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A LONG TIME AGO &

Discussions and 

plannings for HPC 

systems funded

directly by European 

Commission

2015 2016 2017 2018 2019 2020 2021

EuroHPC Established

17.12.2021

Gauss Centre for

Supercomputing

Smart Scaling

Strategy Developed

Exascale for JSC, 

HLRS and LRZ

Datacenter Studies and Campus Preparation planning

" New Datacenter planning, especially cooling/electricity

" Cost estimates

" New Grid connection and transformator station plannings



JUPITER

" ParTec/Eviden Supercomputer Consortium

" Implementing Modular Supercomputing Architecture

" JUPITER Booster: High scalability; 1 EFLOP/s HPL, >70 EFLOP/s FP8

" JUPITER Cluster: High versatility; 0.5 B/FLOP balance

" Network: 200/400 Gigabit NVIDIA Mellanox InfiniBand NDR

" Storage: 29 PB Flash + 310 PB Spinning + Tape

" 17 MW Linpack Power Consumption

" Direct Liquid Cooled to enable heat-reuse

BullSequana XH3000; DLC
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SYSTEM DETAILS



JUPITER MODULES

JUPITER Booster

" ~125 Racks BullSequana XH3000

" Node design

" ~6000 nodes

" 4× NVIDIA CG1 per node

" CG1: NVIDIA Grace-Hopper

" 72 Arm Neoverse V2 cores

(4×128b SVE2); 120 GB LPDDR5

" H100 (132 SMs); 96 GB HBM3

" NVLink C2C (900 GB/s)

JUPITER Cluster

" ~14 Racks BullSequana XH3000

" Node design

" ~1300 nodes

" 2× SiPearl Rhea1 per node

" Rhea1

" 80 Arm Neoverse V1 cores

(2×256b SVE)

" 256 GB DDR5,

64 GB HBM2e
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JUPITER 3 BOOSTER COMPUTE NODE ARCHITECTURE

" ARM Neoverse V2

" SVE2/NEON (4x 128 bit vector op)

" 72 cores @ ~2.4GHz (~3.2 GHz turbo)

" 120 GB LPDDR5X (8 channels)

" g450 GB/s

" ~150 ns latency

" H100

" ~50 TFLOP/s (HPL single GPU)

" 96 GB HBM3

" 4000 GB/s

" ~450 ns latency

" 4× NVIDIA Grace-Hopper in SXM5 Board (4× 680W)

" 4× NVIDIA InfiniBand NDR200

" 480 GB LPDDR5X / 360 GB HBM3 (usable)

" NVLink 4

" GPU-GPU 150 GB/s per dir, CPU-GPU 450 GB/s per dir, CPU-CPU 100 GB/s per dir

" CG4 Motherboard (4× CG1 GH module + 4× CX7 HCA assembly)

" All NVIDIA, except the BMC

Node Specs

CPU Specs GPU Specs
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NODE COMPARISON
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ORNL

JSC

NODE COMPARISON

" JUWELS Booster: 2× CPU, 4× GPU, 4× IB

" JUPITER Booster: 4× CPU+GPU, 4× IB

" Frontier: 1× CPU, 4×(2× GPU), 4× Slingshot

" Aurora: 2× CPU, 6× GPU, 8× Slingshot

" El Capitan: 4× APU

Argonne
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JUPITER 3 CLUSTER COMPUTE NODE ARCHITECTURE

" ARM Neoverse V1 Zeus

" 2 x 256 SVE per core

" 2.5 GHz (~3.0 GHz turbo)

" 64 GB HBM2e per Socket

" 1.64 TB/s

" 256 GB DDR5 

" PCIe Gen5

" 2× SiPearl Rhea1

" 1× NVIDIA InfiniBand NDR200

" 512 GB DDR5 (36 nodes with 1024 GB)

" CCIX

Node Specs

CPU Specs



JUPITER 3 STORAGE (SCRATCH)

" Gross Capacity: 29 PB; Net Capacity: 21 PB

" Bandwidth: 2.1 TB/s Write, 3.1 TB/s Read

" 20× IBM SSS6000 Building Blocks (40 servers)

" 2× NDR400 per server

" 48× 30 TB NVMe drives per block

" IBM Storage Scale (aka Spectrum Scale/GPFS)

" Manager and Datamover Nodes

" Exclusive for JUPITER

" Integrated into InfiniBand fabric

P
re

lim
in

a
ry

 n
u

m
b

e
rs

, 
m

ig
h

t 
c
h

a
n

g
e

 d
u

ri
n

g
 i
n

s
ta

lla
ti
o

n

20×

Page 13



JUPITER 3 STORAGE (EXASTORE)

" Gross Capacity: 308 PB; Net Capacity: 210 PB

" Bandwidth: 1.1 TB/s Write, 1.4 TB/s Read

" 22× IBM SSS6000 Building Blocks (44 servers)

" 2× NDR200 per server

" 7× JBOD enclosures, each with 91x 22 TB Spinning Disks per block

" IBM Storage Scale (aka Spectrum Scale/GPFS)

" Manager and Datamover Nodes

" Exclusive for JUPITER

" Integrated into InfiniBand fabric

In kind contribution from JSC, not part of the JUPITER procurement
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JUPITER 3 INTERCONNECT
One Network to Rule Them All
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JUPITER 3 INTERCONNECT
One Network to Rule Them All

NDR

NDR200

L2 switches 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16

L1 switches 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Nodes



JUPITER 3 INTERCONNECT
One Network to Rule Them All

Cluster module switch Booster module switch

Booster node Flash storage node

Misc node NDR link

ch Admin module switch Cluster node

Gateway node Storage node

NDR200 link



STATUS



POWER TRANSFORMER SUBSTATION AND LINES
Upgrade of transformers 110 kV / 35 kV from 2 x 40 MVA to 2 x 60-80 MVA and upgrade 110kV power line 



MODULAR DATA CENTER FOR JUPITER

" Vendor: Eviden

" Area: ~2300 m2

" 1× Datahall (storage, management)

" 7× IT modules (20 racks per module)

" UPS, generator

" Entrance area

" Workshop, warehouse

" 15 × 2.5 MW power stations



MODULAR DATA CENTER FOR JUPITER



CONCRETE FOUNDATION

Page 22



CONCRETE FOUNDATION
Construction of concrete slab 85 m x 42 m x 0.5 m



CONCRETE FOUNDATION
Construction of concrete slab 85 m x 42 m x 0.5 m



MDC SHIPMENT START
10./11.9.2024
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DATAHALL ARRIVAL
28.10.2024

Page 26



JUPITER INSTALLATION IN ANGERS (EVIDEN FACTORY)

" 10 XH3000 racks, 480 nodes

" Hardware tests and benchmark preparation

" JUPITER Management Server preparation

" Afterwards

" Integration into containers

" Shipment to Jülich

" <Plug in and run=



APPLICATIONS



APPLICATIONS FOR THE JUPITER PROCUREMENT

" Selection criteria

" Current workload

" Future workload

" Relevance

" Balance with other applications

" Domains

" Programming models

" Programming languages

" Profile

" High Scalability up to Exascale

Benchmarks Overview

16 application benchmarks (4 de-selected
for actual procurement)
Cross-section of domains andmethods,
3 AI
7 synthetic benchmarks
Some patterns from 7 Dwarfs

•
De

ns
e
LA

•
Sp

ar
se

LA

•
Sp

ec
tr
al

•
Pa

rt
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le

•
St
ru
ct
ur
ed

Gr
id

•
U
ns
tr
uc
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re
d
Gr
id

•
M
on

te
Ca

rlo

Benchmark Domain Dwarfs
Amber* MD • •

Arbor Neurosci. • • •

Chroma-QCD QCD • • •

GROMACS MD • •

ICON Climate • •

JUQCS QC •

nekRS CFD • • •

ParFlow* Earth Sys. • •

PIConGPU Plasma • •

Quantum Espresso Materials Sci. • • •

SOMA* Polymer Sys. • •

MMoCLIP AI (MM) •

Megatron-LM AI (LLM) •

ResNet* AI (Vision) •

DynQCD QCD • • •

NAStJA Biology • •

Graph500 Graph Graph Traversal (D. 9)
HPCG CG •

HPL LA •

IOR Filesys. Input/Output
LinkTest Network P2P, Topology
OSU Network Message Exchange, DMA

STREAM Memory Regular Access
Member of the Helmholtz Association 2 October 2024 Slide 16 29
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APPLICATIONS FOR THE JUPITER PROCUREMENT

" Selection criteria

" Current workload

" Future workload

" Relevance

" Balance with other applications

" Domains

" Programming models

" Programming languages

" Profile

" High Scalability up to Exascale

Booster Cluster MSA

Benchmark GPU
GPU

High-Scale
CPU CPU

Arbor 7 7

Chroma 7 7

Gromacs 7

ICON 7

JUQCS 7 7 7

nekRS 7 7

ParFlow 7

PIConGPU 7 7

Quantum ESPRESSO 7

AI-MMoCLIP 7

AI-NLP 7

dynQCD 7

NAStJA 7

Graph500 7

HPCG 7 7

HPL 7 7

IOR 7 7

LinkTest 7 7 7

OSU 7 7 7

STREAM 7 7
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EVALUATION

" Criteria

" Requirements to project planning, etc.

" Technical requirements to overarching design and details

" Performance of applications, benchmarks

" Total cost of ownership (TCO): How much science for money

" Further categories (Synthetic Benchmarks, High-Scaling Applications)

" Quantified evaluation

Page 31
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PAPER AT SC24

00 Month 2018 Page 32

" Paper for Technical Program at SC24

" All benchmarks released as open source

à https://github.com/FZJ-JSC/jubench 

(meta-repo)

" Results, discussions, experiences, &

Application-Driven Exascale: The JUPITER
Benchmark Suite

Andreas Herten , Sebastian Achilles , Damian Alvarez , Jayesh Badwaik , Eric Behle , Mathis Bode ,
Thomas Breuer , Daniel Caviedes-Voullième , Mehdi Cherti , Adel Dabah , Salem El Sayed ,

Wolfgang Frings , Ana Gonzalez-Nicolas , Eric B. Gregory , Kaveh Haghighi Mood , Thorsten Hater ,
Jenia Jitsev , Chelsea Maria John , Jan H. Meinke , Catrin I. Meyer , Pavel Mezentsev , Jan-Oliver Mirus ,

Stepan Nassyr , Carolin Penke , Manoel Römmer , Ujjwal Sinha , Benedikt von St. Vieth , Olaf Stein ,
Estela Suarez , Dennis Willsch , Ilya Zhukov

Jülich Supercomputing Centre

Forschungszentrum Jülich

Jülich, Germany
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GH200 TEST NODES

" GH200 Prototype

" 2× Grace-Hopper superchips

" 1 Grace CPU (72 cores), 480 GB LPDDR5X RAM

" 1 H100 GPU

" TDP 700-1000 W

" Slightly different variant compared to JUPITER node 

design

Page 33



ENABLEMENT: JEDI, JUREAP

"   JEDI: JUPITER test system

" 48 nodes; JUPITER design

�  Top 1 Green500!

" Usage

" System management preparations

" Application porting

" JUREAP; Research and Early Access Program

Page 34

Top 1 Green500!



Foto von Robert Wiedemann auf Unsplash

JUPITER Research and Early Access Program

JUREAP

Seeding Exascale in Europe!

jureap@fz-juelich.de " https://www.fz-juelich.de/en/ias/jsc/jupiter/jureap

mailto:jureap@fz-juelich.de
https://www.fz-juelich.de/en/ias/jsc/jupiter/jureap


OVERVIEW

Seite 36

Timeline

Phase 1: Scalability and Performance Evaluation Phase (SPEP)
Phase 2: Porting and Optimizing Phase (POP)
Phase 3: Outstanding Research Phase (ORP)

11/2023
Start of JUREAP

H1/2024
Start of the Scalability and 
Performance Evaluation 

Phase (SPEP)
Open to all applications 

(close 7.10.)

H2/2024
Start of Porting and 

Optimizing Phase (POP)
~20 Lighthouse Applications

H1/2025
Start of Outstanding 

Research Phase (ORP)
~20 Lighthouse Applications

10/2025
End of JUREAP

H2/2024
Light Track for non-

Lighthouse Applications

Finish installation of JUPITER 
(Booster Module)

Start installation of 
JUPITER (Booster Module)

Current state:

" GCS Exascale Pioneer Call just closed

" Evaluations ongoing

" Light Track in parallel



GPU STREAM

Page 37

https://github.com/AndiH/CUDA-Cpp-STREAM



NCCL TESTS (GPU-GPU)
By Javad Kasravi / JSC

Page 38



MPTRAC

" Lagrangian particle dispersion model: 

atmospheric transport processes 

(troposphere/stratosphere)

à volcanic emissions

" Continuously optimized for GPUs

Recently: Significant speedup on A100

" First test on GH200

By Lars Hoffmann / JSC

Page 39
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Physics Data Transfers I/O and rest

See also GTC talk by Mathias Wagner

https://www.nvidia.com/en-us/on-demand/session/gtc24-s62337/


FIRST GPU EXPERIENCES (H100)

Page 40

LQCD benchmark: Great mem utilization
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Peak HBM Bandwidth

Peak HBM Bandwidth

Peak HBM Bandwidth

Peak HBM Bandwidth

0.0 B 53.8 MB 860 MB 4.35 GB 13.8 GB 33.6 GB

LLM benchmark: >2× vs A100

MPTRAC: >2× vs A100
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Physics Data Transfers I/O and rest

MAELSTROM AP1: >6× energy efficiency vs. A100

ChASE: >2× vs. A100 
across all solvers

ICON: 1.6× vs. A100 in 
first benchmark (R2B4)

nekRS: 2.1× vs. A100 
for RBC benchmark

Arbor: 1.97× vs. A100 
for Busyring benchmark

JUQCS: 2.6× vs. A100 
for 31 Qubits



FIRST CPU INVESTIGATIONS (GRACE)

" Focus mostly on GPU currently

" Some first results on Grace hardware

³Very competitive performance, especially wrt TDP (but still early)

Page 41

JUQCS: 1.35× vs. EPYC Rome 
7402 for 31 Qubits (2×24 cores)

DynQCD: 1.5× vs. EPYC 
Rome 7742 (2×64 cores)
" Best: Grace-Clang, ACfL
" Slightly worse: GCC

" Investigating FMLA 
instructions

" (Auto-Vectorization works 
well!)

NAStJA:

" 2.3× vs. EPYC Rome 7402 
(2×24 cores)

" 5.6× vs Intel Skylake 8168 
(2×24 cores)

FLEUR:

" 1.2× vs. Intel Skylake 8168 
(2×24 cores, 400 W TDP)

" 0.8× vs. EPYC Rome 7742 
(2×64 cores, 450 W TDP)

" 1.5× vs. Intel SPR-HBM

(2×32 cores,
700 W TDP)



NVIDIA GH200
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NVIDIA GH200
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" <Superchip=: CPU and GPU in a package

" 4 × CPU: NVIDIA Grace, 72 cores (4×128b SVE2): ~ 3.6 TFLOP/s FP64; 

120 GB 500 GB/s (L1: 64 kB+64 kB; L2: 1 MB; L3 (shared) 117 MB)

" 4 × GPU: NVIDIA Hopper, 132 multiprocessors (128 cores): ~60 TFLOP/s 

FP64; 96 GB 4000 GB/s (L1: 256 kB; L2 (shared) 60 MB)

" Memory-consistent connections: CPU-GPU (900 GB/s), GPU-GPU (300 

GB/s), CPU-CPU (200 GB/s); NUMA domains accessible

" Package: 680 W shared for CPU+GPU; currently, CPU-focused (max 

300 W)
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CPU VS. GPU
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CPU GPU



CPU VS. GPU
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CPU GPU H100

Photo by Anthony Ketland on UnsplashPhoto by Shearings Holidays on FlickrPhoto by Mark Lee on Flickr

https://unsplash.com/de/@anthonyketland?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash
https://unsplash.com/de/fotos/ein-mann-steht-auf-einem-kleinen-boot-im-wasser-neben-einem-grossen-kreuzfahrtschiff-ZnyIunCZSso?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash
https://www.flickr.com/photos/shearings/13583388025
https://www.flickr.com/photos/pochacco20/39030210/


CPU VS. GPU

ALUALU
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Control
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CPU GPU
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DRAM

CPU GPU

PCIe 4:
32 GB/s



CPU VS. GPU

ALUALU
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Control

Cache

DRAM

Page 49

DRAM

CPU GPU

PCIe 5:

64 GB/s

PCIe 4:
32 GB/s



CPU VS. GPU

ALUALU

ALU ALU
Control

Cache

DRAM
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DRAM

CPU GPU

NVLink C2C:

900 GB/s

14×



MEMORY

" Physically-different memory spaces

" Transfer memory via CPU-GPU bus

à Bottleneck

Page 54
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MEMORY

" Physically-different memory spaces

" Transfer memory via CPU-GPU bus

à Bottleneck

" Transfer: Manual or automatic

Manual: Explicit API methods to move data (in bulk) at well-defined program locations

Automatic: Allocate memory with capable APIs à transfer on demand

" Different levels of automatic-ness

" Different overheads

" GH200: Most converged Unified Memory implementation (hardware, software)

Page 55
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GPU OPERATION MODE

Page 56

" Load data to GPU memory

" Load instructions to scheduler

" Execute on multiprocessor

" Retrieve data from GPU memory

Processing Flow
CPU GPU CPU

CPU

CPUMemory

Scheduler

. . .

Interconnect

L2

DRAM

1 Transfer data from CPU memory to GPU memory

, transfer
program

2 Load GPU program, execute on SMs, get (cached) data from
memory; write back

3 Transfer results back to host memory

Member of the Helmholtz Association 29 October 2024 Slide 12 36



GPU OPERATION MODE

Page 57

" Load data to GPU memory

" Load instructions to scheduler

" Execute on multiprocessor

" Retrieve data from GPU memory

" Operation method:

Single Instruction, Multiple Threads

" Mental model: operate with threads on

individual data elements

" Parallel function: kernel<<<,>>>

" Kernel executed on multiprocessor

Processing Flow
CPU GPU CPU

CPU

CPUMemory

Scheduler

. . .

Interconnect

L2

DRAM

1 Transfer data from CPU memory to GPU memory

, transfer
program

2 Load GPU program, execute on SMs, get (cached) data from
memory; write back

3 Transfer results back to host memory

Member of the Helmholtz Association 29 October 2024 Slide 12 36

Flynn9s Taxonomy

Michael Flynn (1966/1972): classification of
computer architectures
Define by number of instructions operating on
data elements
Single
Multiple

Instruction
Data

SISD Single Instruction, Single Data
MISD Multiple Instructions, Single Data
SIMD Single Instruction, Multiple Data
MIMD Multiple Instructions, Multiple Data
SIMT Single Instruction, Multiple Threads
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THREAD EXECUTION

Page 58

" Explicit for loop à implicit threads

" CPU Core g GPU Multiprocessor

" 32 threads execute in lock-step 

(AMD: 64)

" Overlap compute, transfer

" è Expose parallelism in code

Kernel Conversion
Summary

C function with explicit loop
void scale(float scale, float * in, float * out, int N) {

for (int i = 0; i < N; i++)
out[i] = scale * in[i];

}
CUDA kernel with implicit loop
__global__ void scale(float scale, float * in, float * out, int N) {

int i = threadIdx.x + blockIdx.x * blockDim.x;
if (i < N)

out[i] = scale * in[i];
}

Member of the Helmholtz Association 8 April 2024 Slide 51 71

Kernel Conversion
Summary

C function with explicit loop
void scale(float scale, float * in, float * out, int N) {

for (int i = 0; i < N; i++)
out[i] = scale * in[i];

}
CUDA kernel with implicit loop
__global__ void scale(float scale, float * in, float * out, int N) {

int i = threadIdx.x + blockIdx.x * blockDim.x;
if (i < N)

out[i] = scale * in[i];
}

Member of the Helmholtz Association 8 April 2024 Slide 51 71



GPU BLOCK DIAGRAM
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" Shared L2 Cache
" Building blocks: multiprocessors (80)
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" Shared L2 Cache
" Building blocks: multiprocessors (80)

Compute elements for FP64, 
FP32, Int, Matrix
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" Shared L2 Cache
" Building blocks: multiprocessors (80)

Compute elements for FP64, 
FP32, Int, Matrix

V100



GPU BLOCK DIAGRAM
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" 108 multiprocessors
" 1.48 GHz (before: 1.53 GHz)

TC (FP64): 64 FMAs / cyc
A100



GPU BLOCK DIAGRAM

Page 63

" 132 multiprocessors (PCIe: 114)
" 1.83 GHz

TC (FP64): 2×64 FMAs / cyc
H100
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PERFORMANCE

" Performance is a matter of precision, type of compute

" Sparsity: 2x

Page 66

FP64 (Vec) FP64 (Matrix) FP32* (Matrix) FP16 (Matrix) Memory

TFLOP/s TB/s

A100 9.7 19.5 156 312 1.6

H100
33.5 67 495 989

3.3

GH200 4

MI300X 82 163 654 1307 5.3
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AMD MI300A, MI300X

" AMD9s current flagship GPU

" Two variants

" MI300X: Classical GPU; 128 GB HBM3

" MI300A: APU with integrated CPU chiplet 

(Zen4, 24 cores); 192 GB HBM3

00 Month 2018 Page 69

MI300X MI300A



AMD MI300A, MI300X

" AMD9s current flagship GPU

" Two variants

" MI300X: Classical GPU; 128 GB HBM3

" MI300A: APU with integrated CPU chiplet 

(Zen4, 24 cores); 192 GB HBM3

00 Month 2018 Page 70

MI300X MI300A



NVIDIA BLACKWELL GPU

" Latest NVIDIA GPU, shipping soon#

" Grace-Blackwell GB200: 1 Grace, 2 Blackwell

" Blackwell: Fused GPU pair

Page 71

FP64 (Vec) FP64 (Matrix) FP32* (Matrix) FP16 (Matrix) Memory

TFLOP/s TB/s

A100 9.7 19.5 156 312 1.6

H100
33.5 67 495 989

3.3

GH200 4

B100 45 45 1250 2500 8?

MI300X 82 163 654 1307 5.3



PROGRAMMING GPUS

" Many programming models for GPUs, CPUs

" Different levels of abstraction, portability, performance-attainability, open-ness

Page 72

Many Cores, Many Models SC-W 2023, November 12317, 2023, Denver, CO, USA

Many Cores, Many Models: GPU Programming Model vs. Vendor
Compatibility Overview

Andreas Herten
Forschungszentrum Jülich

Jülich Supercomputing Centre
Jülich, Germany

a.herten@fz-juelich.de

ABSTRACT
In recent history, GPUs became a key driver of compute perfor-
mance in HPC. With the installation of the Frontier supercomputer,
they became the enablers of the Exascale era; further largest-scale
installations are in progress (Aurora, El Capitan, JUPITER). But
the early-day dominance by NVIDIA and their CUDA program-
ming model has changed: 吀e current HPC GPU landscape features
three vendors (AMD, Intel, NVIDIA), each with native and derived
programming models. 吀e choices are ample, but not all models
are supported on all platforms, especially if support for Fortran is
needed; in addition, some restrictions might apply. It is hard for
scienti昀c programmers to navigate this abundance of choices and
limits. 吀is paper gives a guide by matching the GPU platforms
with supported programming models, presented in a concise table
and further elaborated in detailed comments. An assessment is
made regarding the level of support of a model on a platform.

KEYWORDS
GPU, GPGPU, Programming Models, HPC, AMD, Intel, NVIDIA,
CUDA, HIP, SYCL
ACM Reference Format:
Andreas Herten. 2023. Many Cores, ManyModels: GPU ProgrammingModel
vs. Vendor Compatibility Overview. In Workshops of 吀e International Con-
ference on High Performance Computing, Network, Storage, and Analysis
(SC-W 2023), November 12317, 2023, Denver, CO, USA. ACM, New York, NY,
USA, 8 pages. https://doi.org/10.1145/3624062.3624178

1 INTRODUCTION
Taking the TOP500 list of June 2023 as a reference [10], more than

of the available FlOp are delivered by Graphics Processing
Units (GPUs). 吀e devices were 昀rst installed in HPC systems in
the mid 2000s and steadily matured over the next decades. 吀e
most-recent culmination came in 2022, when the 昀rst Exascale
supercomputer, Frontier at Oak Ridge National Lab, was added
to the TOP500 list, utilizing more than GPUs to deliver

FlOp (Rmax) of compute performance 3 alone delivering
about of the entire list9s compute performance. Further largest-
scale installations using GPUs are planned or already on the way,
like Aurora (at Argonne National Lab), El Capitan (at Lawrence

SC-W 2023, November 12317, 2023, Denver, CO, USA
© 2023 Copyright held by the owner/author(s). Publication rights licensed to ACM.
吀is is the author9s version of the work. It is posted here for your personal use. Not
for redistribution. 吀e de昀nitive Version of Record was published in Workshops of
吀e International Conference on High Performance Computing, Network, Storage, and
Analysis (SC-W 2023), November 12317, 2023, Denver, CO, USA, https://doi.org/10.1145/
3624062.3624178.

Livermore National Lab), or JUPITER (at Jülich Supercomputing
Centre).

While the 昀rst years of GPU usage in HPC was dominated by
NVIDIA GPUs and NVIDIA9s CUDA programming model, the land-
scape signi昀cantly changed in the last years. Frontier utilizes AMD
GPUs ( AMD Radeon Instinct MI250X) and Aurora uses
Intel GPUs ( Intel Data Center GPU Max Series, codename
Ponte Vecchio); also El Capitan will use next-generation AMD GPUs
(AMD Radeon Instinct MI300A). Each GPU platform has a selected
major native programming model: CUDA for NVIDIA, HIP for
AMD, and SYCL for Intel1. 吀ey are augmented with further vendor-
or community-driven models, usually presenting higher-level ab-
stractions. Examples are OpenMP and OpenACC as the two major
directive-based models; Kokkos, RAJA, and Alpaka which enable
GPU programming through high-level abstractions for parallel al-
gorithms and data management; and Standard-based parallelism
which utilizes modern features of programming languages them-
selves to access GPUs. 吀e key scienti昀c programming language is
C++ (sometimes programmed in a plain C-style), but also Fortran
is still prevalent in many scienti昀c applications. Also Python has
become a popular choice in recent years [8, 54]; as an even higher-
level, interpreted programming language it relies on backends in
lower-level languages 3 mostly C/C++ 3 and rather implements
interfaces.

Although the evolving combinatorial explosion of choices2 is
a good sign for the health of the GPU ecosystem, the 昀eld can at
times be hard to navigate 3 for established GPU developers but
especially for novice users. With the selection made in this paper,
more than 50 routes for programming a GPU device are identi昀ed
when no further limitations (pre-)exist. 吀is work gives a guide
into the current GPU programming ecosystem, by categorizing
the individual possibilities in a concise table and explaining each
combination in detail.

吀e main contributions of this paper are the categories of rating
support of programming models on GPU devices in section 3, the
application in the overview table in Figure 1, and the accompany-
ing list of explanations in section 4, with many links to further
resources.

吀e paper is structured as follows: In section 3, the six rating
categories are explained in detail and some comments to themethod
are made. In section 4, the core of this paper, the overview table
(Figure 1), is presented and explained with detailed comments for

1Intel bundles their parallel programming infrastructure into oneAPI, which includes 3
amongst others 3 DPC++, their SYCL implementation. Next to SYCL, also OpenMP is
a prominently promoted programming model by Intel.
2GPU platforms programming models programming languages

Author9s Version 4 Please Cite DOI 10.1145/3624062.3624178.
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CUDA HIP SYCL OpenACC OpenMP Standard Kokkos ALPAKA
C++ Fortran C++ Fortran C++ Fortran C++ Fortran C++ Fortran C++ Fortran C++ Fortran C++ Fortran Python

NVIDIA 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

AMD 18 19 20 4 21 6 22 23 24 25 26 27 28 14 29 16 30

Intel 31 32 33 34 35 6 36 37 38 39 40 41 42 14 43 16 44

Full vendor support
Indirect, but comprehensive support, by vendor
Vendor support, but not (yet) entirely compre-
hensive

Comprehensive support, but not by vendor
Limited, probably indirect support 3 but at least
some

No direct support available
C++ C++ (sometimes also C)
Fortran Fortran

Figure 1: Overview table comparing a selection of major GPU programming models with the current state of support by the
three vendors of dedicated HPC GPUs (AMD, Intel, NVIDIA) for C++ and Fortran. See section 3 for more detailed explanations
of the categories.

support for NVIDIA GPUs through CUDA C/C++ is very compre-
hensive. In addition to support through the CUDA toolkit, NVIDIA
GPUs can also be used by Clang, utilizing the LLVM toolchain to
emit PTX code and compile it subsequently. [45]
2 NVIDIA " CUDA " Fortran: CUDA Fortran, a proprietary For-
tran extension by NVIDIA, is supported on NVIDIA GPUs via the
NVIDIA HPC SDK (NVHPC). NVHPC implements most features of
the CUDAAPI in Fortran and is activated through the -cuda switch
in the nvfortran compiler. 吀e CUDA extensions for Fortran are
modeled closely a܀昀er the CUDA C/C++ de昀nitions. In addition to
creating explicit kernels in Fortran, CUDA Fortran also supports
cuf kernels, a way to let the compiler generate GPU parallel code au-
tomatically. Very recently, CUDA Fortran support was also merged
into Flang, the LLVM-based Fortran compiler. [43]
3 NVIDIA " HIP " C++: HIP programs can directly use NVIDIA
GPUs via a CUDA backend. As HIP is strongly inspired by CUDA,
the mapping is relatively straight-forward; API calls are named
similarly (for example: hipMalloc() instead of cudaMalloc())
and keywords of the kernel syntax are identical. HIP also sup-
ports some CUDA libraries and creates interfaces to them (like
hipblasSaxpy() instead of cublasSaxpy()). To target NVIDIA
GPUs through the HIP compiler (hipcc), HIP_PLATFORM=nvidia
needs to be set in the environment. In order to initially create a HIP
code from CUDA, AMD o昀ers the HIPIFY conversion tool. [4]
4 NVIDIA, AMD " HIP " Fortran: No Fortran version of HIP
exists; HIP is solely a C/C++ model. But AMD o昀ers an extensive
set of ready-made interfaces to the HIP API and HIP and ROCm
libraries with hipfort (MIT-licensed). All interfaces implement C
functionality and CUDA-like Fortran extensions, for example to
write kernels, are available. [5]
5 NVIDIA " SYCL " C++: No direct support for SYCL is available
by NVIDIA, but SYCL can be used on NVIDIA GPUs through multi-
ple venues. First, SYCL can be used throughDPC++, anOpen-Source
LLVM-based compiler project led by Intel. 吀e DPC++ infrastruc-
ture is also available through Intel's commercial oneAPI toolkit
(Intel oneAPI DPC++/C++) as a dedicated plugin. Upstreaming SYCL
support directly into LLVM is an ongoing e昀ort, which started in
2019. Further, SYCL can be used via Open SYCL (previously called
hipSYCL), an independently developed SYCL implementation, us-
ing NVIDIA GPUs either through the CUDA support of LLVM or
the nvc++ compiler of NVHPC. A third popular possibility was the
NVIDIA GPU support in ComputeCpp of CodePlay; though the

product became unsupported in September 2023. In case LLVM
is involved, SYCL implementations can rely on CUDA support in
LLVM, which needs the CUDA toolkit available for the 昀nal com-
pilations parts beyond PTX. In order to translate a CUDA code to
SYCL, Intel o昀ers the SYCLomatic conversion tool. [1, 32]
6 NVIDIA, AMD, Intel " SYCL " Fortran: SYCL is a C++-based
programming model (C++17) and by its nature does not support
Fortran. Also, no pre-made bindings are available. [17]
7 NVIDIA " OpenACC " C++: OpenACC C/C++ on NVIDIA
GPUs is supported most extensively through the NVIDIA HPC
SDK. Beyond the bundled libraries, frameworks, and other models,
the NVIDIA HPC SDK also features the nvc/nvc++ compilers, in
which OpenACC support can be enabled with the -acc -gpu. 吀e
support of OpenACC in this vendor-delivered compiler is very
comprehensive, it conforms to version 2.7 of the speci昀cation. A
variety of compile options are available to modify the compilation
process. In addition to NVIDIA HPC SDK, good support is also
available in GCC since GCC 5.0, supporting OpenACC 2.6 through
the nvptx architecture. 吀e compiler switch to enable OpenACC
in gcc/g++ is -fopenacc, further options are available. Further,
the Clacc compiler implements OpenACC support into the LLVM
toolchain, adapting the Clang frontend. As a central design aspect, it
translates OpenACC to OpenMP as part of the compilation process.
OpenACC can be activated in a Clacc-clang via -fopenacc, and
further compiler options exist, mostly leveraging OpenMP options.
A recent study by Jarmusch et al. compared these compilers for
coverage of the OpenACC 3.0 speci昀cation. [13, 16, 34, 47]
8 NVIDIA " OpenACC " Fortran: Support of OpenACC Fortran
on NVIDIA GPUs is similar to OpenACC C/C++, albeit not identical.
First, NVIDIA HPC SDK supports OpenACC in Fortran through
the included nvfortran compiler, with options like for the C/C++
compilers. In addition, also GCC supports OpenACC through the
gfortran compiler with identical compiler options to the C/C++
compilers. Further, similar to OpenACC support in LLVM for C/C++
through Clacc contributions, the LLVM frontend for Fortran, Flang
(the successor of F18, not classic Flang), supports OpenACC as
well. Support was initially contributed through the Flacc project
and now resides in the main LLVM project. Finally, the HPE Cray
Programming Environment supports OpenACC Fortran; in ftn-
hacc. [9, 16, 47]
9 NVIDIA " OpenMP " C++: OpenMP in C/C++ is supported
on NVIDIA GPUs (O٠恬oading) through multiple venues, similarly
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SUMMARY

" JUPITER: First European Exascale system; EuroHPC JU, BMBF, MKW-NRW; at JSC

" Booster: 24 000 Grace-Hopper CPU/GPU superchips

" Cluster: SiPearl Rhea1 CPU

" Applications, usability core to the design; large benchmarking suite, JEDI, JUREAP

" GPU: Massive parallel performance, throughput

" Programming: tommorrow
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Thank you for your attention!
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Talk features self-created imagery, as well as imagery from colleagues, and from 
Eviden, NVIDIA, SiPearl, AMD, IBM, OSM; plus individually marked imagery.
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