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(SHH: Motivation: Plasma (4™ State of Matter) and Particle Energy

Solar Flares

Solid Plasma
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{fKTHE% Motivation: Fusion Energy and The Grand Challenge

oS

Deuterium Helium

Fusion Reactor Fusion Energy

Next Generation

Magnetic Fusion Device
: Grand Challenge: =

Generate More Energy From Fusion than
. Invested in Starting and Maintaining it.

[1] International Thermonuclear Experimental Reactor, “What is ITER?”, Accessed 30 June 2024. https.//www.iter.org/proj/inafewlines
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{KIH: Motivation: Petascale to Exascale Supercomputers!

og OCH KONST ﬁa

o™
AN **Fastest EU Pre-Exascale | 1018 | First EU Exascale
e e Supercomputer A Supercomputer
(. * K - 7 \

JUPITER

2024/5

*First EU Petascale
Supercomputer

________________________________________________________

i Booster Module: Close to 24,000 NVIDIA GH200 GPUs
i Performance (Set To Achieve): Just over ***1 exaflops

Application Codes will (primarily) need:
o Efficient Use Of Exascale Parallelism and Scalability
o Efficient Use Of Complex Memory Hierarchies

o Efficient Use of I/O for Storage, Retrieval, and Analysis

9&\@ Applications: ——
o | Ions:
*?0\' o Traditional Computational Al (including Deep Learning) and Big Data/HPDA pplications
o Large-Scale Data Processing with Massive Scale Data Analytics o Most Demanding Simulations and Compute-Intensive Al Applications
' *1 petaflop - 1 quadrillion (10 '*) FLOPS (or 1,000 teraflops) k] exaflop - 1 quintillion (10 8) FLOPS (or 1,000 petaflops) !

[1] The European High Performance Computing Joint Undertaking (EuroHPC JU). “European Commission: Our Supercomputers”, Accessed 30 June 2024. https://eurohpc-ju.europa.eu/supercomputers/our-supercomputers_en

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana 6



{KiH: Motivation: BIT Grand Challenge and Exascale Readiness

BIT (BIT1 and BIT3) — Particle-in-Cell (PIC) Code

7 =
o Controlling the Complexities of Plasma-Material \\ j
Interfaces for the Next-Generation Fusion Devices. /\ ;
Plasma—wall
interaction "\, /
BIT Exascale Readiness \/ /

o Investigate, Characterize, and Understand the Z\F/

Computing Performance
» Main Tasks:

i BIT1* simulates plasma behavior in the !

v ldentify Compute-Intensive Areas . tokamak divertor (blue arrow),
! such as in the ITER fusion device.

_________________________________________

v' Analyze Single-Node Performance

Jet Discharge

Edge Part of the Tokamak
v' Characterize I/0O and Identify Performance Enhancements “High Temperature & Pressurized Plasma”

v' Evaluate MPI Communication, Load Balancing, and Scaling

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana
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28 OCH KONST
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BIT1 Magnetic Confinement Fusion (MCF)

Profiling of the Original Target:

ITER Simulation 17 particle species
within two weeks Multi-million interaction types

~5 000 cores
~60 M CPU hours

Profiling and
Gap analysis

Further Optimization

Present

Optimization and

state GPU porting

BIT1 - Exascale (BIT3 ?)

There is a gap

No gap

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana 8
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ks Background: Particle-in-Cell Method and HPC Architectures(t2]

28 OCH KONST %%

s
Particle-in-Cell (PIC) codes are widely used to simulate plasma behavior, involving an
initialization phase and four main phases on HPC architectures.

Setting Up Initial Conditions and Parameters For Plasma Simulation:

Initialization
PIC Method Cycle Time = Time + At

!

Integrating Equations of Motion for
Particle Dynamics in Plasma:

(1) Particle Mover:
Solve equations of motion for

(3) Field Solver on the Grid:

Particle Mover

\ Obtain electromagnetic /
particles to update their positions / electrostatic fields by solving
141 Field Int lation to Particle Positi ’ Particle Interpolation on Mesh Points ’ H 1 .
and velocities. fld Interpolation to Particle Positions Time o Charas and Current Caleulations: Maxwell’s / Poisson's equations.
Step
.. . Particle Force Evaluation k, Deposition to the Grid . .
(2) Deposition to the Grid: N J (4) Particle Force Evaluation:
Distribute particle charges and Interpolate fields back to particle
currents onto a fixed mesh to Field Computation on Mesh Points locations to evaluate forces.

using Maxwell's or Poisson Equations:

calculate densities.

Field Solver on the Grid

@ ~> The PIC Method repeats these steps for subsequent time steps to simulate plasma behavior over time. ( )

Each step corresponds to a small fraction of the characteristic plasma timescale for accurate dynamics. F\/L

N
[1] J. J. Williams et all. (2024). “A Comprehensive Review of High-Performance Particle-in-Cell Codes for Large-Scale Plasma Simulations.” Department of Computer Science, EECS, KTH. Working Paper.
[2] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana 10
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{xmt Background: BITX, x=1,3 Code Structure

1D3V (BIT1) and 3D3V (BIT3) electrostatic PIC + Monte-Carlo Collisions (MCC)

"%Xﬁ?“’
o Originated from XPDP1 code
from Berkeley University %!

Particle mover
N MCC & boundaries

(Collisions, absorption, ...)

l-Paniclc =9 (x"')paniclc

('\"")Pamtlc — new (-\'n")Panic[e

v MCC Model
Weighting | o Fast, no limits on collision types [3],
grid to particle particle to grid y— o Multi-step collision processes for high density plasmas !

(r B)gnd p'mle ("'*v)pamclc — (p- J)grid

v Natural Sorting with cell-based particle indexing
o Optimal use of the cache hit,
o Easy space decomposition and
o No limitation on the size of the system[!

Field solver
(Maxwell eq. or Poisson’s eq.)

(P- J)grid — (E-B)gnd

[1] J.P. Verboncoeur, et. al., J. Comput. Phys., 104 (2), 321 (1993).

v BIT1 - Physics based Poisson solver [2] David Tskhakaya, et al., 18 Euromicro Conference proceedings (2010)
. 2] [3] David Tskhakaya, et al., Contr. Plasma Phys., 48 (2008)
accurate, fast and highly scalable [4] David Tskhakaya, Eur. J. Phys. D., online (2023)

[5] David Tskhakaya, et al., J. of Comp. Phys., 225 (2007)

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana 11



by

eg’/’:\\%a

{53 Background: BIT1 (PIC-MCC) Simulations and Input Parameters!!

™

BIT1 Initialization = Particle-In-Cell code with Monte-Carlo Collisions (PIC-MCC)

B””“”"E o 1D3V

| | * X[s]lc][p] « s=species (electrons, ions, neutrals)

Particle Mover Plasma Density Calculation v, [s][c][p]
Solve Equation of Motion of Particles Interpolation Particle Charge into the Grid | X * c=cell index (ceII-based pa rticle indexing)
| * vy [s][c][p]
. - o - particle in
Particle Collisions and Density Smoother * v, [s][c]lp] p = particle index
Plasma-Wall Interaction 1

J o Domain decomposition scheme

Field Solver o Data layout particle information stored in memory

Solve a Poisson Equation

o MPI communication between processes (non-blocking)

= Two Key Plasma Diagnostic Flags(!]
o mvflag: Activates and Enables time-dependent diagnostics.

o mvStep: Counts the time steps for the interval between time-dependent diagnostics.

The PIC-MCC Method simulates plasma behavior over time.

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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{KHIY Background: BIT1 openPMD Standard & openPMD-api Integration!(®.2.3:4]

/ Producer / Consumer \ /Standardized Scientific Data\ / 1/0 Backends and \ /Interface, Data Transport and\
Writer Description and Handling Supported Engines Storage Systems
» openPMD-api * ADIOS1 (.bp) * POSIX I/O
Reader = ADIOS2 (.bp/.bp4 /.bp5/.sst /.sscC) * MPI IO
* HDF5 (.h5) * Parallel File Systems
*JSON (.json) * InfiniBand
*«TCP/IP

A AN AN NG 4

openPMD standardizes file formats for efficiently storing and exchanging data.

openPMD BP4 (Binary Pack 4) ADIOS2 backend prioritizes I/O efficiency at a large scale.

[1] A. Huebl et al. openPMD: A meta data standard for particle and mesh based data. https://doi.org/10.5281/zenodo.591699. (2015)

[2] A. Huebl et al. openPMD-api: C++ & Python API for Scientific I/O with openPMD. https.//doi.org/10.14278/rodare.27. (2018)

[3] F. Poesche et al. Transitioning from file-based HPC workflows to streaming data pipelines with openPMD and ADIOS2. In Smoky Mountains Computational Sciences and Engineering Conference. Springer, 99—-118. (2021)
[4] J. J. Williams et al. Enabling High-throughput Parallel /O in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan I/0 Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE (2024)
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{x% Question: BIT1 (PIC-MCC) Exascale Readiness

%”%X

How can we efficiently handle massive plasma simulation data on current extreme-scale systems?

* We need to avoid: = We need to know:
e Data Volume and Storage e Expensive Call Functions?
e Data Transfer and Communication  Communication vs. Computation Balance?

Processing and Analysis Commonly used MPI calls?

Computational Resource Allocation Impact of Workload Imbalance?

Time-Consuming Insight Retrieval Streamlined Analysis and Debugging Techniques?
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Xy Environments: BIT1 Original on Distinct Systems!’2

™

Greendog

Type Workstation (w/ Admin Privileges)
Processor Intel i7-7820X (8 cores)

Memory 32 GB DRAM

GPU NVIDIA RTX2060 SUPER
L1 Cache 256 KiB
L2 Cache 8 MiB
L3 Cache (LLC) 11 MiB

Type

Processor

Cores per Node
Memory per Node
L1 Cache

L2 Cache
L3 Cache (LLC)

Type
Processor
Memory

GPU

L1 Cache

L2 Cache

L3 Cache (LLC)

Dardel

HPE Cray EX Supercomputer (CPU Partition, 554 Nodes)
2 x AMD EPYC™ Zen2 2.25 GHz (64 cores)

128 (2 x 64 cores)
256GB DRAM

32 KiB

512 KiB

16.38 MiB

NJ

HPC System

AMD EPYC 7302P 16-Core processor (32 cores)
256 GB DRAM

2 x NVIDIA A100

32 KiB

512 KiB

16 MiB

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature

[2] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,

LNCS 14832. Springer Nature

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana
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(X Envi : BIT1 PMD BP4 Disti S 1,23
s Environments: open on Distinct Systemsl(1.23]
NP .
Discoverer Vega
Type Petascale EuroHPC Supercomputer (1128 Compute nodes) Type Petascale EuroHPC Supercomputer (CPU Partition, 554 Nodes)
Processor 2 x AMD EPYC™ Zen2 7H12 GHz (64 cores) Processor 2 x AMD EPYC™ Zen2 7H12 GHz (64 cores)
Cores per Node 128 (2 x 64 cores) Cores per Node 128 (2 x 64 cores)
256 GB DDR4 SDRAM (regular nodes) 256 GB DDR4 SDRAM (80% nodes)

Memory per Node Memory per Node

1TB DDR4 SDRAM (fat nodes) 1TB DDR4 SDRAM (20% nodes)

OS Red Hat Enterprise Linux 8.44 OS Red Hat Enterprise Linux 8
Storage 4 TB NFS and 2.1 PB LFS with 4 OSTs Storage 23 PB CephFSand 1 PB LFS with 80 OSTs

Dardel

Type HPE Cray EX Supercomputer (1270 compute nodes)

Processor 2 x AMD EPYC™ Zen2 2.25 GHz (64 cores)
Cores per Node 128 (2 x 64 cores)
Memory per Node 256GB DRAM

()
i)
e
© !
o ELE

OS SUSE Linux Enterprise Server 15 SP3

Storage 12 PB LFS with 48 OSTs

[1] J. J. Williams, et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:

Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature

[2] J. J. Williams, et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.“ Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—30, 2024. Springer Nature.

[3] J. J. Williams, et al. Enabling High-throughput Parallel I/0 in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan /O Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana 18
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{xmt Environments: BIT1 openPMD BP4 1/0 Workflow(t2]
. [_I;ﬁ_;o:e_o _] - _[ ;n_-. -_N:d:1_] _________________________ [ BIT1 Data Storage ]

/ data_file.bp4 \

[ !
| I
| I
|
: | data.0 data.1 ......... data.N data.N+1
| | md.0
| | md.idx
| | profiling.json
| | L J
| l openPMD-workflow I | openPMD-workflow I [openPMD-workﬂow ] [OPBHPMD'WOTWOW ] | \ /
\ /
N _7

ADIOS2 Engines: BIT1 I/O workflow uses ADIOS2 engines and output extensions (e.g., .bp4)

generating directories containing data, metadata, index, and optional profiling files.[!

openPMD BP4 Integration: BIT1 I/O workflow with openPMD and the ADIOS2 BP4 engine

outputs simulation results into the directory, “data_file.bp4”.[?

[1] A. Huebl et al. openPMD-api: C++ & Python API for Scientific /0 with openPMD. https.//doi.org/10.14278/rodare.27. (2018)
[2] J. J. Williams et al. Enabling High-throughput Parallel /O in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan 1/0 Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE
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during ionization. forming front-wall plasma charged-sheath

__________________________________________________________________________________________________________________

(s Environments: Simple vs Complex BIT1 Test Cases!!2!
Yoysand®
*Neutral Particle lonization Simulation **High-Density Sheath Simulation
Uniform plasma interacts with Plasma reaches wall, transforms to
Deuterium gas, causing ionization neutrals, forms charged sheath
Cells 100,000 (100K) Cells 3,000,000 (3M)
Species electrons (e), ions (D*), neutrals (D) Species electrons (e), ions (D*), neutrals (D)
Collisions elastic, excitation, ionization Collisions elastic, excitation, ionization
Wall effects ion recycling into neutrals Wall effects ion recycling into neutrals
Total number of particles 30,000,000 (30M) Total number of particles 2,200,000,000 (2.2B)
Fields No electric or magnetic fields Fields Self-consistent electric field, fixed magnetic field (3T)
Time steps 200,000 (200K) Time steps 100,000 (100K)
Minimum (Baseline) HPC system Dardel/Vega, 1 Node (128 MPI Processes) Minimum (Baseline) HPC system Dardel/Vega, 5 Node (640 MPI Processes)
Outcome: D concentration decreases with tlme Outcome: """"" **e and 'b?i};r};%'c;}}r'{iﬁt'a'b',""'""";

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:

Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part |, LNCS 14351.

[2] J. J. Williams et al. Enabling High-throughput Parallel I/0 in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan I/O Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE (2024)
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i<i: Environments: BIT1 openPMD BP4 Test Casel'?!
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*Neutral Particle lonization: Uniform plasma interacts with Deuterium gas, causing ionization
Cells 100,000 (100K) e

Species electrons (e), ions (D*), neutrals (D)
78500

78400 §
78300%
©
78200 2
c
781002
=
78000 3
3

77900 @&
77800

Collisions elastic, excitation, ionization
Wall effects ion recycling into neutrals

Total number of particles 30,000,000 (30M)

Fields No electric or magnetic fields

Time steps 200,000 (200K)

Minimum (Baseline) HPC system Dardel/Vega, 1 Node (128 MPI Processes)

* 3D time evolution of the number of simulation particles
for the first 5000 timesteps: electrons, ions and neutrals |

*D concentration decreases with time | i
during ionization. | |

____________________________________________________

Outcome: |

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:

Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature
[2] J. J. Williams et al. Enabling High-throughput Parallel I/0 in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan I/O Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops

(CLUSTER Workshops). Kobe, Japan. |IEEE
21
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(ks Evaluation: BIT1 Original (CPU) Simulations!t!

VETENSKAP
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s end?
78600
electrons
| ions
| \m! ‘ M l
YL TR LU AN A |
W WA RN Y ' MV WY NV AT neutrals
VT P oy A
78400
78500
v "78400 &
8 | S
£ 78200 "78300
] —— electrons | ©
< —— ions (78200 &
E —— neutrals "78100-5
g E
” " 78000 2
78000 77900 @
"77800
120
6 2|0 4l0 Gb 8|0 160 12|0 2 0.200 0

CPU

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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Evaluation: Leveraging |

adjust_mpi

5.52%
G40= 9201920=

50.90%
(32.16%)

17.76% 0.95%
1909338601= 1200000000=

|
;31548?9559

rempar2

Y 0.49% \ 04%%  /  0.85% S 0.44%
\\2690?4].509* \ 2592?43].58?,-’ 4643713088!// 2400000000

. ~

Average /O cost per process

=
=
1

==}
=}
T

o
=
T

s
=)
T

Percentage of run time

x5}
=
T

L

B
1)
©

Read mm

Write

Metadata

Other (including application compute) ===

6x10°

5x10°

4x10°

All Processes)

3x10°

2x10°

Ops (Total

1x10°

PC Profiling & Tracing Tools!!!

MPI_Wait
MPI_Bartier
MPI_I=end
MPI_Irecwy
MPI_Comm_size
MPI_Comm_tank.

/0 Operation Counts

| DARSHAN

HPC 1/0 Characterization Tool

Read Write Open Stat Seek Mmap Fsync

POSIX mmmm STDIO mmmmm

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:

Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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gprof & perf
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(ks Evaluation: gprofl

28 OCH KONST 2%

™

= Open-source profiling tool
» Gathers execution time information

» Reports frequently used functions by the processor

Neutral Particle lonization High-Density Sheath

movel adjust_mpi
T e

18.12%

9.62% 4.02%

3840384x

(32 16%)
19200000%

4.85% \ 0.60% 17.76% 0.95%
345331604x ,B897581056x (1909338601 1200000000

13.93%

0.85% 0.44%
46437].3038*/ 2400000000x
-

7

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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(ks Evaluation: perf
Mot
= Profiler tool
» Gathers hardware performance counters and events
» Mostly used in Linux subsystems
L1 - Cachetest LLC (L3) — Cachetest
Performance counter stats for './cachetest': Performance counter stats for './cachetest':

12996 Ll-dcache-load-misses # 5,53% of all L1-dcache accesses 449 LLC-load-misses # 18,95% of all LL-cache accesses

234862 Ll-dcache-loads 2370 LLC-loads

0,001922798 seconds time elapsed 0,001688897 seconds time elapsed
0,001948000 seconds user 0,001797000 seconds user
0,000000000 seconds sys 0,000000000 seconds sys

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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og OCH KONST 9%

m% %c

gprof: Reports Frequently Used Functions perf: Cache and Memory Usage
- l moveb | . - . . - .
8 17 6% el Baseline Size |10% Reduction Size|20% Reduction Size| cache-test
% ! B heat up L1 Load Misses | L1 Load Misses L1 Load Misses | L1 Load Misses
B B avq_mpi 3.43% 2.51% 2.17% 5.53%

i"."tii_ﬁf:_é"ci_éb_f”: LLC Load Misses| LLC Load Misses | LLC Load Misses |LLC Load Misses

I 15.5% ot 99.07% 52.25% 47.51% 18.95%
b}
®

0;/0 25;% 5(5% 75:% 106% All L1 performance consistent with low miss rates.

Baseline:

— Particle Arrangement within appropriate cells and ranks.
= Performance hindered by 99% cache misses, causing frequent

slow main memory access.
move0() / moveb() — Particle Pusher (Mover)

Reduction (20%):

— Binary Collision Operator
= Smaller problem size fits in LLC (L3), improving LLC (L3) and BIT1’s f

& performance.

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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Extrae, Paraver & IPM
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» Extrae & Paraver: Parallel performance tracing and profiler tools by *BSC

= Extrae: Instruments code for parallel performance tracing

» Paraver: Post-processes Extrae output and provides visualization

lonization (8 MPI Ranks): Runtime-Trace lonization (8 MPI Ranks): MPI-Call-Trace

*Barcelona Supercomputing Center (BSC)

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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= Portable profiling performance monitoring tool
» Offers low-overhead performance profiles for parallel programs I P M

* Focus on communication, computation, and I/O aspects

lonization (1 node): mpi_stack_byrank lonization (1 node): mpi_pie (%)
B 1PI_Barrier [ | MPI_Barrier
o P-tsend B vPI_Isend
WPI_Irecy M rPI_Wait
el HPL_Irecy
NPI:Init_ B HPI_Comm_zize
W PIFinalize MP T _Comm_r-ark,

E=3
)

= =
&l =+

g0
100
120

HPI rank

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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28 OCH KONST %%

s
Extrae & Paraver: Communication Pattern IPM: Parallel and MPI Performance Analysis
MPI Rank 7 _ S El MP1_teend 5000 +
MPI Rank 6 7 7 MPI_Irecv
) MPI_Wait 1000 +
MPI Rank 5 % 500 —Z P P
MPI Rank 4 £ /
5 100 +%
MPI Rank 3 g 50 + ‘E Crmr‘nnrllfnricarnr’onrccs! cﬁiormi’nares lonization - BIT1 Ex. Time
MPI Rank 2 -
o4 L e I.g_r.l-i.z“a.tion - Ideal Ex. Time
— — - | I e
VP Rank © T 2500 5000 7500 10000 12500 15000 17500

Number of MPI Processes

Workload imbalance: Superlinear speed-up observed in both cases.

= MPI rank 0 is slowest, causing neighbouring MPI processes to wait.

Sheath:

Reason: = QOver 2,560 MPI processes, consistent superlinear speed-up detected.

= MPI rank 0 performs data gathering and transmission to other ranks. o Superlinear effect due to decreasing problem size per process.

= Synchronization is needed for the field solver and

o Performance significantly improves when the problem
plasma profile calculator. @ fits into the L3 cache. IPM

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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Mottt
» Offers selectable detail levels at runtime with text and web reports.
» Scalable and requires no source code modification. I P M
» Used in HPC centers, application development, debugging, and academia.
lonization (1 node): load_hpm_all (HPM counters) lonization (1 node): load_multi (memory, flops, timings)
7 PHPI:TDT:INS
’ " 3indi-n.-idual::i zorted iilices § @ i v.i.nd.i.v.i.dual]k: sorted i::lices - y

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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28 OCH KONST %%

™

= Performance monitoring tool

» Designed for analyzing serial and parallel 1/O workloads DARS HAN

HPC 1/0 Characterization Tool
» Used for investigating and tuning 1/0O behavior

lonization 1/0 performance estimate (1 Node) lonization timespan for read and writes (1 Node)

Timespan from first to last read access on independent files (POSIX and STDIO)

Average I/O cost per process I/O Operation Counts =
100 - e ex10° 12 - E
96 - =
5 80 - =
o 80 5x10° - e | E
£ z E
= % 48 B
2 60 [ 8 ax10° - ®f £
° Compute 2 e £
o 0 =N L L L L L L L L
g 40 Z 3x0® 00:00:00 00:00:01 00:00:02 00:00:03 00:00:04 00:00:05 00:00:06 00:00:07 00:00:08 00:00:09
g = hours:minutes:seconds
o B
= ol
20t | > 2310 Timespan from first to last write access on independent files (POSIX and STDIO)
[=%
o]
0 1%10° | nz2
N 96 -
(22 20
@ 0 . L wl
Read o Read Write Open Stat Seek Mmap Fsync @l
Write o
Metadata m===m 32 -
Other (including application compute) === POSIX = STDIC mmsm 16 |
oL
00:00:00 00:00:01 00:00:02 00:00:03 00:00:04 00:00:05 00:00:06 00:00:07 00:00:08 00:00:09

hours:minutes:seconds

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature
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IPM: Impact of Workload Imbalance

Sheath
Boundary
domain 30
(Rank 0) B MP1_wait g 2
\io - B mPI_Barrier §= 20
15
B vP_init g
- 35 g0
Y 5
E 304
— 0 20 40 60 80 100 120 140
=]
% 25 - Node Index |
53 Ranks are “busy” with
=4 other non-communicative
< tasks (particle source)
o
=

16000

8000 10000 18000

MPI Rank

0 2000 4000 6000 12000 14000

Workload imbalance:

» Boundary MPI ranks (0 and 19199) 2x longer MPI times due to
MPI_Wait synchronization.

Node Memory Usage:

= Varying memory use (~ 23% difference)

o Largestis ~34 GB and Smallest is ~26 GB. I

Sheath
Boundary
domain
(Rank 19199)

PM

Percentage of run time
o & = ® =
3 = 3 8 8

=Y

Results: Leveraging HPC Profiling and Tracing Tools!1]

Darshan: Evaluate I/O Performance

50000
@
m
';: 10000
- 5000
ke
3
2 1000
a 500
2
=
100
Average l/O cost per pracess
Compute

.

D
%

Read mmmm

Write

Metadata e

Other (including application compute) ===

B Ionization W Sheath

2500 5000 7500 10000 12500
Number of MPI processes
Average I'0 cost per process
100 -
E 80
Both Cases: é 60| Compute
. N fal
Write bandwidth increases and
tar Metadata
then saturates. 0 o
%
Read mmm

Peak I/O write bandwidth linked to problem size.

Post-peak, performance drops from metadata writing cost.

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28—September 1, 2023, Revised Selected Papers, Part I, LNCS 14351. Springer Nature

Write s
Metadata ==
Other (inclucing application compute) ===

DARSHAN

HPC /0 Characterization Tool
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9

%”%Xﬁ?

main()

{

<serial codex>
#pragma acc kernels

{
}

<parallel codex>

}
OpenMIP OpenACC

[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,
LNCS 14832. Springer Nature.
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28 OCH KONST 2%
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gprof: Reports Frequently Used Functions 1]

BIT1 Initialization

BIT1 Time Step @

c
9
g | |
5 : : :
= Particle Mover Plasma Density Calculation
Solve Equation of Motion of Particles Interpolation Particle Charge into the Grid
L
g
_C . .« s
% i Particle Collisions and Density Smoother
. ; , , , Plasma-Wall Interaction
0% 25% 50% 75% 100% |

Field Solver

Solve a Poisson Equation

arrj() — Particle Arrangement within appropriate cells and ranks.

move0() / moveb() — Particle Pusher (Mover) = Confinements [l

o Workload Imbalance (during particle movement)
— Binary Collision Operator o Relies solely on MPI (lacks hybrid parallel computing)

o CPU-bound (lacks GPU utilization and support)

________________________________________________________________________________

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:

Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature

[2] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,
LNCS 14832. Springer Nature.
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Evaluation: Empowering BIT1 Simulations

OpenMP (Open Multi-Processing) and OpenACC (Open Accelerators) Directives!!]

OpenMP Tasks

| #pragma omp parallel shared(chsp, sn2d, dinj, nstep, mp, x, yp, yx, vy) \
private(isp, i, j) firstprivate(nsp, nc)

{ #pragma omp single
or (isp = 0; isp < msp; isptt) {

omp taskloop grainsize(500) nogroup

(j = 0; j <ne; jH) {

omp simd

for (i =0; i < nplispl(jl; itt)
x[ispl [j1(i] += nsteplisp] * vx[ispl[jl[il;
}

agna omp taskloop grainsize(500) nogroup
r (j=0; j<nc; jtt)
na omp simd
for (i = 0; i < mplispl[jl; it+)
x[isp] [j1(i] += nsteplisp] * vx[ispl[jl[il;

Multicore CPUs

OpenMP Tasks:

o Fine-grained parallelism with tasks for dynamic workload distribution.

OpenACC Multicore:

o Offers straightforward method for parallelizing code on multicore CPUs.

OpenACC Multicore

#pragma acc parallel loop present(chspl[:lenA],

sn2d[:1lenA], dinj[:lenA], nstep[:lenA],
np[:lenA][:lenB], x[:lenA]l[:lenB][:lenC],
ypl:lenA][:1lenB][:1lenC],
vx[:lenA][:lenB][:lenC],
vyl[:lenA][:lenB][:lenC])

for (isp = 0; isp < mnsp; isp++) {

a acc loop gang vector
(j =0; j <mc; j+t) {
a acc loop vector
for (i = 0; i < nplispl[jl; i++)
x[1sp][3][1] += nstep[isp] * vx[ispl[jl[il;
}

7 #pragma acc loop gang vector

(j =0; j <mc; j+t) {
ma acc loop vector
for (i = 0; i < nplispl[jl; i++)

x[isp]l[j1[i] += nsteplisp] * wx[ispl[jl1[il;

% }

OpenMP Target

pragza omp target emter data map(to: chsp[:lemA],
sn2d[:lenA], dinj[:lenA], nstep[:lend],
op(:lenA][:lenB], x[:1lenA][:1lenB][:1lenC],
ypl:lenA][:1enB][:1enC],
vx[:lenA][:1enB] [:1enC],
vy[:lenA][:1enB][:1enC])
or (isp = 0; isp < msp; isptt) {
za omp target teams distribute parallel for thread_ limit(256) num_teams(391)
or (j =0; j <mc; j+) {
goa omp simd
for (i = 0; i < nplispl[jl; i++)
x[lsp] [j1i] += nsteplisp] # vx[ispl[j1[il;
}

pragma omp target teams distribute parallel for
for (j = 0; j < mc; j+) {
pragma omp simd
for (i = 0; i < mplispl[j]; i++)
x[isp][j1[i] += nstep[isp] * vx[isp][jI[il;
}

ragma omp target exit data map(from: x[:lemA][:lenB][:lenC]...)
}

GPU Acceleration

OpenMP Target:

O

thread_limit (256) num_teams(391) 22 A

OpenACC Parallel

ragma acc enter data copyin(chspl[:lenAl,
sn2d[:1lenA], dinj[:lenA], nstep[:lenAl,

npl:lenA][:1enB], x[:lenA]l[:lenB][:1lenC],
ypl:lenA][:1lenB][:1lenC],
vx[:lenA][:1lenB][:1lenC],
vyl:lenAl[:1lenB]l[:1lenC])

for (isp = 0; isp < nsp; isp++) {

gma acc parallel loop gang worker vector vector_length(128) \
present(npl:lenA][:lenB], nstepl[:lenAl,
x[:1enA][:1enB][:1enC],
vx[:1lenA][:1enB][:1enC])
firstprivate(nc,isp,nsp) private(i)
(3 =0; j <mnc; j++) {
acc loop
£ (i = 0; i < nplispl[jl; i++)
x[15p][3][1] += nsteplisp]l * wvx[ispl[j1[il;

gma acc parallel loop gang worker vector vector_length(128) \
present(np[ lenAl[:1lenB], nstepl[:lenAl,
x[:1lenA][:1enB][:1lenC],
vx[:lenAl[:1lenB][:1lenC])
flrstprlvate(nc isp,nsp) private(i)
(i =105 J < nc; )it
acc .loop
f = 0; i < nplispl[jl; i++)
x[lsp] [J][:.] += nsteplisp]l = vx[ispl[jl[il;

2 acc exit data copyout(x[:lenA][:lenB][:lenC]...)

Extension of the OpenMP standard for offloading computation on GPUs.

OpenACC Parallel:

o Offers a high-level directive-based approach for parallelizing code on GPUs.

[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,

LNCS 14832. Springer Nature.
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28 OCH KONST 2%

St
. . . . . L] L] L] [ ]
Improving Total Simulation and Mover Function Enhancing Communication Performance and Scalability
150 200.00
13325 Drops by 13.49%
163.05 163.05
® 2 MPI Ranks 150.00 -
peom W 2 MP| + OpenMP Threads = BIT1 Mover (MPI) Version
2 MPI + OpenACC Multi-Cores 17.43 B BIT1 Mover (MPI+OMP) Version
o W 16 MPI Ranks —
2 ™ 16 MPI + OpenMP Threads = Drops by 41.79%
E = 16 MPI + OpenACC Multi-Cores E 100.00 -
8 3 s8.64
> =3
- 50 4 Drops by 9.54% fin]
50.00
sss  Drops by 83.05% 957 a0 Drops by 17.30%
2126 2498 5569 Drops by 38.27% 2462 4
/ / 1272 455
112 536 2 51 4y 0.00 |
’ 8 MPI Ranks 16 MPI Ranks 32 MPI Ranks 64 MPI Ranks 128 MPI Ranks
0- BIT1 Total Simulation BIT1 Mover Function 8 MPI‘I'Rsanks + 8 MPI ‘I’Rsanks + 8 MPI ‘ésanks + B8 MPI vlrisanks + 8 MPI ‘Ilisanks +

1 Thread 2 Threads 4 Threads 8 Threads 16 Threads

For 16 Ranks vs 8 Ranks + 2 Threads:

For 2 Ranks (Baseline), Hybrid MPI+OpenACC decreases: - Execution time decreased by 41.79%.

, L. 0 . 0
o Total simulation time by 13.49% and Mover function time by 83.05%. o Adding 2 threads to 8 Ranks significantly boosts BIT1 performance.

For 16 Ranks (Baseline), Hybrid MPI+OpenACC decreases: For 128 Ranks vs 8 Ranks + 16 Threads:

. L 0 L 0
o Total simulation time by 9.54% and Mover function time by 38.27%. - Execution time decreased by 17.30%.

o Adding 16 threads to 8 Ranks demonstrates scalable BIT1 performance.
[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,
LNCS 14832. Springer Nature.
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ikt Evaluation: Accelerating BIT1 with GPUs!
CPU (Host) vs GPU (Device) A Simple GPU Accelerated Procedure
CPU GPU

| |

LIy

Have powerful Arithmetic Have energy efficient and
Logic Units (ALUs) resourceful ALUs

+
Have large caches Have very small cache s 0 p e n Ac c

Directives for Accelerators

Have a sophisticated Have a basic simple control
control structure structure

No processor threads to Have massive number of

tolerate latencies threads to tolerate latencies CPU + OpenACC + GPU[Co-processor] = GPU Acceleration

[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,
LNCS 14832. Springer Nature.
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513 Results: Accelerating BIT1 with GPUs!!!

™

NVIDIA Nsight Systems OpenACC Explicit

» CPU(32)
« Threads (9)
~ y| [3008633] MPIRank 0 = ——
T
_— BITH e
Unstructured _
P! Data Region
cioAsp FFRATHY Al MpEHgESY  (NNNEIERIRNEN
Profiler overhead
§ threads hidden... -4
v 24.8% Kernels i Lalal kil Ll |
» 99.7% _pgi_uacc_cuda_fil 42_gpu | DtoH
b 0.2% move0_152_gpu memcpy

ald bkl bbbl
» 0.1% move0_181_gpu
HtoD HtoD
e
80.0% HtoD memcpy ]

20.0% DioH memcpy

HtoD
memepy

What?

= Explicitly (manually) control data movement from CPU to GPU.

Why?
= Provides fine-grained control for optimizing specific data transfer

patterns.

NVIDIA Nsight Systems OpenACC Unified Memory

+ CPU(32)

- Threads (9)

- v [3177528] MPIRank 0 ~

OpenACC - . __
pe BIT1 [ Wait  mover.c.152 i Wal ; mover.c152 i Wait : mover.c.181 |
. Unstructured

Data Region . .
CUDA API | | i | cuStreamSynchronize |
Profiler overhead

b

V| [3177557]BIT1 «

v [3177562] cuda-EviHandlr =

6 threads hidden.. —+

= 63.4% Context 1
»+ [All Streams]
b 99.9% Stream 14
b 0.1% Stream 18
= 36.6% Unified memory

~ 100.0% Memory | e N !
64.3% HtoD transfer ol L, i
35.7% DioH transfer | A
HtoD HtoD
memcpy memcpy
What?

= Runtime system automatically handles data movement from CPU to GPU.

Why?
= Minimizes manual intervention with limited fine-grained control for simpler

data transfer.

[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,

LNCS 14832. Springer Nature.
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OpenMP/OpenACC Explicit OpenMP/OpenACC Unified Memory

Execution Time (s)

400 + 150 —
367.18
3188 ® 2 MPI Ranks 133.40 W 2 MPI Ranks
® 16 MPI Ranks W 16 MPI Ranks
2 MPI + GPU OpenACC Explicit/ ACC Parallel 12375 16 MPI + GPU OpenACC UM | ACC Parallel
B 2 MPI +2 GPUs OpenACC Explicit / ACC Parallel 11544 11537 m 16 MPI + GPU OpenMP UM / OMP Target
™ 2 MPI + GPU OpenMP Explicit/ OMP Target B 2MPI+ GPU OpenACC UM / ACC Parallel
300 2 MPI +2 GPUs OpenMP Explicit | OMP Target 1 2 MPI + GPU OpenMP UM / OMP Target
W 16 MPI + GPU OpenACC Explicit / ACC Parallel w 16 MPI + 2 GPUs OpenACC UM / ACC Parallel
m 16 MPI + GPU OpenMP Explicit/ OMP Target 100 + ® 16 MPI + 2 GPUs OpenMP UM / OMP Target
Increases 16 MP| + 2 GPUs OpenACC Explicit / ACC Parallel Increases 2 MPI + 2 GPUs OpenACC UM | ACC Parallel
using GPUs 21827 24572 m 16 MPI + 2 GPUs OpenMP Explicit / OMP Target = . ® 2 MPI + 2 GPUs OpenMP UM / OMP Target
P using GPUs
E
200 + e ‘
5 Improves using
3 e see 4 OpenMPTarget
. g .
Improves using z Multi-GPUs
. - Opean!P Target 50 -
48 12 Multi-GPUs
100 +
CPU-only CPU-only
Baseline \ Baseline \
3.27
327 0.81 0.81
0 I
BIT1 Mover Function BIT1 Mover Function

=  GPUs (OpenMP or OpenACC) usage increases execution times compared to 2 MPI and 16 MPI Ranks CPU-only Baseline.

=  OpenMP Target with 2 GPUs shows notable execution time decrease, indicating improved performance with Multi-GPUs.

Data Transfer Problem Discovered [

Explore New GPU Porting Possible Solution [2!

' = We should not copy/upload very large amounts of
i data from CPU to the GPU every time step.

with OpenMP Target Multi-GPUs per node.

= Use CUDA streams and particle batch processing !

[1] J. J. Williams, et al. “Optimizing BIT1, a Particle-in-Cell Monte Carlo Code, with OpenMP/OpenACC and GPU Acceleration.” 24th International Conference on Computational Science, Mdlaga, Spain, July 2-4, 2024, Part |,
LNCS 14832. Springer Nature.
[2] Steven WD Chien et al. "sputniPIC: an implicit particle-in-cell code for multi-GPU systems." 2020 IEEE 32nd International Symposium on Computer Architecture and High Performance Computing (SBAC-PAD). IEEE, 2020
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fxmy Evaluation: BIT1 openPMD BP4 (CPU) Simulations!!

28 OCH KONST 2%
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X
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a ]
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le7 1le?
1.05

n —— electrons 0

H ) 9105

2 lons £ —— electrons

EM)D —— neutrals 5 1.00 — Ionst |
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2 i

5 5095

0.95
0.00 0.25 0.50 0.75 1.00 125 1.50 1.75 2.00 0 1 2 3 4 5 6 7 8
time [s] le-11 time [s) le-9

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26-30, 2024. Springer Nature.
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fxms Evaluation: HPC Instrumenting, Profiling & Monitoring Tools!!
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MPI_Gatherw
MPI_Recw
MPI_Wait
MPI_Comm_dup
MPI_%end
MPI_Irecw
MPI_Barrier
MPI_I=zend

dmp_openPMD
1

7.69%
175090243

MPI_EBcast
MPI_Allreduce
MPI_Gather
MPI_Comm_free
MRI_Comm_zize

- Whole Program —

Average I/O cost per process

adios2::helper::|
@

[0] adios2::format::BP4Serial regateCollectiveMetadata
) (¢ )

Percentage of run time

Load Imbalance
(samples)

A, \y
P
A %
Read mossm
Write m—
Metadata ===
Other (including application compute) ===

10307.7 = adios2::transport::FilePOSIX::Write
Memory Utilization 7155.7 = adios2::helper::Comm::Irecv<>
Process HiMem = 252.0 MiBytes 5798.7 = adios2::helper::CommReqImpIMPL::Wait

MPI_Comm_split

B HPI_Comm_rank

I/O Operation Counts

Read Write Open Stat Seek Mmap Fsync

POSIX = STDIO o

DARSHAN

HPC I/0 Characterization Tool

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par

2024 International Workshops, Madrid, Spain, August 26—30, 2024. Springer Nature.
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(KH12 Evaluation: BIT1 Original I/O Performance Monitoringl]
s
We use Darshan to evaluate the 1/O performance of BIT1 in terms of write bandwidth.
M lonization B Sheath
50000 —+
«
/O cost per process EQ 1 verage /O cost per process
w0 Average /O cost per pi é 10000 - Average O cost per p
= 5000
% o _g é 80 -
sy Compute % 1000 —+ § 80 Compute
Tt @ 500 -+ Sat
g 2
il _ = tar Metadata
0 5 100 = f ] f f ] f f ] ' 4 | 4 4 | 0
2 \y
% 2500 5000 7500 10000 12500 %
&ﬁ;g = Read s
o Meladala mm Meladals e
Other (including application compute) === N Umber Of MP| processes Other (including application compute) ===
* Both cases: Write bandwidth increases and then saturates.
* Peak I/O write bandwidth linked to problem size. DARS H A N
* Post-peak, performance drops from metadata writing cost. HPC 1/O Characterization Tool

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature
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(X% Results: Enabling BIT1 and Parallel I/O Implementation(!]
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Original File 1/O Write Throughput Parallel 1/O Write Throughput on Dardel CPU

15.00
0.80
Fllgggtreg " = BIT1 openPMD BP4
= BIT1 Original I/O - Dardel CPU LFS Y I ® BIT1 Original /O

W 060~  mBIT1 Original I/O - Discoverer CPU LFS 0
g = BIT1 Original /0 - Vega CPU LFS g 10.00 -
ot -
= -
-g- 0.40 'g-
g = Justre-
o e File System
= =
- ~ 5.00 |-
s s
= 0.20 -~ =
s =

0.00 - I

128 256 640 1280 2560 3840 3120 6400 12800 0.00 128 256 640 1280 2560 3840 5120 6400 12800
Number of MPI Processes Number of MPI Processes

open o/ Dardel CPU LFS outperforms Discoverer and Vega, achieving the highest overall write throughput. w ¥

M BIT1 Original File I/O: Achieves peak throughput of 0.74 GiB/s at 40 nodes. AD |

_______________________________________________________

BIT1 openPMD BP4: Maintains stable performance, suitable for tasks requiring high-throughput and efficiency. | pgaptable Input/Output System 2 '

_______________________________________________________

[1] J. J. Williams et al. Enabling High-throughput Parallel 1/0 in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan 1/0 Monitoring. In: 2024 |IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE (2024)
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(xtHy Evaluation: BIT1 Simulation Execution and Runtime Profiling!1]

28 OCH KONST 2%

s
We use gprof to understand where further BIT1 optimizations should be carried out to maximize the performance gain.

B move0
B moveb

arrj

lonization

B heat_up
B avg_mpi
B bincc_dspf

I others

Sheath

0% 25% 50% 75% 100%

arrj() — Particle Arrangement within appropriate cells and ranks.
move() / moveb() - Particle Pusher

bincc_dspf() — Binary Collision Operator

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature
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fXTHY Results: BIT1 openPMD BP4 Execution and Runtime Profilingt2
e P g
Parallel /O Write Throughput on Dardel CPU

N
100%

gprof: Reports Frequently Used Functions

75%

1.7% 10.8%

W rempar2

® nmove

= avq_mpi

m accum_mpi
m arrj

= movel

m others

® Reads
m Metadata
m Writes

BIT1 openPMD BP4

50%

14%  94%

Original BIT1

25%

Percentage of Runtime

0% 25% 50% 75% 100% Lhlm

0%
’ BIT1 Original I/O BIT1 openPMD + BP4

In the original BIT1, the "arrj" function uses 75.5% of the time, dropping to 65.5% with openPMD BP4.

Integrating openPMD with ADIOS2 BP4 significantly reduces metadata overhead

from 17.868 seconds to 0.014 seconds per process (99.92% reduction).

Write operation time also decreases from 1.043 seconds to 0.009 seconds per process (99.14% reduction).

[1] J. J. Williams et al. Enabling High-throughput Parallel I/0 in Particle-In-Cell Monte Carlo Simulations with openPMD and Darshan I/O Monitoring. In: 2024 IEEE International Conference on Cluster Computing Workshops
(CLUSTER Workshops). Kobe, Japan. IEEE (2024)

[2] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—30, 2024. Springer Nature.
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CrayPat & Apprentice2
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» CrayPat & Apprentice2: parallel application performance tool offered by Cray

» CrayPat: Provides detailed information about overall application performance

= Apprentice2: GUI tool used to visualize performance data instrumented by CrayPat

w BiT1+orig+pat+21362-8645376s % v BIT1+orig+pat+21362-8645376s %

O DM A O PMmE R

w TextReport ¥ |w Profile ¥ | = CaliTree ¥ | v HW Counters Overview ¥ |wi0Rates ¥ w Activiy % w Text Report 8 | Profile % | v CallTree 3 | HW Counters Overview ¥ = IORates ¥ ¥ Activity ¥
CrayPat/X: Version 22_06_.0 Revision 4b5ab6256 05/21/22 02:03:49 I Actiw'ty over PEs Time () PE
Number of PEs (MPI ranks): 128
Numbers of PEs per Node: 128
Numbers of Threads per PE: 1 thread on each of 127 PEs

604 threads on 1 PE

Number of Cores per Socket: 64

Execution start time: Fri May 17 01:56:24 2024

System name and speed: nid002721 3.363 GHz (nominal)

25%

AMD  Rome CPU Family: 23 Model: 49 Stepping: O
Core Performance Boost: 731 PEs have CPB capability 0%
0 12 25 38 50 63 76 88 101 114 127
B sync Mpata Xfer MRead Mwrite M Collective MHeap "cupA  HIP BomP I user MOther Traced
Wallclock time: 770.491570s Wallclock time: 770.491570s

*Cray Performance Measurement and Analysis Toolset (CrayPat)

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.
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We use CrayPAT to instrument the code and Apprentice2 for interactive performance analysis and visualization.
HCPMb AME

w Overview &

Profile

- Whole Program -

adios2::hel m:lrecv<
adios2::helper:: eqmpIMPI:Wait ( )

ad [0] ace [0] adios2:format;:BP4Serial gregateCollectiveMetadata )
@ 0) (e %) (8 6)

Function/Region Profile
25.4% = MPI_Wait
19.8% = amj
11.9% = adios2::format::... llectiveMetadata

Memory Utilization
Process HiMem = 252.0 MiBytes

Programming Model
25.62% ]
(¢ 0)
| —

<- 10011 10011

M 10101 10101

Load lmbalance- - @ B Data Movement
(samples) ¥ No data collected
103077 = adios2=transpor. . ilePOSIX-Write Energy Usage
7155.7 = adios2::helper::Comm::Trecv<> No Energy Data Collected.

5798.7 = adios2::helper::. .. qImplMPI::Wait

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.
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[KI: Results: BIT1 openPMD BP4 Instrumentation and Profiling!?
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1 Node — 128 MPI Processes

76,594
samples

100 Nodes — 12800 MPI Processes

22,151
21.3% "K samples

12.9% 9.

[ MP1_wait [l ava 0 |} adic p
I arrj  moveo l nmove l arrj [ MPI_wait . nmove
.adiosz::format:BP4...teCuu=u‘ .ndi-w per::CommReglmplMPI::Wali it  All Others lqu_o .moveo
open
M The reduction in MPlI communication is due to using openPMD with the ADIOS2 BP4 backend,
' openParticle-MeshData |+ which optimizes MPI communication and improves performance compared to the original BIT1. | Adaptable Input/Output System 2 |

_________________________

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par

2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.
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(s Evaluation: BIT1 Integrated Performance Monitoring and Profilingl!!
e
We use IPM to understand the parallel and MPI performance of BIT1.
\ ; . 18 W shutes
a5 I —— MPI_Vait .
| . = MPI_Barrier “
A ' MPI_Isend "
30 MPI_Irecw 2 10
MPI_Comm_size g .
w29 MP T _Comm_rank, .
o MPI_Init .
3 MPI_Finalize i
g a0
= ’ ° ° = = = o
- " " sarted index ° =
v 13
4
pe; M rPI_vait
M MPI_Barrier
10 B rPI_lsend
MPI_Trecy
5 M HPI_Comm_zize
MP T _Comm_ratk
Q
= 2 2 2 2 2 2
&l F B z 2 &l
HPI rank = =

IPM

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature
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» 200
(D)
£
|_
- 150
(D)
E MPI_Gatherv
%ﬁ MPI_Recv
-
100
§ MPI_Wait
— MPI_Comm_dup 2=
Q. )
> 5 MPI_Send §
>
g
=
:Joode Infjoex
0
0 200 400 600 800 10000 12000
MPI Rank

open oA “MPI_Gatherv” (67.65%) dominates communication time, suggesting a need to optimize data gathering processes. ﬁ D I '

M “MPI_Recv” (19.04%) and “MPI_Wait” (5.76%) times suggest inefficiencies in message handling and synchronization.

| open Particle-Mesh Data i Memory usage per node is balanced, ranging from 29 GB to 33 GB. | Adaptable Input/Output System 2. |

_________________________

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.
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BIT1: 3D Time Evolution

BIT1: 2D Time Evolution
X: CPU | Y: Simulation Particles | Z: Time [ns]

X: CPU | Y: Simulation Particles

electrons
ions

8750 1 neutrals

8500

8250
I
2
z
E 8000 —— electrons
Q .
c — ions
=]
= — neutrals
]
E 7750
w

7500

7250

7000 4

0 200 400 600 800 1000 1200
CPU

[1] J. J. Williams et al. "Leveraging HPC Profiling & Tracing Tools to Understand the Performance of Particle-in-Cell Monte Carlo Simulations." Euro-Par 2023: Parallel Processing Workshops:
Euro-Par 2023 International Workshops, Limassol, Cyprus, August 28-September 1, 2023, Revised Selected Papers, Part |, LNCS 14351. Springer Nature
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railable at: test_load_balance. inp.bp4
input file.

tatic 1 Dimensional PIC-M( ‘ode (Berkeley-Innsbruck-Thilisi)

iteration 2
iteratien 3.
iteration ¢

iteration 5.

iteration 6

1teration
iteration 8.
iteratien 9.

iteration

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code,

2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.

60
E 40
>

20

o]

4000

2000

particle load

600000

400000

200000

total particles

1.00 4 —— electrons 104+ electrons
_ y ——— ons —— ions
015 % — neutrals 3 — neutrals
E 050 \ % 5 =
c fa r
0.25 ,.' ‘
T T T T T T U 0.00 T T |’ T T T T 0 T T T T Il T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
x [m] x [m] x[m]
0 200 400 600 800 1000 1200
MPI rank
P - —— electrons
i ions
—— neutrals
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
time [s] le—7

Evaluation: BIT1 openPMD BP4 Real-Time Checkpoint (In-Situ) Analysis!!]

through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par

2024-09-26
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{KHIY Evaluation: BIT1 openPMD BP4 Real-Time Checkpoint (In-Situ) Analysis!!]

9 o

TR

python3 /scratch/j/BIT1/Visualize/in-situ-vis.py DCSM 0 _e21 c&.1inp.bp4

np.bp4

ic 1 Dimensional PIC- Code (Berkeley-Innsbruck-Thilisti)
le2l

-CR 0.05 4

)P1 code from University of California - Berkeley

V[V]

— electrons
ions
—— neutrals

—— electrons
ions
iteration 3. 0.05 — neutrals

S 2. 000 002 004 006 008 0.10 000 002 004 006 008 0.10 0.00 002 004 0.06 008 0.10
iteration 5. x[m] x [m] x[m]

a7
0.00 1 E 1.00 1
c

Tx [eV]

iteration 2

iteration 6

iteration

iteration 8

N
o
(=1
o

iteration 9.

1teration

particle load
=
(=)
o
o

iteration

iteration 12. 0

iteration 13.

MPI rank

iteration

iteration 15. le7

iteration

g
=}
v}

iteration —— electrons

iteration 18. .00 A e ———— ions
iteration 19. ] neutrals
iteration 20.

0 1 2 3 4 5 6 7 8
time [s] le—9

total particles
o [
[l=] (=)
w o

First (1st) Row:

=  Plots electric potential, species densities, and species

Second (2nd) Row:
= Displays particle load per MPI rank to check

Third (3rd) Row:

=  Shows time evolution of particle counts to determine if

temperatures to observe plasma sheath, monitor particle workload distribution; if needed, a restart with the simulation has reached steady-state, indicating

transport, and monitor heat transport.

load balancing can be initialised.

balanced sources and sinks with stable species numbers.

[1] J. J. Williams et al. "Understanding the Impact of openPMD on BIT1, a Particle-in-Cell Monte Carlo Code, through Instrumentation, Monitoring, and In-Situ Analysis.” Euro-Par 2024: Parallel Processing Workshops: Euro-Par
2024 International Workshops, Madrid, Spain, August 26—-30, 2024. Springer Nature.
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(X4 Conclusion
et
* Performance Insights Revealed:
o Profiling tools highlight efficiency improvements in data management and processing compared to
the original BIT1 setup.
» Data Format Standardization Improved:
o openPMD enhances accuracy and efficiency in plasma-material interaction studies, advancing the

development of fusion device designs.

» Key Enhancements Achieved:

o ADIOS2 BP4 backend integration improves write throughput bottlenecks.

o Enhanced visualization and in-situ analysis have reduced post-processing times and provided real-
time insights without system runtime interruptions.
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ixti: Current Work: Enabling BIT1* and Exascale Workflow

ot

Target:
ITER Simulation
within two weeks

Profiling of the Original

Further Optimization

Profiling and

Gap analysis There is a gap

Optimization and No gap
GPU porting

BIT1 - Exascale (BIT3 ?)
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* Explore and Introduce Hybrid Approaches:

o Maximize Performance: Combine MPI with Thread/Multicore Utilization and openPMD.
o Scalable Optimization: Balance Hybrid Strategy & Reduce Execution Time.

» Optimizing Data Transfer with Asynchronous Execution!:

o Asynchronous Kernel Offloading (OpenACC and OpenMP): Improve data transfer speed and
efficiency in the HPC system (e.g., memory, storage, network, etc.).

» CPU(256)

)
N s

|

fpragma Qnp target nowait \ sveams
- DtoH
mav (allog: . ..) e
from(..) map (to:..) R —
. 1 R
map (from' e ) 35.0% DtoH transfer

[ en ) e

» [2523859] nvidi probe
» [2523860] nvidi robe HtoD
@ memcpy

[1] Performance Optimisation and Productivity, A Centre of Excellence in HPC, Accessed 30 August 2024. https://pop-coe.eu/blog/26th-pop-webinar-asynchronous-gpu-programming-in-openmp
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(KL Current Work
» Extend openPMD Supported Features:

o Work on checkpoint restart and particle load balancing with openPMD to extend support for exascale
computing and improve plasma-material interface control and system resilience.

» Optimize MPI Communication and Improve Disk Storage:

o Focus on reducing and improving MPlI communication overhead on large runs.

o Explore integrating high-performance streaming with the Sustainable Staging Transport (SST)
backend, extending real-time checkpoint analysis capabilities in memory rather than file I/O.

Movie step: 20

le2l

| ——

—— electrons

—— neutrals
—————

0.00 0.02 004 006 008 010 0.00 002 004 006 0.08 0.10 0.00 002 004 006 008 0.10
x [m] x [m] x [m]

-0.05

2 100000

MPI rank

et
rerpre et rers TS
s
IISEDURIS R
et
SURBE

2024-09-26 J. J. Williams - Workshop: Digital Twins for Future Fusion Reactors - University of Ljubljana



by

egg\\%a
FKTHE

VETENSKAP
28 OCH KONST 2%

™

= Introduce / Enable Enhanced Features with the SST backend:

Current Work

o Explore in-situ visualization using ParaView Catalyst 2 and ADIOS2 to support real-time debugging.

ParaView 5.13.0 (on vglogin0002.vega.izum.si)
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