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Talk by Johannes and Bjoern

• Multiple methods to login

• ssh

• NoMachine

• File systems

• HOME

• SCRATCH

• CFS

• HPSS

• Job submission

• Thread/process affinity

• Bundle jobs

• Query a job status

• Workflow tools

• Superfacility API
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Talk by Evan

● C++ sample code

○ OpenMP

■ OpenMP target (offload)

○ OpenACC

○ CUDA

● MPI + CUDA

● Kokkos
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As soon as you login

*Logging into the system : Covered by Johannes
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In your environment
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Modules Environment
● Modules are used to manage the user environment

○ https://docs.nersc.gov/environment/#nersc-modules-environment
module 

list To list the modules in your environment

avail 

avail -S

To list available modules
     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:  $module help
Information about a module: $ module help PrgEnv-cray

*Slide courtesy Helen (2020 NERSC Training)

https://docs.nersc.gov/environment/#nersc-modules-environment


Default Programming Environment
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Compile simple code (GNU)

C++     : g++ main.cpp

C          : gcc main.c

Fortran : gfortran main.F90
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main.cpp



Multiple PrgEnv

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

CC   : C++ code
cc    : C code
ftn    : Fortran code 
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Compile simple code (Wrapper)

C++     : CC main.cpp
C          : cc main.c
Fortran : ftn main.F90
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main.cpp



Compile MPI code
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C++     : CC main.cpp
C          : cc main.c
Fortran : ftn main.F90

main.cpp



Software Environment (Summary)
● Available compilers: GNU, NVIDIA, AOCC, Cray

● Use compiler wrappers to build.  It calls native compilers for each compiler (such as ifort, mpiicc, 

etc.) underneath. 

○ Do not use native compilers directly.

○ ftn for Fortran codes:  ftn my_code.F90

○ cc for C codes: cc my_code.c

○ CC for C++ codes: CC my_code.cc

● Compiler wrappers add header files and link in MPI and other loaded Cray libraries by default

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

*Slide courtesy Helen (2020 NERSC Training)
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GPU programming frameworks
CUDA, OpenMP, OpenACC
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GPU node

*Figure courtesy Johannes (IPAM - 2023)

1 AMD Milan CPU         - Host

4 NVIDIA A100 GPUs   - Device
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Nvlink-3  : 50 Gbit/s
PICe-G4 : 16 GT/s



  

CUDA
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CUDA module
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CUDA - Native programming model for NVIDIA GPUs
nvcc    - cuda compiler



Compile CUDA (separate files)
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main.cu

CUDA 
compiler

PrgEnv-GNU
main.cpp

nvcc     -O3 -o main.ex main.cpp main.cu



Compile CUDA (same file)

CUDA kernel

kernel call

CUDA code 
in cpp file

PrgEnv-GNU
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main.cppnvcc     --x cu   -O3 -o main.ex main.cpp

CUDA 
compiler



Compile CUDA (same file)
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main.cpp

PrgEnv-NVIDIA

CUDA code 
in cpp file

nvc++     --x cu   -O3 -o main.ex main.cpp

CUDA 
compiler

CC



  

OpenMP
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OpenMP

● Traditionally for CPUs

● GPU directives from OpenMP standard 4.0

○ `target` keyword

● Current standard -  5.2

● Enjoys support across multiple vendors 

○ At Least on CPUs ;-) 
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OpenMP CPU

_OPENMP :  compiler macro 

GNU, Cray, AOCC
CC -O3 -fopenmp -o main.ex main.cpp

NVIDIA
CC -O3 -mp -o main.ex main.cpp
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OMP_NUM_THREADS



OpenMP CPU (summary)

Module Compiler Flags

PrgEnv-gnu GCC -fopenmp

PrgEnv-aocc llvm -fopenmp

PrgEnv-cray CC -fopenmp

PrgEnv-nvidia nvc++ -mp

PrgEnv-intel icpx -fiopenmp

PrgEnv-llvm clang++ -fopenmp

CC = compiler
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OpenMP GPU
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OMP_NUM_TEAMS
OMP_NUM_THREADS

Cray
CC -O3 -fopenmp -o main.ex main.cpp

NVIDIA
CC -O3 -mp=gpu -o main.ex main.cpp

LLVM (NPE)
clang++ -O3 -fopenmp 
--offload-arch=sm_80 -o main.ex 
main.cpp



OpenMP GPU (summary)
Module Compiler Flags (offload to GPUs)

PrgEnv-cray CC -fopenmp

PrgEnv-nvidia CC/nvc+
+

-mp=gpu

PrgEnv-llvm
NPE - NERSC 
Documentation

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

module load llvm/16

module load llvm/nightly
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https://docs.nersc.gov/development/compilers/npe/
https://docs.nersc.gov/development/compilers/npe/


  

OpenACC
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OpenACC directives
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Cray
Only fortran

NVIDIA
CC -O3 -acc -o main.ex main.cpp



OpenACC

Module Compiler Flags (offload to GPUs)

PrgEnv-nvidia CC/nvc++ -acc

Module Compiler Flags (CPU)

PrgEnv-nvidia CC/nvc++ -acc=multicore
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MPI+CUDA
MPI

CUDA
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MPI+CUDA
MPI

CUDA

PrgEnv-gnu
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nvcc   -ccbin CC   --x cu -O3 -o main.ex main.cpp

CUDA 
compiler

Host 
compiler



MPI+CUDA
MPI

CUDA

PrgEnv-nvidia
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 CC   --x cu -O3 -o main.ex main.cpp

Compiler 
wrapper



MPI+OpenMP (GPU)

CC -mp=gpu -O3 -o main.ex main.cpp

PrgEnv-nvidia

CC -fopenmp -O3 -o main.ex main.cpp
PrgEnv-cray
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MPI+OpenMP (GPU)
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 clang++ -fopenmp --offload-arch=sm_80    \
-I$CRAY_MPICH_PREFIX/include                  \
-L$CRAY_MPICH_PREFIX/lib -lmpi               \
$PE_MPICH_GTL_DIR_nvidia80                     \
$PE_MPICH_GTL_LIBS_nvidia80                     \
-O3 -o main.ex main.cpp

PrgEnv-gnu + llvm/16 + cray-mpich



MPI + X 

OpenACC

OpenMP

CUDA
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Portability Frameworks / Softwares
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Portability Frameworks
● Kokkos

○ CUDA (nvcc,nvc++) 
○ OpenMPTarget (llvm,nvc++)

● RAJA 
○ CUDA (-DCUDA_TOOLKIT_ROOT_DIR=path/to/cuda/toolkit -DCMAKE_CUDA_COMPILER=path/to/nvcc)
○ OpenMP target

● HIP
○ module load hip/5.3.2 

● SYCL 
○ SYCL - NERSC Documentation
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https://docs.nersc.gov/development/programming-models/sycl/


Softwares available
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CUDA
● Math libs
● CUPTI



Softwares available
● FFTW

○ cray-fftw , cufft

● BLAS
○ cublas

● 3rd party softwares
○ Picture ->
○ LAPACK
○ LIBSCI
○ LAMMPS
○ VASP
○ Julia
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Machine Learning
● PyTorch

● Tensorflow
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CUDA-AWARE MPI
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Concept
● MPI is aware of GPU memory being allocated inside a process

● Programmer can use pointers to GPU device memory in MPI buffers

● MPI implementation will correctly copy the data in GPU device memory to/from the network 

interface card's (NIC's) memory

○ implicitly copying the data first to host memory and then copying the data from host 

memory to the NIC

○ in hardware which supports GPUDirect RDMA, the data will be copied directly from the 

GPU to the NIC, bypassing host memory altogether

● Always on by default
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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 



  

Case Studies
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NESAP learnings
● NESAP - NERSC Exascale Science Applications Program - NESAP

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

○ Collaborate with code teams to prepare them for exascale machines 

● GPU case studies

● Some learnings from engagements with ECP teams
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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
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● Kernel fission and fusion

○ Fission - Reduce register pressure to 

improve occupancy

○ Fusion - Improve AI

● Increase parallelism by loop fusions

● Data layout optimizations

○ Row major - Beneficial on CPUs as it 

avoids false sharing in caches

○ Column major - Beneficial on GPUs as 

it improves memory Coalescing 

● Scratch memory

● Transpose of data structures to switch 

between row-major and column major in 

between kernels

○ Transpose - 0.2% of the runtime

○ 20% net performance boost

● 128 bit load/store operations

○ Complex-double datatype (C++ 

alignas(16))

○ 15% overall performance boost

● Overall 26x speedup at present 

● Archive paper && Gordon bell finalist in 

2021

https://arxiv.org/abs/2011.12875


SNAP learnings
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● Transpose of data structures to switch 

between row-major and column major in 

between kernels

○ Transpose - 0.2% of the runtime

○ 20% net performance boost

● 128 bit load/store operations

○ Complex-double datatype (C++ 

alignas(16))

○ 15% overall performance boost

● Overall 26x speedup at present 

● Archive paper && Gordon bell finalist in 

2021

● Kernel fission and fusion

○ Fission - Reduce register pressure to 

improve occupancy

○ Fusion - Improve AI

● Increase parallelism by loop fusions

● Data layout optimizations

○ Row major - Beneficial on CPUs as it 

avoids false sharing in caches

○ Column major - Beneficial on GPUs as 

it improves memory Coalescing 

● Scratch memory

Perfection is the enemy of Good

https://arxiv.org/abs/2011.12875


  

Containers

47



  
48

What is a container?
● A container is similar in purpose to a virtual machine (VM), providing encapsulation 

for a software application and its runtime environment.

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

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

Container Virtual machine

Image from 
https://www.docker.com/resour

ces/what-container/

*Slide courtesy Daniel Fulton (2022 NERSC DATA Day) 48

https://www.docker.com/resources/what-container/
https://www.docker.com/resources/what-container/
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What is a container?
● A container is similar in purpose to a virtual machine (VM), providing encapsulation 

for a software application and it’s runtime environment.

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

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

Container Virtual machine

Image from 
https://www.docker.com/resour

ces/what-container/

*Slide courtesy Daniel Fulton (2022 NERSC DATA Day)

Data Day 2022 (nersc.gov)
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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
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Podman
● Podman (Pod Manager) is an open-source, OCI-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
○ podman-hpc docs
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https://docs.nersc.gov/development/podman-hpc/overview/


Dockerfile
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Podman build
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 podman-hpc build -t ipam2023:cuda11.7 path-to-dockerfile



Podman images

 podman-hpc images
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Podman run
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 podman-hpc run            \
  --rm --gpu                     \
  -it ipam2023:cuda11.7   \
  /bin/bash



E4S 
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● E4S -  Extreme-scale Scientific Software Stack 

● Curated software stack based on spack

● Tested on multiple platforms and in docker environments

● We only test with PrgEnv-gnu currently

module load e4s lammps

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


Summary
● Compile MPI + GPU codes

○ 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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