01:/m100_scratch/userexternal/pdelugas/q-e/CPV/src ~ 1: pdelugas@login01:/m100_scratch/userexternal/pdelugas/q-e/CPV/src ~

P. Delugas, P. Bonfa’, A. Ferretti



Conclusions and perspectives ~ [NMER&:s { ()

 CUF-OpenACC interoperability is one of the key aspects of QE acceleration

* OpenACC logic for handling device variables is helpful for reducing code
duplication

 Portability of the code to different hardware architectures is very important

e Other important codes of the QUANTUM ESPRESSO suite will be accelerated
(e.g. TDDFPT, PHonon)
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