B>, U.S. DEPARTMENT OF Office Of

NT O
W2 VR
\‘L\ ~&
N \'%
\%
{ )
\ -
\ > .
g
) = CI e l l Ce
SZATES OF

CCS 2021, Tsukuba, Oct 8, 2021

Development and application of real-time time-
dependent density functional theory (RT-TDDFT) code,
INQ, optimized for hybrid CPU-GPU HPC systems

Tadashi Ogitsu
Lawrence Livermore National Laboratory

Work was performed under the auspices of the U.S. DOE by Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.



Lawrence Livermore National Laboratory
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DOE Leadership Class HPC systems at LLNL

June 2021 TOP500 list

Rmax Rpeak Power
Rank System Cores (TFlop/s) (TFlop/s) (kW)
1 Supercomputer Fugaku - Supercomputer Fugaku, 7,630,848 442,010.0 937;212.0 29899
Ab4FX 48C 2.2GHZ] Tofu interconnect D, Fujitsu
RIKEN Center for Computational Science
Japan
2 Summit - IBM Power System AC922, IBM POWER9 22C 2,414,592 148,600.0 200,794.9 10,096
3.07GHz, NVIDIA Volta GV100, Dual-rail Mellanox EDR ' R )
Infiniband, IBM » KO Rivc '
DOE/SC/Oak Ridge National Laboratory ! ‘ pew | HLP/INTIEN

United States

3 Sierra - IBM Power System AC922,|BM POWER9 22C | 1,572,480 94,640.0 125,712.0 7,438
3.1GHzINVIDIA Volta GV100] Dual-rail Mellanox EDR '
Infiniband, IBM / NVIDIA / Mellanox
DOE/NNSA/LLNL
United States

Lassen/Sierra (2018) El Capitan (2023)
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R =y  Nonperturbative Studies of Functional Materials
@ENERGY Under Nonequilibrium condition (NPNEQ)
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Project Goal and Approach

Develop open Validate the Comprehensive
source RT-TDDFT software using the software
software, INQ, state-of-art ultrafast dissemination
optimized for the experimental activities

DOE Leadership capability at SLAC Conferences
Class HPC systems Workshops

Programmabiliity Facility Users

(users = scientists)
Transferability
Performance

Meetings
Summer School
Online tutorials

Facilitate Advancement of Ultrafast Sciences
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Why (RT-TD)DFT on GPUs

Current situation

* Most of DOE HPC systems are GPU-based

e Around 15% of DOE HPC resources are
used by DFT simulations

* Current DFT codes: monolithic design
poses challenge in GPU adaptation
* Limited success with high arithmetic
intensity: GW, hybrid
* No successful case for plain DFT
(GGA/LDA)

El Capitan (2023)

The electron density
of nitroglycerine

Walter Koh '
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CPU + GPU HPC architecture (schematics)

node node

GPU )

Processing unit

GPU \ | ( GPU

Processing unit | Interconnect Processing unit
(RDMA)

(" GPU

Processing unit

GPU memory GPU memory

GPU memory GPU memory

/

A

.

Interconnect (RDMA)

* Computing power: GPU >> CPU

* CPU-GPU copy: order of u sec overhead
* GPU-GPU copy: intranode significantly faster than internode
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GPU programing paradigm: offloading (or not)

 If predominant portion of computing time is spent by
one function, offloading the execution of function to
GPU will significantly reduce computing time

 Planewave pseudopotential DFT algorithm has three
distinct subroutines that necessitates frequent
offloading
— GPU acceleration is offset by CPU-GPU copy overhead
— Simple offloading is not suitable for DFT

Our strategy
* All data resides in GPU memory

 Computations are performed only on GPU (to avoid GPU-CPU
copy overhead)
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The physics in inqg

A Full Schrﬁdinier Eiuation .

Correlated Dynamics

W) = =)+ 2l

mid = Fpy(R),ihd, W = HzW

Ab initio BO Poten_t’ials
ma = F [\I’GS](R)

Empirical Potentials
mad = F*P(R)

[ Coupled Ion-Electron Dynamics

|
) .
|
|

From time independent quantum
mechanics (DFT) to time dependent one

(RT-TDDFT)
* Non-equilibrium (spin-)electron-ion
coupled dynamics
* Materials response to opto-electro-
magnetic pulse stimuli
Platform to explore beyond Ehrenfest
dynamics method
* Programable INQ library for
scientists
* GPU performance ensured by INQ
team

L)
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"Berry curvature memory through electrically driven stacking transitions,” Xiao,
Pemmaraju, Lindenberg et al. Nat. Phys. 16, 1028 (2020)

a 2 b e 2
bv—I ‘RRAEAA'AA aR AR AR L . . . . . .
k sof CUYANS e VSVSS — Electronic stimuli triggers sliding
. 3 SRR e s A AN
Wirass Tale aain of WTe, layers
SOCPS T IOINK | , ,
¢ " <SR Sl e — Non-linear Hall signals for 3 and 4

- X layers of WTe, show different

€ 2400 f vap 200
g, J W T e behaviors, while longitudinal
. N | e O — conductance behave similarly (c, d)

=
ol &
Soae 0
SR = o — Calculated Berry curvature
2 .'\ NG Tar . . . . .
% B 3 Jd S5 oa@ distribution explains why Berry dipole
a0} 2D .
o T o is reversed for 3 layers WTe,
E, (Vom™) -xl2a Kk, -xl2a
d & yab ﬂ‘(Azz)oo
12 Four layers 2 Tat
g 1,080 A/ K, O r ()
~x/4b (D _—
g - . Q : . T 10
2 sl 00 = OO0
o E, (V om™) -'Nb—x/za T -n/2a 5

us. DEPARTMENT OF | Office of I .od Y B Lawrence Livermore ?‘
ﬁ ENERGY sccnce Edarms B:ﬁ m% National Laboratory N7




INQ: a new code written from scratch for GPUs

v s

Users Users/Developers
@ . DFT Code 7'
: | : (front end) y

DFT code | Yy
o o %y

Liiiiil LLLLLLl
CPU CPU -‘ GPU@

* Complexity of GPU programing is hidden within INQ library

* Users can use INQ as a standalone (RT-TD)DFT code
* Other codes can use INQ library to run on the GPU
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Code Structure

GPU support in LIBXC
implemented by us

B.MPI3

PSEUDOPOD

LIBXC

C++ MPI interface

7 W

SLATE

multidimensional arrays

G U

BLAS

cuBLAS

FFTW

cuFFT

pseudopotential parsing

XC functionals (external)
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GPU programming with INQ

INQ
handles n-dimensional
@ Q loops and reductions
(parallel sums)
MULTI gpu::run
allocations custom kernels
copies and transpositions reductions

GPU-accelerated libraries

W g
GPU framework

Nvidia Cuda
AMD ROCm
Intel oneAPI

Only CUDA (NVIDIA) is supported now, however, adaptation of INQ library to AMD and Intel

GPUs will be performed by INQ team. No change in main routine will be necessary
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INQ is a programing platform for scientists

Traditional Paradigm

electronic input user
structure code file scripts

fortran / ¢ / c++ arbitrary bash / python
format

INQ Paradigm

inq library i Desed
programs
G~

The users write a custom (RT-TD)DFT program using C++ and INQ_ library
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Example: how INQ modules could be used

Define custom parameters with
proper units

distance = 1.06_angstrom; Define atom positions

geo(2);
geo[®] = "N" | coord(0.0, 0.0, -distance/2); define ionic and electronic
geo[1] = "N" | coord(0.0, 0.0, distance/2); system

ions(cell::cubic(10.0_bohr) | cell::finite(), geo);
electrons(comm, ions, basis::cutoff_energy(80.0_Ry));

result = ground_state::calculate(ions, electrons, interaction::pbe());

std::cout << "N2 energy = " << result.energy.total() << " Hartree\n";

find ground state
print result

Input consists in a normal C++ program using inqg functionality
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Validation with other codes
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electron dynamics (TDDFT)
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ing reproduces accurately the physical results of established codes
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Large systems validation: Stopping Power

0.3 | coupled ion-electron dynamics (TDDFT) I
INQ 256 atomcell O
880 gball 256 atom cell
0.25 0/—\0 INQ 64 atomcell O
siesta (DZP) 64 atom cell

0.2

0.15

0.1

0.05

Nonperturbative el-ph coupling
1 |

Electronic stopping power (Ha/Bohr)

0 1 2 3 4 5 6 7 8
Proton velocity (a.u.)

Electronic stopping power of a proton in an FCC aluminum supercell
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TDDFT Computational scaling

(LLNL Lassen GPU supercomputer)

Strong scaling: [ 1024 i — T T 7]

reduce time to solution for fixed problem size _ |e—eing scaling .

sioF | -- ideal strong scaling g _:

I

Aluminum supercell with 1024 atoms

Parallel speed-up

Lassen supercomputer

Under 1 second per step is practical for production
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Weak scaling:
|  variable system size, optimal resources
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INQ development plan

FY21 FY22

CPU+GPU+MPI opt. Adopting to AMD/Intel GPUs
1\[e} Fast hybrid exc-corr Spiral Boundary Condition Electric/magnetic field
Spin-Orbit Coupling Beyond Ehrenfest Nuclear spin

CCMS/ | Benasqu CCMS
TMF e TDDFT
Users (TBD)

Meeting

Outreach

e CCMS: LLNL's summer school

* Online tutorial could be arranged upon request

* Your participation to our regular online meetings will be welcomed
= Software use, programming, scientific collaboration
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Thank you for your attention!

Project URL: https:

Download INQ: https://gitlab. comnne ing
Contact: ogitsul@linl.gov
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https://sc-programs.llnl.gov/npneq
https://gitlab.com/npneq/inq
mailto:ogitsu1@llnl.gov

