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Two big issues in supercomputing

" 1. Accelerator
» GPU (MN-core, NEC Aurora...) '

- Excellent performance-per-Watt
* GPU-friendly algorithms are needed.
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» 2. Arithmetically intense, high-accuracy algorithm

» Computing cores are usually idle, waiting for data

- Higher-accuracy algorithms are demanded to produce better results
from a limited amount of data.
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Particle-in-cell (PIC) simulation

40,000 Electron Trajectories During Magnetic Rq il f
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1. Particle loader

1. GPU-friendly
Kappa generator

. Field solver 2. Particle integrator

2. High-accuracy
Tn = Tl particle solver
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3. Charge deposition

Tn = Pen
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1. Kappa generator

(a) Velocity distribution

— Keppa =20 * Kappa distribution
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- Maxwellian-like core + power-law tail
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* Random number generation methods

- Standard method (+-generator) o ,
Rejection sampling
* Pareto method

* Bailey method
+ Galton board method 1D/2D only

- NEW method
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GPUs are not good at rejection sampling
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- A single instruction

controls 32 threads
simultaneously

- All the threads wait for

the slowest one
+ Inefficient

time

* Rejection sampling
+ The target distribution is taken out
from the sampling distribution
» In programming, it's an iteration loop

- The iteration number differs from
particle to particle




Approximate Kappa distribution

- Kappa distribution

N, TI(sk+1) v? \ —(s+1)
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- We have derived a good approximation

g(v)dv = 3N, (ab* + 2bv26? + bev?)
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Random number generator
(there is no iteration loop)
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How good is our approximation?

(a) Phase space density
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- 0(PSD) < PIC noise

N, <107

- Total number

Zero

* Total energy

<107%° (k=~4.1)
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New method runs constantly fast

* Standard method suffers from the loop problem on GPUs,

in agreement with a theory (Ridley & Forget 2021)




2. Particle integrator (Boris solver)
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Solution 1: Subcycling

At

n
 We further accelerate the n-times calculation by using a formula

e We repeat the procedure n times with

element E vector element B vector element E vector element B vector
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Numerical test

Numerical error 10 "+

—=— Single (n=1)
—&— Double (n=2)
Quadruple (n=4)
—&— QOctuple (n=8)
10°° —=— 16x (n=16)
—=— 32x (n=32)
—a— Exact-gyration
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Solution 2: Higher-order corrections

element E vector element B vector Correction factor
L= om ™ T oy Ty 3t 5"
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Solution 3: Combination of the two

e 0. Boris solver
x (At)’

< N\

e 1. Subcycling e 2. Higher-order corrections
N (H)Q x (A)Y
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e 3. Hyper Boris solver
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Hyper Boris solver
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Summary

- 1. Kappa generator

* Approximate Kappa distribution
* GPU-friendly, because it has no loop

- 2. Hyper Boris integrator

- Subcycling + Higher-order correction = Ultrahigh accuracy
+ Affordable computational cost

- Applicable to any vector problem of é—z =F+vxR
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