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GAMESS AND RI-MP2 KERNEL

= GAMESS is a quantum chemistry software package designed for molecular simulations.

= Written in Fortran and C++, and Fortran portion has limited possible options for GPU

computing.

= FMO/RI-MP2 is one of the quantum chemistry algorithms of interest

— Algorithm of interest in GAMESS ECP problem
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INPUTS FOR RI-MP2 KERNEL FROM GAMESS

* The inputs includes

— the number of atomic orbital (N) and auxiliary
(X) basis functions,

— the number of correlated occupied (O) and
virtual (V) molecular orbitals,

— the molecular orbital coefficients,

— the molecular orbital energies,

— 3-index integral matrix B(X,V,0),

— the calculated MP2 correlation energy for

validation
Total size
[ w x| v]o | Eg
c60 540 3960 360 120 1.37
w30 720 2520 570 120 1.38

we0 1440 5040 1140 240 11.03




COMPUTE RESOURCES

Summit Node

= OLCF Summit (2) IBM Power9 + (6) NVIDIA Volta V100
— IBM Power 9 processor T EE | | 256GB
(DDR4) (DDR4)
« ~540 GF/s/socket T ooas e
» ~1.08 TF/s/node CPUO CPU1
[ oo ][ 7essn | [ raeese) | [ 228891 | [[290116-119) | [ 36 1aa-147) |
— NVIDIA V1OO GPU [ 1en ][ se2m | [ 1se0en | [23295) | [30(120123) | [a7 (14m150) |
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= ALCF JLSE

— Intel Xeon Platinum 8180M Skylake 4 I \ 4 I \
processor
« ~ 2.05 TF/s/socket
* ~4.1 TF/s/node

GPU 3 |¢h| GPU4 || GPU5

16 GB 16 GB 16 GB
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PROGRAMMING ENVIRONMENTS

= Compilers

—IBM XLF version 16.1.1-3 (OpenMP 4.5)

— Intel Fortran version 19.0.4.243
— PGl Fortran 19.4 (OpenACC 2.6)

= Math libraries

Gl

G2

GO

G2

GO

Gl

GO

Gl

G2

—IBM ESSL version 6.2.0

_ Intel MKL version 19.0.4.243 :

— CUDA version 10.1.168 A a1
« NVBLAS
- CUBLAS =
« CUBLASXT

cublasXTdgemm () tiling (credit: NVIDIA)
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OFFLOADING THE RI-MP2 KERNEL
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subroutine RIMP2 ENERGY WHOLE ( ... ) |

RI-MP2 kernels with OpenMP threading

!Somp threadprivate(E2_omp)
call OMP_SET DYNAMIC(.FALSE.)
nthreads=omp get max threads()

!Somp parallel NUM THREADS (nthreads) default(none) shared(...) private(...)
!Somp do schedule(DYNAMIC)
do-loop for JACT ! From 1 to NACT
do-loop for IACT ! From 1 to JACT
Set FAC
call RIMP2 ENERGYIJ (B32(:,:,IACT), B32(:,:,JACT), FAC, E2, ...)
enddo
enddo
tSomp end do
!Somp atomic
E2 = E2 + E2_omp
!Somp end parallel
end !subroutine RIMP2_ ENERGY WHOLE ( ... )

subroutine RIMP2 ENERGYIJ( ... )

call DGEMM for BI(:,:), BJ(:,:), QVV(:,:)
do-loop for IB ! From 1 to NVIR
do-loop for IA ! From 1 to NVIR
compute E2_t with QVV(:,:), eij(:,:), eab(:,:)
enddo
enddo
E2 = E2 + FAC*E2_t
end !subroutine RIMP2 ENERGYIJ( ... ) Argonne &

NATIONAL LABORATORY




subroutine RIMP2_ ENERGY_WHOLE (

cee )

RI-MP2 kernels with OpenMP offloading
!Somp target enter data map(alloc: QVV) map(to: eij,eab,B32)

do-loop for JACT ! From 1 to NACT
do-loop for IACT ! From 1 to JACT
Set FAC

call RIMP2 ENERGYIJ (B32(:,:,IACT), B32(:,:,JACT), FAC, E2,
enddo

eel)
enddo

!Somp target exit data map(release: QVV,eij,eab,B32)
E2 = E2 + E2_omp

end !subroutine RIMP2_ ENERGY WHOLE ( ... )

subroutine RIMP2 ENERGYIJ( ... )

!Somp target data use device ptr(BI,BJ,QVV)
call DGEMM for BI(:,:), BJ(:,:), QVV(:,:)
!Somp end target data

!Somp target map(tofrom:E2 t)

do-loop for IB ! From 1 to NVIR

do-loop for IA ! From 1 to NVIR

compute E2_t with QVV(:,:), eij(:,:), eab(:,:)
enddo

enddo

!Somp teams distribute parallel do reduction(+:E2_t) collapse(2)

!Somp end teams distribute parallel do
!Somp end target

E2 = E2 + FAC*E2_t
end !subroutine RIMP2 ENERGYIJ(

cel )
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RI-MP2 kernels with OpenACC offloading

subroutine RIMP2 ENERGY WHOLE ( ... )

!Sacc enter data create(QVV) copyin(eij,eab,b32)
do-loop for JACT ! From 1 to NACT
do-loop for IACT ! From 1 to JACT

Set FAC
call RIMP2 ENERGYIJ (B32(:,:,IACT), B32(:,:,JACT), FAC, E2, ...)
enddo

enddo
!Sacc wait
!Sacc exit data delete(QVV,eij,eab,B32)
E2 = E2 + E2_omp
end !subroutine RIMP2_ ENERGY WHOLE ( ... )

subroutine RIMP2 ENERGYIJ( ... )
!Sacc host_data use device(BI,BJ,QVV)
call DGEMM for BI(:,:), BJ(:,:), QVV(:,:)
!$Sacc end host_data
!Sacc parallel loop collapse(2) reduction(+:E2_t) default(present)
do-loop for IB ! From 1 to NVIR
do-loop for IA ! From 1 to NVIR
compute E2_t with QVV(:,:), eij(:,:), eab(:,:)
enddo
enddo
E2 = E2 + FAC*E2_t
end !subroutine RIMP2 ENERGYIJ( ... )
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USING NVBLAS, CUBLAS AND CUBLASXT

Initialization for
cuBLAS and cuBLASXT

DGEMM calls
for NVBLAS, cuBLAS, &
CuBLASXT

Finalization for
cuBLAS and cuBLASXT

al
t

%) ENERGY Ui
managed by UCH
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hica

cuBLAS

cublas_ return = cublascreate__v2(cublas__handle)

cuBLASXT

cublas_ return = cublasXtcreate(cublas_handle)
cublasXt__deviceld(1) = 0

cublas_ return = cublasXtDeviceSelect(cublas_handle, 1, cublasXt_ deviceld)

cublas_return = cublasXtSetBlockDim(cublas__handle, 2048)

NVBLAS

call DGEMM('T’, 'N’.&
NVIR, NVIR, NAUXBASD, 1.0D00, &
BI, NAUXBASD, BJ, NAUXBASD, 0.0D00, QVV, NVIR)

cuBLAS

cublas_ return = CUBLASDGEMM_ v2(cublas__handle, &
CUBLAS_OP_T, CUBLAS_OP_N, &
NVIR, NVIR, NAUXBASD, 1.0D00, &
BI, NAUXBASD, BJ, NAUXBASD, 0.0D00, QVV, NVIR)
cublas_ return = cudaDeviceSynchronize( )

cuBLASXT

cublas_ return = cublasXtDgemm(cublas_handle, &

CUBLAS _OP_T, CUBLAS _OP_N, &

NVIR, NVIR, NAUXBASD, 1.0D00, &

BI, NAUXBASD, BJ, NAUXBASD, 0.0D00, QVV, NVIR)
cublas_ return = cudaDeviceSynchronize( )

cuBLAS

cublas_ return = cublasdestroy_ v2(cublas__handle)

cuBLASXT

cublas_ return = cublasXtdestroy(cublas_ handle)

10




PERFORMANCE OF RI-MP2 KERNEL

WITH OPENMP/OPENACC OFFLOADING
Input: c60.kern

e allime (6) | Speedus

Serial w/ 1 core of P9 344.763 0.037 x
OpenMP + ESSL dgemm w/ 42 threads on 2 P9 12.623 1x
OpenMP + MKL dgemm w/ 112 threads on 2 SKX 4.802 2.63 x
OpenMP offloading + nvblas dgemm on 1 V100 11.320 1.12 x
OpenMP offloading + cublas dgemm on 1 V100 9.282 1.36 x
OpenMP offloading + cublasXt dgemm on 1 V100 11.372 1.11 x
OpenACC offloading + cublas dgemm on 1 V100 12.176 1.04 x
OpenACC offloading + cublasXt dgemm on 1 V100 14.548 0.87 x

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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OFFLOADING W/ NVBLAS

s 68.756 s 68.775s 68.8s 68.825 s 68.85s

|=| Process "rimp2-nvblas c60....
[= Thread 214958256
" Runtime API
* Driver API
[=| Thread 520086704
" Runtime API
- Profiling Overhead
|=| [0] Tesla V100-SXM2-16GB
[~ Context 1 (CUDA)
- 5F MemCpy (HtoD)
- 5¥ MemCpy (DtoH)

I=! Compute

=¥ 71.5% _xI_rimp2...

FEEEEEEEEE TR ErEErEE et e e e r e e e e e e et E e et e e e e e e et e e e r e E e e r e rr e
RN R R RN R NN NN R NN NN NN
Tl
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cwo2sememset) (| [ LLI AL LTI EIRETOEREE e e e eyt e e e e e e e e e e e
|.79 s 68.7'91 s 68.7'92 s 68‘7.93 s 68'7.94 s 68'7.95 s 68.7'96 s 68.7'97 s 68.7I98 s
|=| Process "rimp2-nvblas c60....
=] Thread 214958256
- Runtime AP | | [ | | | | | | | [
- Driver API 1] cutventSynchronize | [[] cuEventSynchronize | ] cuEventSynchronize | ] cuEventsynchronize | | cuEventSynchronize | [ cuEy
[=| Thread 520086704
- Runtime AP - - (T (5T - ([T
- Profiling Overhead
[=| [0] Tesla V100-SXM2-16GB
[= Context 1 (CUDA)
7 MemCpy (+itoD) I I Il [ I ]
- 5F MemCpy (DtoH) | ‘ | | |
S — T — - T -
- 71.5% _srimp2.. =X
- [S—— (— JR—— [—— Ju—
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OFFLOADING W/ CUBLAS

= Process "rimp2-cublas c60....

|~ Thread 320176
~ Runtime API
- Driver API
- Profiling Overhead
[=! [0] Tesla V100-SXM2-16GB
[= Context 1 (CUDA)
- 7 MemCpy (HtoD)
- 5¥ MemCpy (DtoH)
|=| Compute

b.?S s 66.9'75 s 67. s 67.q25 s 67.95 s 67.q75 s

CLLEEEEEE Tt et e e e s e e e e e e
[N AN

I B R R AN AN RN
COLEEETEEEEEE TR R TP ]
Uil b bbbl L bbb bk b bl bkl b Ll b b b L b bl

-7 82.0% _xlrimp2... |||

= 5F 17.9% volta_dge...
-5 0.1% memset (0)
Streams

= Process "rimp2-cublas c60....

|~ Thread 320176
“ Runtime API
- Driver API
- Profiling Overhead
[=I [0] Tesla V100-SXM2-16GB
[= Context 1 (CUDA)
- 5F MemCpy (HtoD)
- 5¥ MemCpy (DtoH)
=] Compute
¥ 82.0% _xI_rimp2...
- SF 17.9% volta_dge...
-5 0.1% memset (0)
Streams

5. DEPARTMENT OF  Argonne National Laboratory is

NERGY g‘as Department of Energy laboratory
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|67.q1 1s 67.q12 s 67.q1 3s 67.0'14 s 67.0'15 s 67.0.16 s 67.0.17 s 67'0.18 s 67'0.19 s
| | L (- |
|| cuEventsynchronize I | cuEventSynchronize [ || cuEventSynchronize Il cuéventSynchronize I | cuEventSynchronize S | cuventSynchronize | cuEventSynchr

I I I (] I (] I
| | | | | |
t [ xrimp2_energyi. ||l —xI_rimp2_energyi. || W —xirimp2_energyi. || [l _xl_rimp2_energyi. || W —xirimp2_energyi.. || [l _xl_rimp2_energyi. | |

_xI_rimp2_energyi... _ xl_rimp2_energyi... _ xl_rimp2_energyi... _ xl_rimp2_energyi... _xl_rimp2_energyi... _xI_rimp2_energyi...

| |
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OFFLOADING W/ CUBLASXT

S DEARTHENT 07 Argonne National Laboratory is o
GY .5. Department of Energy laborator
managed by UChicago Argonne, LLC

@i

| 67.675 s 67]7 s 67.225 s 67.‘75 s 57.7]75 s

[=] Process "rimp2-cublasxt c6...
|=| Thread 320176
 Runtime API
- Driver API
[~ Thread 483059632
" Runtime AP|
L Profiling Overhead
[~/ [0] Tesla V100-SXM2-16GB
|= Context 1 (CUDA)
S MemCpy (HtoD)
¥ MemCpy (DtoH)
|=| Compute
-5 28.3% volta_dge...
- 0.2% memset (0)
Streams

67.721 s 67.722s 67.723 s 67.724s 67.725s 67.726s 67.727 s 67.728 s

[=| Process "rimp2-cublasxt c6...
|=| Thread 320176
“ Runtime API
- Driver API
[=| Thread 483059632
- Runtime API
- Profiling Overhead
[=I [0] Tesla V100-SXM2-16GB
|= Context 1 (CUDA)
S MemCpy (HtoD)
= 5F MemCpy (DtoH)
|=| Compute
%" 28.3% volta_dge...
5 0.2% memset (0)
Streams

I \ I \ I | l | | |
[[| cuEventSynchronize | [ cuEventsynchronize | [ | cuEventSynchronize | [|_cuéventSynchronize | | cuEventsynchronize |

mp2_ energyl

_x|_rlmp2_energ

— rlmp2 _energy

[ | [ xLrimp2_enerayi.. | | [N— [N— I




OFFLOADING
THE RESTRUCTURED RI-MP2 KERNEL
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Restructured RI-MP2 kernels
for fewer DGEMM calls with larger matrices

subroutine RIMP2 ENERGY WHOLE ( ... )

do-loop for JACT ! From 1 to NACT
call RIMP2 ENERGYIJ (B32(:,:,l:JACT), B32(:,:,JACT), E2, ...)
enddo

end !subroutine RIMP2_ ENERGY WHOLE ( ... )

subroutine RIMP2 ENERGYIJ( ... )
call DGEMM for BI(:,:,1:JACT), BJ(:,:), QVV(:,:,1:JACT)
do-loop for IC ! From 1 to JACT
Set FAC
do-loop for IB From 1 to NVIR
do-loop for IA From 1 to NVIR
compute E2_t with QVV(:,:,IC), eij(:,:), eab(:,:)
enddo
enddo
E2 = E2 + FAC*E2_t
enddo

end !subroutine RIMP2 ENERGYIJ( ... )

U.S. DEPARTMENT OF _ Argonne National Laboratory is a
U.S. Department of Energy laboratory 1 6 A
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PERFORMANCE OF

THE RESTRUCTURED KERNEL
Input: c60.kern

e allime (6) | Speedup

Serial w/ 1 core of P9 342.697 0.036 x

OpenMP + ESSL dgemm w/ 42 threads on 2 P9 12.231 1x
OpenMP + MKL dgemm w/ 112 threads on 2 SKX 4.317 2.83 x
OpenMP offloading + nvblas dgemm on 1 V100 1.734 7.05 x
OpenMP offloading + cublas dgemm on 1 V100 1.983 6.17 x
OpenMP offloading + cublasXt dgemm on 1 V100 1.728 7.08 x
OpenACC offloading + cublas dgemm on 1 V100 1.905 6.42 x
OpenACC offloading + cublasXt dgemm on 1 V100 1.692 7.23 x

T
%) ENERGY i 17 Argonne &
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RESTRUCTURED KERNEL W/ NVBLAS

59.52s 59.53's 59.54s 59.55s 59. 56 s 59. 57 s 59.58 s 59.59 s 59.6 s 59.61s 59.62 s 59.
[=I Process "rimp2-nvblas CGOA.“
[~ Thread 214958256
“ Runtime API | | | | |
- Driver API . . . . .
[=] Thread 520086704
- Runtime API | cudaStreamSynchronize ||

- Profiling Overhead
[~ [0] Tesla V100-SXM2-16GB
[=| Context 1 (CUDA)
- %I MemCpy (HtoD)
¥ MemCpy (DtoH)

I~/ Compute

“ ¥ 90.6% volta_dge...

= 9.2% _xl_rimp2_...

- 5F 0.2% memset (0)

- Driver API
|=| Thread 520086704
 Runtime API
- Profiling Overhead
[=| [0] Tesla V100-SXM2-16GB
[= Context 1 (CUDA)
5 MemCpy (HtoD)
L 5 MemCpy (DtoH)

[=/ Compute

~ ¥ 90.6% volta_dge...

us nlnlwzw $L hgonne National Laboratary is &
GY 5. Department of Energy laborator
managed by UChicago Argonne, LL¢
-5 0.2% memset (0)

= 9.2% _xl_rimp2_...

[ [ | [ | [
RRR AR R AR RN AR e R L RN AN AR RN AR R R R RN RA RN AR RARRAR AR R RRARRARARARA RN

[l cuEventSynchronize ]
LT e e e |

[
AR RN NN AR RRAANAA

volta_dgem... volta_dgem... _xl_rimp2_energyij_I397_OL_1 volta,dgem... volta_dgem... volta_dgem... volta_dgem...
volta_dgem... | | volta_dgem... | volta_dgem... ||

volta_dgem... volta_dgem... volta_dgem... | volta_dgem... volta_dgem... volta_dgem...
volta_dgem...

| \ | I I



RESTRUCTURED KERNEL W/ CUBLAS

594§4 s 594§5 s 59.§6 s 59'.57 s 59'.58 s

59.47 s 59.48 s 59.49 s 59.5s 59.51s 59.52's 59.53s

[=! Process "rimp2-cublas c60....
|=| Thread 320176
- Runtime API
- Driver API
- Profiling Overhead
[= [0] Tesla V100-SXM2-16GB
[=I Context 1 (CUDA)
- ¥ MemCpy (HtoD)
- SF MemCpy (DtoH)
|=| Compute
- ¥ 60.0% volta_dge...
L 5F 31.4% volta_dge...

- 8.6% _xl_rimp2_...

-5 0.0% memset (0)

cudaDeviceSynchronize

cudaDeviceSynchronize

cudaDeviceSynchronize

cudaDeviceSynchronize |

volta_dgemm_128x64_tn volta_dgemm_128x64_tn volta_dgemm_128x64_tn volta_dgemm_128x64_tn
volta_dgemm_128x64_tn volta_dgemm_128x64_tn volta_dgemm_128x64_tn volta_dgemm_128x64_tn

59.525 s 59.528 s

59.526 s 59.527 s

59.522s 59.523s 59.524 s

[=| Process "rimp2-cublas c60....

= Thread 320176
“ Runtime API
- Driver API

- Profiling Overhead
[= [0] Tesla V100-SXM2-16GB

[~ Context 1 (CUDA)
S MemCpy (HtoD)
- 5F MemCpy (DtoH)
[~/ Compute

- 5F 60.0% volta_dge...
-5 31.4% volta_dge...
- 8.6% _xl_rimp2_...

-5 0.0% memset (0)

5. DEPARTMENT OF _ Argonne National Laboratory is a
NERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.
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| cueventSynchronize |

_xI_rimp2_energyij_1397_OL_1

_xI_rimp2_energyij_I397_OL_1
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RESTRUCTURED KERNEL W/ CUBLASXT

59.86s 59.87 s 59.88s 59.89 s 59.9s 59.91s 59.92s 59.93s 59.94s 59.95s 59.96 s 59.97

[=| Process "rimp2-cublasxt c6...

|~ Thread 320176
 Runtime API
- Driver API

[=| Thread 483059632
" Runtime API

- Profiling Overhead
[=I [0] Tesla V100-SXM2-16GB

|= Context 1 (CUDA)
¥ MemCpy (HtoD)
¥ MemCpy (DtoH)

[~/ Compute

-7 90.6% volta_dge...

= 9.2% _xl_rimp2_...

- 0.2% memset (0)

Bynchronize

| | | |
| | |

cudaStreamSynchronize

cudaStreamSynchronize I

cudaStreamSynchronize

cudaStreamSynchronize

cudaStreamSynchronize

|
LT CLLL L O
| | - - |
FECEREEER TEEEEEE e e e e e e e e e e e e e e g e e e e e e e e e e e e e e e e e e e e e e e A e e e e ey

I 59.904 s 59.905 s 59.906 s 59.907 s 59.908 s 59.909 s 59.91s !

[=| Process "rimp2-cublasxt c6...

= Thread 320176
“ Runtime API
- Driver API

[= Thread 483059632
- Runtime API

- Profiling Overhead
[=I [0] Tesla V100-SXM2-16GB

[= Context 1 (CUDA)
- SF MemCpy (HtoD)
- 5F MemCpy (DtoH)

[=! Compute

5. DEPARTMENT OF  Argonne National Laboratory is a

NERGY U.S. Department of Energy laborator
managed by UChicago Argonne, LLC
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L ¥ 0.2% memset (0)

-7 90.6% volta_dge...

= 9.2% _xl_rimp2_...

I I
|| cuventSynchronize ]

- Jcuds.| 1

|
Gem.. | ["volta dgem..."volta dgemm...|
[Vota dgem. | [ora dgem.. | | [ota dgem... | [ootta dgem...|
ger] Volt.. Volts_dgem-— Vol
Vota_dgem




RESTRUCTURED KERNEL ON MULTIPLE GPUS

Argonne &



RESTRUCTURED KERNEL ON MULTIPLE GPUS

128 4096
-0-w30(cuBLAS: 1GPU/MPI) -O-w60(cuBLAS: 1GPU/MPI)
64 w30(cuBLASXT: 1GPU/MPI) 2048 -C-w60(cuBLASXT: 1GPU/MPI)
~A-W30(ESSL: 7threads/MP1) 1004 ~4~W60(ESSL: 7threads/MPI)
32
512
16
— — 256
w) w)
5 8 < 128 »
£ E
4 = 64
(L] (L]
2
16
1
_ 8
0-5 \\‘ 4
\._____(‘n
0.25 ! 2
1 2 4 8 16 32 64 1 2 4 8 16 32 64
Number of MPIs ( 6 MPls/node ) Number of MPIs ( 6 MPls/node )
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RESTRUCTURED KERNEL ON MULTIPLE GPUS

~8-w30(cuBLAS: 1GPU/MPI) S
32 w30(cuBLASXT: 1GPU/MPI) L, 50.0
—A—w30(ESSL: 7threads/MPI) 7 45.0 mw30 mw6e0 =
~O-w60(cuBLAS: 1GPU/MPI) L7 o N
~-w60(cuBLASXT: 1GPU/MPI) {400
16 | _A-w60(ESSL: 7threads/MPI) f - R
o 35.0 g
==-|deal Speedup 3
o £ 30.0
S5 8 «\
b < 25.0
g e
< S 20.0
4 5 15.0
©
o
@ 10.0
wv
2 5.0
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CONCLUDING REMARKS

= RI-MP2 kernel from GAMESS application is re-written via OpenMP and OpenACC
offloading implementations with three GPU libraries (i.e., NVBLAS, cuBLAS, and
cuBLASXT).

= Restructuring the original kernels was required to get good performance on GPUs.

= On a single NVIDIA V100 GPU, the directive-based offloading kernels show
— more than 7x speedup over 42 threaded code on IBM P9 processors,
— around 200 x speedup over the serial run on IBM P9 processors.

= On the same number of Summit nodes, the MPI+OpenMP offloading kernels show
— More than 40x speedup over the MPI + OpenMP threading kernels.
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CONCLUDING REMARKS

= Observation
— CUBLAS makes a Fortran code messy, while NVBLAS provides standard BLAS
calls that are simpler than CUBLAS.
* However, NVBLAS and CPU math library (e.g., ESSL, MKL, and ArmPL) use the
same symbol (e.g., DGEMM ), and it may result in unexpected errors or lower
performance on heterogeneous architecture.

= Suggestion
— NVBLAS may provide alternative symbols in addition to standard BLAS symbols, for
users to avoid some conflicts with CPU math library.
— OpenMP 5 declare variant directive may figure out this symbol conflict.
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CONCLUDING REMARKS

= A directive-based programming model will be a portable solution with good
performance on coming pre-exascale/exascale DoE systems.

Perlmutter @NERSC in 2020 (w/ NVIDIA GPUs)

Aurora @ALCF in 2021 (w/ Intel X® GPUs)
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