Programming
Environments and
Software

U.S. DEPARTMENT OF Office of

A\l N
E N E RGY Science BERKELEY LL‘\B




Talk by Johannes and Bjoern NEeF

Multiple methods to login « Job submission
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e C++ sample code

o OpenMP
m  OpenMP target (offload)
o OpenACC
o CUDA
e MPI+ CUDA
e Kokkos
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As soon as you login

(base) rahul-13:~ rgayatri$ ssh perlmutter
L T

NOTICE TO USERS

Lawrence Berkeley National Laboratory operates this computer system under
contract to the U.S. Department of Energy. This computer system is the
property of the United States Government and is for authorized use only.
Users (authorized or unauthorized) have no explicit or implicit
lexpectation of privacy.

Any or all uses of this system and all files on this system may be
intercepted, monitored, recorded, copied, audited, inspected, and disclosed
to authorized site, Department of Energy, and law enforcement personnel,

as well as authorized officials of other agencies, both domestic and foreign.
By using this system, the user consents to such interception, monitoring,
recording, copying, auditing, inspection, and disclosure at the discretion
of authorized site or Department of Energy personnel.

Unauthorized or improper use of this system may result in administrative
[disciplinary action and civil and criminal penalties. By continuing to use
ithis system you indicate your awareness of and consent to these terms and
conditions of use. LOG OFF IMMEDIATELY if you do not agree to the conditions
stated in this warning.

B e

Login connection to host x3113c@s5b@n@:

lelcome to perlmutter!

For all planned outages, see: https://www.nersc.gov/live-status/motd/

For past outages, see: https://my.nersc.gov/outagelog-cs.php/
rgayatri@perimutter:login@2:~> ||
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In your environment

(base) rahul-13:~ rgayatri$ ssh perlmutter
L T

NOTICE TO USERS

Lawrence Berkeley National Laboratory operates this computer system under
contract to the U.S. Department of Energy. This computer system is the
property of the United States Government and is for authorized use only.
Users (authorized or unauthorized) have no explicit or implicit
expectation of privacy.

Any or all uses of this system and all files on this system may be
intercepted, monitored, recorded, copied, audited, inspected, and disclosed
to authorized site, Department of Energy, and law enforcement personnel,

las well as authorized officials of other agencies, both domestic and foreign.
By using this system, the user consents to such interception, monitoring,
recording, copying, auditing, inspection, and disclosure at the discretion

rgayatri@perimutter:login07:~> module list

Currently Loaded Modules:

) craype-x86-milan 5) PrgEnv-gnu/8.3.3 9) craype/2.7.19 13) xalt/2.10.2 17) craype-accel-nvidia80
2) libfabric/1.15.2.0 6) cray-dsmml/0.2.2 10) gcc/11.2.0 14) Nsight-Compute/2022.1.1 18) gpu/1.0

3) craype-network-ofi 7) cray-libsci/23.02.1.1 11) perftools-base/23.02.0 15) Nsight-Systems/2022.2.

4) xpmem/2.5.2-2.4_3.30__gd0f7936.shasta 8) cray-mpich/8.1.24 12) cpe/23.02 16) cudatoolkit/11.7

1

1_l
Hello, World!

lelcome to perlmutter!

For all planned outages, see: https://www.nersc.gov/live-status/motd/

For past outages, see: https://my.nersc.gov/outagelog-cs.php/
rgayatri@perimutter:login@2:~> I

N
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Modules Environment

e Modules are used to manage the user environment
o https://docs.nersc.gov/environment/#nersc-modules-environment

module
list To list the modules in your environment
avail To list available modules

avail -S

To see all available modules: $ module avail
To see all available netcdf modules: $ module spider netcdf

load/unload To load or unload module
show/display To see what a module loads
whatis Display the module file information
swap/switch To swap two modules
For example: to swap architecture target from Haswell to KNL
% module swap craype-haswell craype-mic-knl
help General help: $Smodule help

Information about a module: $ module help PrgEnv-cray

ia *Slide courtesy Helen (2020 NERSC Training) 6 il BERKELEY LAB
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https://docs.nersc.gov/environment/#nersc-modules-environment

Default Programming Environment

(base) rahul-13:~ rgayatri$ ssh perlmutter

e e

NOTICE TO USERS

Lawrence Berkeley National Laboratory operates this computer system under
contract to the U.S. Department of Energy. This computer system is the
property of the United States Government and is for authorized use only.
Users (authorized or unauthorized) have no explicit or implicit
expectation of privacy.

Any or all uses of this system and all files on this system may be
intercepted, monitored, recorded, copied, audited, inspected, and disclosed
to authorized site, Department of Energy, and law enforcement personnel,

las well as authorized officials of other agencies, both domestic and foreign.
By using this system, the user consents to such interception, monitoring,
recording, copying, auditing, inspection, and disclosure at the discretion

rgayatri@perimutter:login07:~> module list

Currently Loaded Modules:

1) craype-x86-milan 5) PrgEnv-gnu/8.3.3 g) Craype/aiias 3) xalt/2.10.2 1/ craype-accel-nvidia80
libfabric/1.15.2.0 &) -cray demml/0.2.2 10) gcc/11.2.0 14) Nsight-Compute/2022.1.1 18) gpu/1.0
craype-network-ofti 7) cray-1ibsci/23.02.1.1 1ii) nerftools-base/22.02.0 .5) Nsight-Systems/2022.2.

2
3
4) xpmem/2.5.2-2.4_3.30__gd0f7936.shasta 8) cray-mpich/8.1.24 12) cpe/23.02 16) cudatoolkit/11.7

)
)
)
)

For all planned outages, see: https://www.nersc.gov/live-status/motd/

For past outages, see: https://my.nersc.gov/outagelog-cs.php/
rgayatri@perimutter:login@2:~> I

N
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Compile simple code (GNU)

int main(int argc, char **argv) {

const int N = argc > 1 ? atoiCargv[1]) : 10;

int *a = int[N];
C++ :g++ main.cpp int *b w int[N];
int *c = int[N];
C > gcc main.c

Fortran : gfortran main.F90 random_intsCa, N);
random_ints(b, N);

for (int 1 = 0; i < N; i++)

c[il = a[il + b[il;

U.S. DEPARTMENT OF Ofﬂce Of
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Multiple PrgEnv

rgayatri@perlmutter:login24:~> module avail

———————————————————————— /opt/cray/pe/lmod/modulefiles/core —------—————————————\———\——~—\—\—————————
-aocc/8.3.3 PrgEnv-cray/8.3.3 -gnu/8.3.3 (L) PrgEnv-nvhpc/8.3.3 -nvidia/8.3.3

Where:

i is loaded

( rgayatri@perlmutter:login24:~> CC --version

g++ (GCC) 11.2.0 20210728 (Cray Inc.)

Copyright (C) 2021 Free Software Foundation, I'c.

Thisis free software; see the source for cozying conditions. There is NO
warranty; not even for MERCHARTARTLTITY. o FITNESS FOR A PARTICULAR PURPOSE.

Compiler wrappers map to the native
compilers of the programming environment.

rgayatri@perlmutter:login24:~> module load PrgEnv-nvidia

Lmod is automatically replacing "gcc/11.2.0" with "nvidia/22.7".

. Lmod is automatically replacing "PrgEnv-gnu/8.3.3" with "PrgEnv-nvidia/8.3.3".
CC :C++code

CC . C COde Due to MODULEPATH changes, the following have been reloaded:

ftn FOI’tran COde 1) cray-mpich/8.1.24

rgayatri@perlmutter:login24:~> CC --version

nvc++ 22.7-0 64-bit target on x86-64 Linux -tp zen3-64
U.S. DEPARTMENT OF s AVIDIA Compilers and Tools )
EN RGY Uit Copuright (c) 2022, NVIDIA CORPORATION & AFFILIATES. Al rights reserved. ?\Hﬂ
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Compile simple code (Wrapper)

int main(int argc, char **argv) {
const int N = argc > 1 ? atoi(Cargv[1]) : 10;
C++ : CC main.cpp int *a = int[N];

C : cC main.c int *b int[N];
Fortran : ftn main.F90 int *c = int[N];

random_ints(a, N); main.cpp
random_ints(b, N);

for (int 1 = @; i < N; i++)

c[i] = a[i] + b[i];

.S. DEPARTMENT OF Ofﬂce Of
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Compile MPI code

int main(int argc, char* argv[]) {
int myid, namelen, world_size;
char myname[MPI_MAX_PROCESSOR_NAME] ;

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(myname, &namelen);

C++ : CC main.cpp MPI_Comm_size(MPI_COMM_WORLD, &world_size);
C . CC main.c

Fortran : ftn main.F90

char* lrank = getenv("SLURM_PROCID");
printf("Lrank from MPI = %s", lrank);

char my_gpu[15];

main.cpp

fprintf(stdout,
"Hello from processor %s, rank = %d out of %d processors"
NN
myname, myid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

fprintf(stdout,

"\n****************************************************************“
1 3 3k 3k e 3k e e e e e ok e ok e e ke e ke ok ok N\ 'e
Rl

MPI_Finalize(Q);

return 0;

N
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Software Environment (Summary)

e Available compilers: GNU, NVIDIA, AOCC, Cray
e Use compiler wrappers to build. It calls native compilers for each compiler (such as ifort, mpiicc,
etc.) underneath.
o Do not use native compilers directly.
o ftn for Fortran codes: ftn my_code.F90
o cc for C codes: cc my_code.c
o CC for C++ codes: CC my_code.cc
e Compiler wrappers add header files and link in MPI and other loaded Cray libraries by default

o Builds applications dynamically by default. Can add “-static” to build statically if chosen

*Slide courtesy Helen (2020 NERSC Training)
12




GPU programming frameworks

CUDA, OpenMP, OpenACC

Mesc » -1 BERKELEY LAB @ ENERGY | oo




GPU node NEeRSC

I‘ m Ii I_ 1 AMD Milan CPU - Host

4 NVIDIAA100 GPUs - Device

Nvlink-3 : 50 Gbit/s
PICe-G4 : 16 GT/s

PCle-G4

/ w— PCle-G4
ﬁ Nvlink-3

*Figure courtesy Johannes (IPAM - 2023)
U.S. DEPARTMENT OF Offlce Of
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CUDA module

:~> module show cudatoolkit

("cudatoolkit")

("libsci_acc")

("nvhpc")

("nvhpc-nompi")

("nvhpc-byo-compiler")
("cudatoolkit")

([
The module file defines the system paths and variables for the HPC SDK Toolkit.

11)
("The module file defines the system paths and variables for the SDK Toolkit.")
("CUDATOOLKIT_HOME","/opt/nvidia/hpc_sdk/Linux_x86_6
ST A S T LV T AR o very] CUDA - Native programming model for NVIDIA GPUs
("NVHPC_CUDA_HOME","/opt/nvidia/hpc_sdk/Linux_x86_64 _ H
("PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5 nvee CUda Compller
bnvvp:/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/profilers/Nsight_Lompute/:/opt/nvidila/npc_SAkK/L1NuUX_XB8b_b4/22.5/protiLers/Nsign
t_Systems/bin"
( "MANPATH" ,"/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/doc/man")

5 U.S. DEPARTMENT OF Ofﬁce Of /A\‘ ni
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Compile CUDA (separate files)

__global__ void kernel(int N, int *a, int *b, int *c) int main(int argc, char **argv) {
{ int N = argc > 1 ? atoi(argv[1l]) :

int i= blockIdx.x * blockDim.x + threadIdx.x; int *a int[N];
(1 <N) int *b int[N];
C[l] = a[l] + b[l]; int *c int[N];

random_1ints(a, N);
. random_ints(b, N);
void cuda_kernel(int N, int *a, ijgafzllglNeiv
int *d_a, *d_b, *d_c;
. cudaMalloc(&d_a, N * (QUISDH

int threads = 32; cudaMalloc(&d_b, N * (int));

int blocks = N/threads + 1; cudaMalloc(&d_c, N * (int));
kernel<<<blocks,threads>>> (N, a, b, c);

B : . cudaMemcpy(d_a, a, N * (int), cudaMemcpyHostToDevice);
CUdaDEV1ceSynChronlze()’ cudaMemcpy(d_b, b, N * (int), cudaMemcpyHostToDevice);
cudaDeviceSynchronize();

cuda_kernel(N, d_a, d_b, d_c);

daMemcpy(c, d_c, N * (int), cudaMemcpyDeviceToHost);

_03 _o main.ex main.cpp main.cu daDeviceSynchronize();

[1 a;
[1 b;
Ll @3

PrgEnV'GNU cudaFree(d_a);

cudaFree(d_b); i
CUDA cudaFree(d_c); maln'cpp
compiler

03
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Compile CUDA (same file)

Pl‘gEnV-GNU __global__ void kernel(int N, int *a, int *b, int *c)
{

int 1= blockIdx.x * blockDim.x + threadIdx.x;
CUDA kernel on
c[i] = a[i] + b[i];

nvcc | [--x cu]| -O3 -0 main.ex main.cpp BRI Ry I i) o

cudaMemcpy(d_a, a, N * (int), cudaMemcpyHostToDevice);
cudaMemcpy(d_b, b, N * (int), cudaMemcpyHostToDevice);
cudaDeviceSynchronize();
CUDA int threads = 32;
comopiler _CUDA C_:Ode int blocks = N/threads + 1;
P in cpp file kernel<<<blocks,threads>>> (N, d_a, d_b, d_c);

cudaDeviceSynchronize();
kernel call

U.S. DEPARTMENT OF Office of

A
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Compile CUDA (same file)

PrgEnv-NVIDIA __global__ void kernel(int N, int *a, int *b, int *c)
{
int 1= blockIdx.x * blockDim.x + threadIdx.x;
(L < N)
CcC c[i] = a[i] + b[i];
nvc++ [--x cu| -0O3 -0 main.ex main.cpp W
in(int argc, char **argv) { .
main.cpp
cudaMemcpy(d_a, a, N * (int), cudaMemcpyHostToDevice);
cudaMemcpy(d_b, b, N * (int), cudaMemcpyHostToDevice);
cudaDeviceSynchronize();
CUDA CUDA code int threads = 32;
compiler . - . o
In Cpp file int blocks = N/threads + 1;
kernel<<<blocks,threads>>> (N, d_a, d_b, d_c);
cudaDeviceSynchronize();
U.S. DEPARTMENT OF Ofﬁce Of freceee 'k|

': ENERGY Science 1 9 BERKELEY LAB




=

Masc - ~>1| BERKELEY LAB @ ENERGY |




OpenMP

® Traditionally for CPUs

® GPU directives from OpenMP standard 4.0
O ‘target’ keyword

® Current standard - 5.2

® Enjoys support across multiple vendors

O At Least on CPUs ;-)

21



OpenMP CPU

int main(int argc, char **argv) {
int N = argc > 1 ? atoi(argv[1l]) : 10;

_OPENMP : compiler macro

int *a int[N];
int *b int[N];
int *c int[N];
GNU, Cra!, AOCC random_ints(a, N);
CC -03 -fopenmp -0 main.ex main.cpp UL
#1f defined(_OPENMP)
#pragma omp parallel for num_threads(64)
NVIDIA #endif
CC -03 -mp -0 main.ex main.cpp LU B e g e

c[i] = a[i] + b[1];

OMP_NUM_THREADS

BERKELEY LAS

28, U.S. DEPARTMENT OF Ofﬂce Of

ENERGY Science 22



OpenMP CPU (summary)

v 4
b
|}

Module Compiler Flags
PrgEnv-gnu GCC -fopenmp
PrgEnv-aocc livm -fopenmp
PrgEnv-cray CC “fopenmp
PrgEnv-nvidia nvc++ -mp
PrgEnv-intel icpx -flopenmp
PrgEnv-llvm clang++ -fopenmp
© ENERGY <icn 23

CC = compiler




OpenMP GPU

int main(int argc, char **argv) {
int N = argc > 1 ? atoi(argv[1l]) :

Cﬁ\[ int *a int[N];
CC -03 -fopenmp -0 main.ex main.cpp o ek

random_ints(a, N);

NVIDIA random_ints(b, N);
CC -03 -mp=gpu -0 main.ex main.cpp #Uf defined(_OPENMP)

#pragma omp target teams distribute parallel for \
num_teams(512) num_threads(32) \

LLVM [NPE] #endT?p(to: al[:N], b[:N]) map(from: c[:N])

(int 1 = 0; 1 < N; i++)
03 -fopenmp _ R
--offload-arch=sm_80 -0 main.ex .

[]
main.cpp i OMP_NUM_TEAMS
OMP_NUM_THREADS

0;

U.S. DEPARTMENT OF Office of

© ENERGY scionco 24
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OpenMP GPU (summary) NG

Module Compiler | Flags (offload to GPUs)
PrgEnv-cray CC -fopenmp
PrgEnv-nvidia CC/nvc+ | -mp=gpu

+
PrgEnv-llvm clang++ | -fopenmp
NPE - NERSC --offload-arch=sm_80
Documentation

module load llvm/16
module load llvm/nightly

Office of

Science 25



https://docs.nersc.gov/development/compilers/npe/
https://docs.nersc.gov/development/compilers/npe/
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OpenACC directives

int main(int argc, char **argv) {
int N = argc > 1 ? atoi(argv[1l]) : 10;

CraM int *a = int[N];
int *b = int[N];
Only fortran int *c = new int[N];

random_ints(a, N);

h‘\,l[)ll\ random_ints(b, N);
CC -0O3 -acc -0 main.ex main.cpp #Uf defined(_OPENACC)

#pragma acc parallel loop gang vector \

copyin(a[:N], b[:N]) copyout(c[:N])
#endif

(int 1L = 0; L < N; i++)
a[i] + b[i];

a;

U.S. DEPARTMENT OF Office of

ENERGY Science
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OpenACC

Module Compiler Flags (offload to GPUs)
PrgEnv-nvidia CC/nvc++ | -acc
Module Compiler Flags (CPU)
PrgEnv-nvidia CC/nvc++ | -acc=multicore

Office of

) U.S. DEPARTMENT OF
W ENERGY  science 28




MPI+CUDA

MPI

CUDA

U.S. DEPARTMENT OF Office of

ENERGY Science

int

main(int argc, char **argv) {

int N = argc > 1 ? atoi(argv[1l])
int myid, namelen, world_size;
char myname[MPI_MAX_PROCESSOR_NAME];

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(myname, &namelen);
MPI_Comm_size(MPI_COMM_WORLD, &world_size);

char* lrank = getenv("SLURM_PROCID");

printf(“Lrank from MPI = %s", lrank);
char my_gpul[15];

fprintf(stdout,
"Hello Rahul from processor . s %d processors"
"\n",
myname, myid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

cudaMemcpy(d_a, a, N * (int), cudaMemcpyHostToDevice);
cudaMemcpy(d_b, b, N * (int), cudaMemcpyHostToDevice);
cudaDeviceSynchronize();

int threads = 32;

int blocks = N/threads + 1;
kernel<<<blocks,threads>>> (N, d_a, d_b, d_c);
cudabDeviceSynchronize();

fprintf(stdout,
"\n******************************x*********************************"
11 5k % Sk ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok \n' ) >
H

MPI_Finalize();
0;

N
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int main(int argc, char **argv) {

int N = argc > 1 ? atoi(argv[1l]) : 10;
PrgEnv_gnu MPI int myid, namelen, world_size;

char myname [MPT_MAX_PROCESSOR_NAME];

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(myname, &namelen);

MPI_Comm_size(MPI_COMM_WORLD, &world_size);
char* lrank = getenv("SLURM_PROCI
printf("Lrank from MPI = ", lrank);

char my_gpu[15];

nvce | ~ccbin CC | --x cu -03 -0 main.ex main.cpp IS

yid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

cudaMemcpy(d_a, a, N * (int), cudaMemcpyHostToDevice);
CUDA HOSt cudaMemcpy(d_b, b, N * (int), cudaMemcpyHostToDevice);

cudaDeviceSynchronize();
compiler  compiler

int threads =
int blocks = N/threads + 1;
kernel<<<blocks,threads>>> (N, d_a, d_b, d_c);

cudaDeviceSynchronize();

fprintf(stdout,

1\ Kk oK o ok ook ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ko ok ok ko ok ok ok ok ok ok ko ko ok ke ok

kKA KKK KKKKKAKXAAK \N")

MPI_Finalize();

5

0:
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MPI+CUDA

PrgEnv-nvidia MPI

CC --xcu-03 -0 main.ex main.cpp

Compiler
wrapper

CUDA

U.S. DEPARTMENT OF Office of

ENERGY Science

31

int main(int argc, char **argv) {

int N = argc > 1 ? atoi(argv[1l]) : 10;
int myid, namelen, world_size;
char myname [MPT_MAX_PROCESSOR_NAME];

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(myname, &namelen);
MPI_Comm_size(MPI_COMM_WORLD, &world_size);

char* lrank = getenv("SLURM_PROCI
printf("Lrank from MPI = ", lrank);
char my_gpu[15];
fprintf(stdout,
"Hello Rahul from processor %s, rank = %d out of %d processors"

“\n*,
myname, myid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

cudaMemcpy(d_a, a, N *
cudaMemcpy(d_b, b, N *
cudaDeviceSynchronize();

(int), cudaMemcpyHostToDevice);
(int), cudaMemcpyHostToDevice);

int threads =

int blocks = N/threads + 1;
kernel<<<blocks,threads>>> (N, d_a, d_b, d_c);
cudaDeviceSynchronize();

fprintf(stdout,
U\ 1k ko ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ko
HRAKKKAKKKKKKAKKKKXKK \N" )

MPI_Finalize();

5
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MPI+OpenMP (GPU)

int main(int argc, char **argv) {
int N = argc > 1 ? atoi(argv[1l]) : 10;
int myid, namelen, world_size;
char myname[MPI_MAX_PROCESSOR_NAME];

PrgEnv_nVidia MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(myname, &namelen);

CC _mp=gpu _03 -0 main.ex main.cpp MPI_Comm_size(MPI_COMM_WORLD, &world_size);

char* lrank = getenv("SLURM_PROCID");
printf("Lrank from MPI = , lrank);
char my_gpul[15];

fprintf(stdout,

PrgEnv-cray B ey T
CC -fopenmp -O3 -0 main.ex main.cpp

MPI_Barrier(MPI_COMM_WORLD);

int *a int[N];
int *b int[N];
int *c int[N];

random_ints(a, N);
random_ints(b, N);

ined(_OPENMP)
#pragma omp target t distribute parallel
map(to: a[:N], b[:N]) map(from: c[:N])
#endif
5 U< N3 i++)
ali]l + b[i];

fprintf(stdout,

U\ Yok ok ok ok ok ok ook o ok ok ok ok ook ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

MPI_Finalize();

0 >,

U.S. DEPARTMENT OF Office of }
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MPI+OpenMP (GPU)

PrgEnv-gnu + llvm/16 + cray-mpich

clang++ -fopenmp --offload-arch=sm_80 \

-ISCRAY_MPICH_PREFIX/include
-LSCRAY_MPICH_PREFIX/lib -Impi
$PE_MPICH_GTL_DIR_nvidia80
SPE_MPICH_GTL_LIBS_nvidia80
-O3 -0 main.ex main.cpp

U.S. DEPARTMENT OF Office of

5 ENERGY Science

\
\
\

int main(int argc, char **argv) {
int N = argc > 1 ? atoi(argv[1l]) : 10;
int myid, namelen, world_size;
char myname[MPI_MAX_PROCESSOR_NAME];

MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &myid);

MPL

Get_processor_name(myname, &namelen);

MPI_Comm_size(MPI_COMM_WORLD, &world_size);

char* lrank = getenv("SLURM_PROCID");

printf("Lrank from MPI = %s", lrank);

char my_gpul[15];

fprintf(stdout,

"Hello Rahul from processor %s, rank = %d out of %d processors"

"“\n",

myname, myid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

int *a = int[N];
int *b = int[N];
int *c = int[N];

random_ints(a, N);
random_ints(b, N);

#1f defined(_OPENMP
#pragma omp target

map(to: a[:N], b
#endif

listribute parallel for \
map(from: c[:N])

(int 1 = 0; 1 < N; i++)

c[il = a[i] + b[i];

H

[1
[1
[1

fprintf(stdout,
1\ ¢k ok ok ok ko ok

ek ok ok k ok ok ok ok kK k-

MPI_Finalize();

33

sk ok ok e ok ok ko ke ok e ok ok ok ok ok ok ok e ok ok ok ok ok ok ok ok ok ok ok ok ok o ok e ko o ok ok 1

kA% \n");

N
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int main(int argc, char **argv) {
#lf OPENACC int myid, namelen, world_size;

char myname [MPI_MAX_PROCESSOR_NAME] ;

MPI_Init(&argc, &argv);
O MPI_Comm_rank(MPI_COMM_WORLD, &myid);
. MPI_Get_processor_name(myname, &namelen);
#endif MPI_Comm_size(MPI_COMM_WORLD, &world_size);

for (int = @; < N; i++) char* lrank = getenv("SLURM_PROCID");
C[l] a[1] + b[l:l ; OpenACC printf("Lrank from MPI = %s", lrank);

fprintf(stdout,
"Hello ﬁrom processor %s, rank = %d out of ¥%d processors"
"“n",

#if deﬁned(fOPENMP) myname, myid, world_size);

MPI_Barrier(MPI_COMM_WORLD);

const int N = argc > 1 ? atoi(argv[1]) : 10;

#endif

- A S e int *a int[N];

for (ll:1t = Q, 1< N, i++) OpenMP int *b = int[N];

c[i] a[i] + b[i]; p int *c = int[N];
random_ints(a, N);

__global__ void kernel(int N, int *a, int *b, int *c) random_ints(b, N);

&

const int i= blockIdx.x * blockDim.x + threadIdx.x;
if(i < N) for (int i = 0; 1 < N; i++)
c[i] = a[i] + b[i]; c[i] = a[i] + b[i];
+

void cuda_kernel(int N, int *a, int *b, int *c)

i
const int threads = 32; . .
const int blocks = N/threads + 1; MPI_FinalizeQ);
kernel<<<blocks,threads>>> (N, a, b, c

! return 0;
U.S. DEPARTMENT OF Office of
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Portability Frameworks

® Kokkos
©  CUDA (nvcec,nvc++)
o  OpenMPTarget (llvm,nvc++)

® RAJA
O  CUDA (-DCUDA_TOOLKIT_ROOT_DIR=path/to/cudatoolkit -DCMAKE_CUDA_COMPILER=path/to/nvcc)
o OpenMP target

® HIP
©  module load hip/5.3.2
® SYCL

O SYCL - NERSC Documentation

ERd. U.S. DEPARTMENT OF Offlce of
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https://docs.nersc.gov/development/programming-models/sycl/

Softwares available

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/IPAM-2023> module show cudatoolkit

CU DA ( "CUDATOOLKIT_HOME","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7")
H ("CUDA_HOME","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7")
14 Math IIbS ( "NVHPC_CUDA_HOME","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7")
PY CUPTI . ("EATH","/opt/nv?dia/hpcfsdk/L'lnuxkx8§764/22.s/cuda/ll.7/bin:/opt/rleld'La/hpCdek(Linux7x86764/22.S/CU(.ja/11.7/?
ibnvvp:/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/profilers/Nsight_Compute/:/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/profilers/Nsti
ght_Systems/bin")
( "MANPATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/doc/man")
("CRAY_LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/11b64")
( "CRAY_LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/math_1ibs/11.7/11b64")
("LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/11b64")
("LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/nvvm/1ib64")
("LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/extras/Debugger/1ib64")
("LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11l.7/extras/CUPTI/1ib64")
("LD_LIBRARY_PATH","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/math_1libs/11.7/1ib64")
("PE_PRODUCT_LIST","CRAY_HPC_SDK")
("CRAY_CUDATOOLKIT_VERSION","22.5_11.7")
("CRAY_CUDATOOLKIT_DIR","/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7")
("CRAY_CIIDATONI KTT_PRFETX" "/ant/nvidia/hnc_cdk/linux_x8A_AA4/22 5/cuda/11 7" )
("XTPE_LINK_TYPE","dynamic")
("CRAYPE_LINK_TYPE","dynamic")
("CRAY_CUDATOOLKIT_INCLUDE_OPTS","-I/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/include -
I/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/nvvm/include -
I/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/extras/Debugger/include -
I/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/extras/CUPTI/include -
I/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/math_libs/11.7/include")
("CRAY_CUDATOOLKIT_POST_LINK_OPTS","-L/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/1ib64 -
L/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/nvvm/1ib64 -
L/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/extras/Debugger/1ib64 -
L/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/cuda/11.7/extras/CUPTI/1ib64 -
L/opt/nvidia/hpc_sdk/Linux_x86_64/22.5/math_1libs/11.7/1ib64 -Wl,--as-needed,-lcupti,-lcudart,--no-as-needed -lcuda")

U.S. DEPARTMENT OF Office of
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Softwares available

/global/common/software/nersc/pm-2022.12.0/extra_modulefiles
allinea-forge/22.0.4-1inux-x86_64 globus-tools/1.0
allinea-forge/22.1.2-1inux-x86_64 gpu-test/1.1

. FFTW allinea-forge/22.1.3-1inux-x86_64 (D) gpu/1.0 (L)
(D)

julia/1.
julia/l1l.7.2-nvidia
juliasi.7.2

pytorch/1.
pytorch/1.11.6
pytorch/1.13.

O

cray-fftw , c

® BLAS

O

cublas

®  3rd party softwares

O

U.S. DEPARTMENT

Picture ->
LAPACK
LIBSCI
LAMMPS
VASP
Julia

Office of

&
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amber/20-gpu
cpu
amber/20
cpu (D)
arm-forge/22.0.4-1inux-x86_64
arm-forge/22.1.2-1inux-x86_64
Sl
arm-forge/22.
.05
berkeleygw/3.0.1-cpu
sl
berkeleygw/3.0.1-gpu
(D)
cmake/3.22.0
cmake/3.24.3
codee/1.6.0
tensorflow/2.6.0
codee/1.6.0-212
tensorflow/2.9.0
codee/1.6.0-434
totalview/2022.2.13
contrib/1.0
totalview/2022.2.20
cpu/1.0
totalview/2022.4.27
cudnn/8.2.0
training/perlmutter-jan2022
cudnn/8.3.2
valgrind/3.18.1
cudnn/8.7.0
valgrind/3.20.0
darshan/3.3.
tpc/5.4.4-cpu
darshan/3.3.
tpc/6.2.1-gpu
darshan/3.4.
tpc/6.3.2-cpu
darshan/3.4.
tpc/6.3.2-gpu
ed4s/21.11
ed4s/22.05

-3-1inux-x86_64

(D)
ed4s/22.11
espresso/7.0-1libxc-5.2.2-cpu
espresso/7.0-1libxc-5.2.2-gpu
espresso/7.1-1ibxc-6.1.0-cpu
(L)

evp-patch
fast-mkl-amd/fast-mkl-amd

(D)

gromacs/2021.5-plumed
gromacs/2021.5

gromacs/2022.3-gpu
gs /237

hip/5.
idl/8.
jamo/dev
jamo/prod
jgi/python-jamo
julia/settings-cray
julia/settings-gnu
julia/settings-nvidia
julia/1.4.2-cray
julia/1.4.2-gnu
julias/l.4.2-nvidia
juliaszl.4.2
julia/l.5.4-cray
julias/1.5.4-gnu
julia/l.5.4-nvidia
julia/1.5.4
julia/sz1.

.0-cray

julia/1.6.0-gnu
julia/1.6.0-nvidia

julia/1.6.0
julia/il .5-cray
julias/1.6.5-gnu
julia/z1.

julia/s1.
julia/z1.

julia/1.8.0-betal-cray
julia/1.8.0-betal-gnu

julia/1l.8.0-betal-nvidia
julia/1.8.0-betal

lammps/2022.11.03
1lvm/nightly
1lvm/16
mathematica/13.0.1
matlab/MCR_R2021b
matlab/R2021b
mongodb/4.0.28
mongodb/100.5
mumps/5.5.1-gcc-11.2.0
mvasp/5.4.4-cpu
namd/2.15a2-cpu_mpi
namd/2.15a2-cpu_ofi
namd/2.15a2-gpu_ofi
nccl/2.11.4
nccl/2.14.3

NG/ 2SR5 o Tl
Nsight-Compute/2022

Nsight-Systems/2022.2
nvidia-mixed/22.2

nvidias22.2
parallel/20210922
pwanalyzer/1.2
pwanalyzer/1.2.1

python/3.9-anaconda-2021.11
pytorch/1.9.0

gchem/5.4.2-
qchem/6.0.0-

spack/develop
spack/eds-

spack/eds-
spack/eds-
spack/0.19.0

spin/2.0
taskfarmer/1.

vasp-
vasp-
vasp-
vasp-

vasp/5.4
vasp/5.4.4

vasp/6.
vasp/6

vasp/6.
xalt/2.
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Machine Learning

rgayatri@perlmutter:1ogin05:~>
o PyTorch rgayatri@erlmutter:login@5:~> ml avail pytorch

® Tensorflow
pytorch/1.9.0 pytorch/1.10.0 pytorch/1.11.0 pytorch/1.13.1 (D)

Where:
D: Default Module

rgayatri@erlmutter:login@5:~> ml avail tensorflow

tensorflow/2.6.0

Where:
D: Default Module

o
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CUDA-AWARE MPI
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Concept

e MPIis aware of GPU memory being allocated inside a process
e Programmer can use pointers to GPU device memory in MPI buffers
e MPI implementation will correctly copy the data in GPU device memory to/from the network
interface card's (NIC's) memory
o implicitly copying the data first to host memory and then copying the data from host
memory to the NIC
o in hardware which supports GPUDirect RDMA, the data will be copied directly from the
GPU to the NIC, bypassing host memory altogether
e Always on by default

U.S. DEPARTMENT OF Office of
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Example

Each MPI rank creates a
host and device memory for
a single float variable

Every rank initializes

Only rank 0 assigns host to
a value and copies it to the
corresponding device buffer

Device buffer is passed to

\

MPI broadcast -

Every rank (except 0)
copies the received device
buffer value to
corresponding host

U.S. DEPARTMENT OF Office of

@) ENERGY Science

int main(int argc, char *argv[]) {

int myrank;
float *val_device, *val_host;

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

val_host = (float*)malloc( (float));
cudaMalloc((void **)&val_device, (float));

*val_host = -1.0;
(myrank != 0) {
printf("%ss %d %s %f\n", "I am rank", myrank, "and my initial value is:", *val_host);

b

(myrank == 0) {
*val_host = 42.0;
cudaMemcpy(val_device, val_host, (float), cudaMemcpyHostToDevice);
printf("%s %d %s %f\n", "I am rank", myrank, "and will broadcast value:", *val_host);
1

MPI_Bcast(val_device, 1, MPI_FLOAT, 0, MPI_COMM_WORLD);

(myrank != 0) {
cudaMemcpy(val_host, val_device, (float), cudaMemcpyDeviceToHost);
printf("%s %d %s %f\n", "I am rank", myrank, "and received broadcasted value:", *val_host);

}

cudaFree(val_device);
free(val_host);

MPI_Finalize();
0;

N
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Case Studies
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NESAP learnings NEF

e NESAP - NERSC Exascale Science Applications Program - NESAP

o https://www.nersc.gov/research-and-development/nesap/

o Collaborate with code teams to prepare them for exascale machines

e GPU case studies

e Some learnings from engagements with ECP teams

PR, U.S. DEPARTMENT OF Offlce Of
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https://www.nersc.gov/research-and-development/nesap/
https://docs.nersc.gov/performance/case-studies/gpu-case-studies/#gpu-case-studies

SNAP learnings

e Kernel fission and fusion
o Fission - Reduce register pressure to
improve occupancy
o Fusion - Improve Al
e Increase parallelism by loop fusions
e Data layout optimizations
o Row major - Beneficial on CPUs as it
avoids false sharing in caches
o  Column major - Beneficial on GPUs as
it improves memory Coalescing

e Scratch memory

28, U.S. DEPARTMENT OF Ofﬂce Of

ENERGY Science
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Transpose of data structures to switch
between row-major and column major in
between kernels

o Transpose - 0.2% of the runtime

o 20% net performance boost
128 bit load/store operations

o Complex-double datatype (C++

alignas(16))

o 15% overall performance boost
Overall 26x speedup at present
Archive paper && Gordon bell finalist in
2021

BERKELEY LAS


https://arxiv.org/abs/2011.12875

SNAP learnings :

e Kernel fission and fusion e Transpose of data structures to switch
o Fission - Reduce register pressure to between row-major and column major in
improve occupancy between kernels
- me

o Incre Perfectlon s the enemy of Good

e Data layout optimizations 128 bit load/store operations
o Row major - Beneficial on CPUs as it o Complex-double datatype (C++
avoids false sharing in caches alignas(16))
o  Column major - Beneficial on GPUs as o  15% overall performance boost
it improves memory Coalescing e Overall 26x speedup at present
e Scratch memory e Archive paper && Gordon bell finalist in
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https://arxiv.org/abs/2011.12875

Containers
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What is a container?

e A container is similar in purpose to a virtual machine (VM), providing encapsulation
for a software application and its runtime environment.

e Implementation differs. Containers use the host linux kernel instead of virtualizing
hardware, so they are lightweight compared to VMs.

e Linux Containers rely on kernel features, and are inherently Linux based.

Containerized Applications Virtual Machine | | Virtual Machine | | Virtual Machine

- - -
Container Virtual machine
Guest Guest Guest
Operating Operating Operating
System System System

Host Operating System

Infrastructure

Image from
https://www.docker.com/resour
ces/what-container/
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https://www.docker.com/resources/what-container/
https://www.docker.com/resources/what-container/

What is a container?

e A container is similar in purpose to a virtual machine (VM), providing encapsulation
for a software application and it’s runtime environment.

e Implementation differs. Containers use the host linux kernel instead of virtualizing
hardware, ¢ hata Day 2022 (nersc.gov)

e Linux Contaiiers ey v kerner ieawies, anu are mineirenuy Linux based.

Containerized Applications Virtual Machine | | Virtual Machine | | Virtual Machine

- - -
Container Virtual machine
Guest Guest Guest
Operating Operating Operating
System System System

Host Operating System

Infrastructure

Image from
https://www.docker.com/resour
ces/what-container/
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https://www.docker.com/resources/what-container/
https://www.docker.com/resources/what-container/
https://www.nersc.gov/users/training/data-day/data-day-2022/#:~:text=NERSC%20is%20rebooting%20its%20data,for%20scientific%20computing%20on%20Perlmutter.

Docker

Widely used container software
Write Dockerfile

Build image once

Run multiple times

2%, U.S. DEPARTMENT OF Offlce of
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Podman

Podman (Pod Manager) is an open-source, OCl-compliant container framework
Actively developed by Red Hat.

Podman can be treated as a drop-in replacement for Docker.

podman-hpc is a special wrapper that so far is only at nersc
O  podman-hpc docs
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https://docs.nersc.gov/development/podman-hpc/overview/

Dockerfile

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/ 23/1pam-2023/dockerfile> cat

=

docker.io/nvidia/cuda:11.7.0-devel-ubuntu20.04
/opt

noninteractive

u s WwN

\

apt-get update &\

apt-get install --yes \
--no-install-recommends \
build-essential \
python3-dev \
gfortran \

o N o

SHte]

git \

wget && \
apt-get install -y python3-pip && \
apt-get clean all

~

\

cd /home && \

git clone https://github.com/rgayatri23/ipam-2023.git && \
cd ipam-2023 && \

cd container && \

nvcc -03 -std=c++11 -0 main.ex main.cu && \

./main.ex

= =
wWN = W o

N NN NN

N

23/1ipam-2023/dockerfile>

N
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Podman build

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/ -2023/1ipam-2023/dockerfile> cat

docker.io/nvidia/cuda:11.7.0-devel-ubuntu20.04
/opt

noninteractive

python3-dev \

gfortran i\

git \

wget && \

apt-get install -y python3-pip && \
apt-get clean all

cd /home && \

git clone https://github.com/rgayatri23/ipam-2
cd ipam-2023 && \

cd container && \

nvcc -03 -std=c++11 -0 main.ex main.cu && \

./main.ex
B B ——————

|
|
|
|
|
|
|
| \
|
|
|
|
|
|

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/ /ipam-2023/dockerfile>

N
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Podman images

podman-hpc images

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/

localhost/ipam2023

docker.io/nvidia/cuda

-2023/1pam-2023/dockerfile> podman-hpc images

cudall.?” d7f1fc033488 17 hours ago 5.04

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/

.S. DEPARTMENT OF

Office of
54
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11.7.0-devel-ubuntu20.04 f441d4635450 3 months ago 4.86

-2023/1pam-2023/dockerfile>

A
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Podman run

rgayatri@perlmutter:login23:/pscratch/sd/r/rgayatri/IPAM-2023> podman-hpc run --rm --gpu -it ipam2023:cudall.7 /bin/bash

pOd man-h pC run \ CUDA Version 11.7.0

Container image Copyright (c) 2016-2022, NVIDIA CORPORATION & AFFILIATES. All rights reserved.

--rl I l --g p u \ This container image and its contents are governed by the NVIDIA Deep Learning Container License.

By pulling and using the container, you accept the terms and conditions of this license:

N . 2 02 3 . d 1 1 7 \ https://developer.nvidia.com/ngc/nvidia-deep-learning-container-1license
-It Ipam :cudaii.

A copy of this license is made available in this container at /NGC-DL-CONTAINER-LICENSE for your convenience.

H Kook kkk Ak KKk kKKK Xk KKKk
In aS ** DEPRECATION NOTICE! **

Kkkkkkkkkkkkkkkkkkkkkkkkk

THIS IMAGE IS DEPRECATED and is scheduled for DELETION.
https://gitlab.com/nvidia/container-images/cuda/blob/master/doc/support-policy.md

root@f5ded3c7f395:/opt# cd /home/ipam-2023/container/
root@f5ded3c7f395:/home/ipam-2023/container# ./main.ex
cl[0] - expected 2

expected 6

expected 12

expected 20

expected 30

expected 42

expected 56

expected 72

expected 90
c[9] = expected 110
root@f5ded3c7f395:/home/ipam-2023/container#

~
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E4S NeF

e EA4S - Extreme-scale Scientific Software Stack

e Curated software stack based on spack

e Tested on multiple platforms and in docker environments

e \We only test with PrgEnv-gnu currently

module load e4s lammps

Office of
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https://docs.nersc.gov/applications/e4s/

Summary

Y 4i

® Compile MPI + GPU codes
o CUDA/ OpenMP / OpenACC

® Pass device pointers to MPI routines

® A wide variety of softwares available for usage
® Documentation is good/up-to-date

® Documentation on good programming practices

® Containers to build once and use multiple times
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Thank You
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