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Material Science/Chemistry on the Path to Exascale

Gratzel cells: Oxide/Organic Interfaces
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Cheap, reliable and sustainable Defects in crystals: qubits/quantum computers  Chemical reaction at interfaces: Catalysis
photovoltaics https://www.nist.gov/programs-projects/diamond-nv-center-

magnetometry

Mat. Sci & Chem apps, such as VASP, Quantum ESPRESSO, QMCPACK,
NWchem, BerkeleyGW, CP2K, efc... heavily use HPC facilities



Material Science/Chemistry on the Path to Exascale

Gratzel cells: Oxide/Organic Interfaces
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Cheap, reliable and sustainable Defects in crystals: qubits/quantum computers  Chemical reaction at interfaces: Catalysis
photovoltaics https://www.nist. gov/programs-projects/diamond-nv-center-

magnetometry

Used to study and understand the fundamental electronic properties
of materials: necessary to design the components of novel devices
» Applications: Quantum Computers, Batteries, Photovoltaics, Catalysis, eftc...



Material Science/Chemistry on the Path to Exascale

Gratzel cells: Oxide/Organic Interfaces

Cheap, reliable and sustainable Defects in crystals: qubits/quantum computers  Chemical reaction at interfaces: Catalysis
photovoltaics https://www.nist. gov/programs-projects/diamond-nv-center-
magnetomet[y

Density Functional Theory (DFT) the workhorse for over three decades
» Excellent compromise between accuracy and computational efficiency
« Ground state theory: often problematic for excited state phenomena



Excited State Properties of Complex Materials
Focus shift from ground to excited state properties

Example: Divacancy point defect in crystalline silicon, prototype of a solid-state Qubit



Excited State Properties of Complex Materials
Focus shift from ground to excited state properties

Example: Divacancy point defect in crystalline silicon, prototype of a solid-state Qubit

« Accuracy beyond DFT: GW and GW+BSE

» Unprecedented simulation sizes: 1000's of atoms




Excited State Properties of Complex
Focus shift from ground to excited state
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Silicon, prototype of a solid-state Qubit

-1 GW and GW+BSE

. simulation sizes: 1000's of atoms



The BerkeleyGW Software Package

’
ﬁ* BerkeleyGW

BerkeleyGW is a general purpose software package
for studying electron excited-state properties of

materials employing the GW and GW plus Bethe-
Salpeter equation (BSE)
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The BerkeleyGW Software Package $&(® BerkeleyGW
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Recent BerkeleyGW highlights: Excon enerey / | ?3‘\?\\;
*  Universal slow plasmons and giant field enhancement in atomically thin quasi-two- A \"\’X W
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dimensional metals Nature Communications volume 11, 1013 (2020) vump 1 |
+  Experimental measurement of the intrinsic excitonic wave function Science v 0" Eaat) = 5
Advances Vol. 7,17, (2021) N4 /\

Exciton forms after photoexcitation Photoemission of exciton

Simulation at the highest level of accuracy for: quantum computing, energy
storage/conversion, photovoltaics, nanoelectronics, etc...



The Path to Exascale

Exascale for the DOE Office of Science
Means: GPU Accelerated Systems!

< NVIDIA.
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BerkeleyGW on the Path to Exascale
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BerkeleyGW on the Path to Exascale
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BerkeleyGW on the Path to Exascale
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a software package for studying electron excited-state
The BerkeleyGW a sor kage for studying elect ted-stat
properties of materials employing the GW, Bethe-Salpeter equation (BSE) and beyond
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The BerkeleyGW a software package for studying electron excited-state
properties of materials employing the GW, Bethe-Salpeter equation (BSE) and beyond
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Epsilon: Computational Kernels

MTXEL CHI-0
T
Siace S For all Valence-Conduction Rank M Rank
Wavefunctions 0 1 2 N § -1 0
R-space -space N N 2 . %
= v N . O
1 72l
i M N, XN, 2 Xo
A W
e ——n Calculate MXM™ = y,
Communication cost N2
Np -1
FFT based kernel ZGEMM based kernel
Initial implementation: Initial implementation:

Single stream no blocking of innermost loop Simple offload of the submatrices before ZGEMM



Baseline Performance



Time (s)

Epsilon: Baseline Performance (Cori-GPU)
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B vVTXEL [l CHI-0 [ Total
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MTXEL CHI-0
CPU Only 402 150
OpenACC 64 27
OpenMP-Target 63 27
CUDA 15.2 14.7

OpenMP-Target CUDA

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)
Si-214 system (scaled: 4Ry CT ; 3000 bands)

CPU run, 20 MPI tasks each 2 OpenMP threads

GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads

Total

548
100
99
41



Time (s)

Epsilon: Baseline Performance (Cori-GPU)

B vVTXEL [l CHI-0 [ Total
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CPU Only 402 150 548
[ OpenACC 64 27 100 ]
OpenMP-Target 63 27 99
CUDA 15.2 14.7 41

OpenMP-Target CUDA

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)
Si-214 system (scaled: 4Ry CT ; 3000 bands)

CPU run, 20 MPI tasks each 2 OpenMP threads

GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads



Time (s)

Epsilon: Baseline Performance (Cori-GPU)

B MTXEL [l CH-0 [ Total
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OpenACC and OMP-target
Identical performance

CPU Only OpenACC OpenMP-Target

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)
Si-214 system (scaled: 4Ry CT ; 3000 bands)

CPU run, 20 MPI tasks each 2 OpenMP threads

GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads
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Epsilon: Baseline Performance (Cori-GPU)
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OpenMP-Target

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)
Si-214 system (scaled: 4Ry CT ; 3000 bands)

CPU run, 20 MPI tasks each 2 OpenMP threads

GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads
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Epsilon: Baseline Performance (Cori-GPU vs DGX)
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Epsilon: Baseline Performance (Cori-GPU vs DGX)
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MTXEL Optimization



Epsilon: MTXEL Kernel
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FFT based kernel

Initial port: Single stream no loop blocking of innermost loop



MTXEL: Baseline (64s)
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MTXEL: Move small arrays into GPU memory (58s)

Copy in Nfft array before kernel execution

Zero Put FFT Multiply FFT Get Copy

epsilon_oacc_rank0.qdrep X opllbn_oaec_mmernmﬂ.qwcp X D2H
= Timeline View - m Qi L7 — /0% 1 warning. 9 messages
128 w b +248 4B +248 s 4248 Soms 249 54mx +24936ms +2h9 56ms 242 6ms. +24062ms |~
{ I

» CPU (80)

» Thisads (13)

A R e et il
- A Steams] e

=

36.8% compaosite_2way it

s 1 o ot |

8.7% accel_fM_m_acce!_bo

B8.1% accel fit_m_accel_ge

6.4% accel_fit_m_accel 71 [eezel)

3 kemel groups hide =

4.2% Memory

- 1000% Steam 20 ) R e e Won oo 941U Gompes.) o
- 95.8% Komels V) A W A o) ) S
» 38.8% composite 2way fit
3815 et e
b 8.7% accel_fM_m_accel bo. ‘
» B.1% accel fit m_accel ge
} 5.4% accel ft_m_acnel_zel [e)

v 4.2% Memory

Put 38%



MTXEL: Improve Kernel Performance (53s)

For Put Use: !$acc parallel vector_length(512) loop gang vector
Instead of: !$acc parallel loop
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MTXEL.: Introduce Streams (43s)

Zero, PUT, FFTs, Multiply

H2D for each stream not and GET kernels on
overlapping different streams
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MTXEL: Streams + Offload CB (18.5s)

Zero, PUT, FFTs, Multiply

Offload conduction bands and GET kernels on
(CB) at the very beginning different streams
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Time (s)

MTXEL: Summary of Optimization (OpenACC)
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MTXEL: OpenMP-Target

Before: 63 sec

ISomp target teams distribute parallel do collapse(3)

do iz = 1, Nfft(3)
do iy = 1, Nfft(2)
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After: 56 sec, >10% speedup
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box_out(ix,iy,iz) = box_in(ix,iy,iz) * box_out(ix,iy,iz)

enddo
enddo
enddo
I$Somp end target teams loop

‘epsilon_omp_v4_loop_rankD.qdrep - - [RSEReS

= Timeline View
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51.5% Memory
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CHI-0 Optimization



Epsilon: CHI-0 Kernel

Rank M" Rank
_ =
Ve " 1 = il
M N v XN c 2 Xo

- ZGEMM based kernel
Calculate MxXM" = y,

Communication cost N2

N, -1

Initial port: Simple offload of the submatrices before ZGEMM



Time (s)

CHI-0: Summary of Optimization (OpenACC)
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CHI-0: Summary of Optimization (OpenACC)

Copy all data at start finck MT__ Rank

0 1 2 Np -1
. . 9 N\
nrow_max AL (scal%nprd) % NATNNNG N _ %
G "7 il
ncol_max = (scalsnpcd) 7
SAFE_ALLOCATE(this%chilocal, (nrow_max, ncol_max)) M Ny XN, 2 Xo
SAFE_ALLOCATE(this%gmetempr, (nrow_max, ntot)) ]
SAFE_ALLOCATE(this%gmetempc, (ncol_max, ntot)) Calculate MxMT = y,
Communication cost N2 Ewi K
( chi_summation_algo /= CPU_ALGO ) then |

Re-use cublas handle

ef OPENACC

cuErr = cublasCreate(cublas_handle)

call cublasZgemm(transa, transb, &
m, n, k, &
alpha, a, lda, b, ldb, &
beta, c, ldc)

!$acc parallel private(icurr) present(scal%npcd, indt, pht, scal%imycold, scal%imycold, tmpcolindex, tmpcolph) &
1$acc& async(1) vector_length(512)
!$acc loop gang vector

do icurr=1,scal%npcd(ipe) cuErr = cublasDestroy(cublas_handle)
tmpcolindex(icurr) = indt(scal%imycold(icurr,ipe),it,irk) if ( common_blas_handle_exist ) then
tmpcolph(icurr) = pht(scal%imycold(icurr,ipe),it,irk)

enddo

cuErr = cublasZgemm_v2(cublas_handle_common, &
!Sacc end parallel

cublasConvertCharToV2(transa), cublasConvertCharToV2(transb), &
!$acc parallel private(iv, j, mytot, icurr) present(peinf, scal%nprd, scal%npcd, gmetempr, gmetempc, polgme, & m, n, k, &
1$acc& tmprowindex, tmpcolindex, tmprowph, tmpcolph) & alpha, a, lda, b, ldb, &
1$acc& async(1) vector_length(512) beta, ¢, ldc)
1$acc loop gang vector collapse(2)
do iv = 1,peinf%nvownactual

doj=1, peinf%ncowna‘#qaew OpenACC kernel fOl' data prep On GPU

mytot = itot + (iv-1)*peinf%ncownactual + j

cuErr = cublasCreate(cublas_handle)

call cublasZgemm(transa, transb, &



CHI-0: Summary of Optimization (OpenACC)
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Summary



Epsilon: Final Results (Cori-GPU)

B MTXEL @@ CHI-0 [ Total

Time in seconds

100 7 e\
MTXEL CHI-0 Total
CPU Only
____
OpenMP-Target
‘ CUDA 15.2 147 41
a OpenACC-Final 18.5 8.6 40.4

CUDA

OpenMP-Target

OpenACC OpenACC-Final

Most of the hackathon focused on
OpenACC implementation: overall 2.5x
speedup compared to pre-hackathon
version

Si-214 system (scaled: 4Ry CT ; 3000 bands)
CPU run, 20 MPI tasks each 2 OpenMP threads
GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)




Epsilon: Final Results (Cori-GPU)

Time (s)

B MTXEL @@ CHI-0 [ Total

100

Time in seconds
MTXEL CHI-0 Total

. CPU Only 402 150 548
OpenACC 64 27 100

50

25

OpenMP-Target

OpenACC-Final

OpenACC OpenMP-Target k CUDA OpenACC-Finau

OpenACC implementation comparable
performance to the CUDA
implemenattion

Cori-GPU, 1 node (8 V100 GPUs + 2 sockets 20 cores Skylake)

Si-214 system (scaled: 4Ry CT ; 3000 bands)
CPU run, 20 MPI tasks each 2 OpenMP threads
GPU runs, 8 MPI tasks each 1 GPU / 5 OpenMP threads
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Brent Leback (NVIDIA)

Summary

e OpenACC optimization of the two major kernel of epsilon
o MTXEL: Streams and Batch-FFT both implemented with similar performance
o CHI-0: Offload on matrix elements + streams + overlap MP| communication and ZGEMM on
GPU
e Overall 2.5x speed-up for entire execution
o MTXEL: 3.5x speed-up
o CHI-0: 3.1x speed-up
e The OpenACC implementation achieve similar performance as the optimized

CUDA implementation

NEXT:
e Implement blocking of matrix elements for CHI-0 to avoid hitting memory limit on GPU
e Achieve similar performance for the OpenMP-target implementation



Backup



MTXEL OpenACC, Original

epstgvec comp

Update pre-existing
buffers on GPU

Perform outer FFT

Loop over inner FFTs

Run each inner FFT
multiple times

Update CPU with inner
FFT results,
postprocess




MTXEL OpenACC, Batched

tt

a

ac
1c

update

timing$%

_batch

gme (Emparray

(timing%ff

scomponer

sort, Nfft,

Allocate and copy all
data to GPU

Perform outer FFT

Loop over batches of
FFTs

Create batch of FFTs to
run

Run batch of FFTs at
once

Update CPU with batch
results, postprocess

Delete GPU memory




