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Legacy code ORB5 [Tran, 1999, Jolliet, 2009] includes 20 years of developments
from tens of physicists.

How to adapt it to emerging supercomputing platforms?

@ Develop a simplified test-bed embedding main kernels

@ Modularize data structures for easier maintenance

@ Optimize those kernels for different architectures (such as GPUs)

@ Investigate alternative numerical models (PIF approach instead of PIC)

[Fasoli, 2016]

Noé& Ohana - EFTC 2017 2/14



SWISS PLASMA
CENTER

. )
GK-engine features .(lﬂ-
QI = voiel P s B 1 petomance 3 5 Concurion 3

@ Physics:
@ Gyrokinetic equations of particle motion

@ Slab geometry
@ Sheared magnetic field

@ Electrostatic, collisionless instabilities

@ Adiabatic electrons

@ Numerics:
@ Of representation of distribution function

@ Runge-Kutta of fourth order time integrator
« Intra-node multi-threading with OpenMP or OpenACC

@ Inter-node MPI communication with domain decomposition and cloning
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@ Marker discretization:

p
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N
of(R,vy,p,t) = Z 27:,;* p(t)‘s(R - Rp(t))(s(v// - v//p(t))d(ﬂ - Np)

1 7
@ B-spline field representation (PIC method):

Ng+p Ny N,

SC 'Y, % Z¢zgkA

i=1 j=1k=1
@ Fourier mode field representation (PIF method):
Na+p Nmax — —7ngqitAm
i=1 N=Nmin m=—ng;,—Am

@ Field aligned & k) ~0 < m+ng(z)~0
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Stages of a time step
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Guiding center data Larmor ring data

build Larmor
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@ Single lon-Temperature-Gradient (ITG) mode (m, n) = (—49, 35)
(physical parameters from [Gérler, 2016])
@ Convergence with number of finite elements versus PIF:
102 —— e -
g . + PIC linear
L +. i 4+ PIC quadratic
0 o, 1| + PIC cubic
T3 § oy, stope =-2.1 | | = PIF linear
T 100 + oy -| | — PIF quadratic
| E % '+..|.,+ 1 | == PIF cubic
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number of finite elements per wavelength
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@ The saturation level depends on the other parameters.
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@ Single lon-Temperature-Gradient (ITG) mode (m, n) = (—49, 35)
(physical parameters from [Gérler, 2016])
@ Convergence with number of finite elements versus PIF:
102 ——
g . 4+ PIC linear
N + g + PIC quadratic
E s + PIC cubic
10 +* - C cub
T3 § + +1'- 1| o PIF linear
g 100 ey 4 | o PIF quadratic
| E + + 4 + 1| © PIF cubic
T 10l e §
(Y s + =
@ N t + |
1072 + =
I +.'_ E
B - ]
1073 0 010 + \H + | L1l
102 107! 10°

wall clock time per time step using 2 NVIDIA Tesla P100 (in s)
@ The saturation level depends on the other parameters.
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@ ITG non-linear simulation 6 — Ti/Teo
4 ||,
2 dx X
00 50 100
x/ps
@ Full Fourier spectrum (15 toroidal modes times 11 poloidal modes)
@ PIC method:
Heat flux Zonal flow shearing rate

QU
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tQio .10%
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@® PIC method:

Heat flux

Zonal flow shearing rate

100

X/PSO

50

0 1 2 3 4
tQ,'Q
@ PIF method:

-10* 82
Heat flux Zonal flow shearing rate
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@ Check energy conservation over time:
-10*
4
- == PIC: Epot
--- PIC: Ekin
2 --- PIC: Epot+Ekin
R —— PIF: Epot
E 0 —— PIF: Ekin
Wy —— PIF: Epot+Ekin
2
—4 | | | | | | | | |

0 02 04 06 038 1 1.2 14 16 18 2
tQ2;o .10%

@ Error with PIF method always lower than with PIC
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@ PIF, 32 GPUs (NVIDIA Tesla P100), 128M particles, 128 radial cells, N, = 11

I Build Larmor points
[ Gyroaveraging
I Charge deposition
[ Field evaluation

I Push
[ Field solver
[ Diagnostics
[__1 MPI synchronization
7 33.9
0 5 10 15 20 25 30 35

Wall clock time per timestep (s)

@ Wall clock time roughly proportional to N,
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@ p* scan, PIC, quad. splines, 12 OpenMP threads per node

1/p* nodes part field

Moo | 180 8 32M  64x256x128 I Build Larmor points
= .
‘Tl 360 32 128M 128x512x128 [ Gyroaveraging
) I Charge deposition
E 720 128 512M 256x1024x128 [ Field evaluation
S| 1440 512 2G  512x2048x128 B Sorting
=1 2880 2048 8G 10200628 I Push
[ Field solver
180 8 32M  64x256x128
Mool — P?rallel n:10ve
E 360 32 128M 128x512x128 [ Diagnostics
8| 720 128 512M 256x1024x128 Bl MP! synchronization
<
§ 1440 512 2G 5122048128

2880 2048 8G  1024x4096x128 . . .93]6.21

Wall clock time per timestep (s)
@ Number of particle per cell decreases with system size = sorting can help
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@ p* scan, PIC, quad. splines, 1 GPU per node

1/p* nodes part field

Moo | 180 8 32M  64x256x128 I Build Larmor points
= Gyroaveragin

£] 360 32 128M 128612428 [ Gy ging

@ = I Charge deposition
E 720 128 512M 256x1024x128 [P30.33 ] 0.97 [ 1.86 [ Field evaluation

£| 1440 512 2G 213 I Sorting
=1 2880 2048 G 102mseas EFI0:39 18 [ 3.30 | M Push

[ Field solver

Moo ] 180 8 32M [ Parallel move

E 360 32 128M 128x512x128 [ Diagnostics

8| 720 128 s512M 256x1026c128 [ BB 0.97 [ 1.80 [ MPI synchronization
ey

§ 1440 512 2G 1.93

2880 2048 8G 1024x4096x128 ] 1L []3.07
0 1 2 3
Wall clock time per timestep (s)

@ Parallel communication becomes the bottleneck
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@ p* scan, PIF, quadratic splines, 1 GPU per node

1/p* nodes part field

I Build Larmor points
[ Gyroaveraging
Il Charge deposition
[ Field evaluation
I Push

[ Field solver

[ Diagnostics

6.68 1 MPI synchronization

180 8 32M  64x11x15

360 32 128M 128x11x15

720 128 512M 256x11x15

1440 512 2G 512x11x15

2880 2048 8G 1024x11x15 . . 6.84

0 1 2 3 4 5 6 7
Wall clock time per timestep (s)

@ Non-scalable part is negligible
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@ What to take home:

@ CPU or GPU: GPU is 2-4 times faster than CPU for PIC (on Piz Daint
machine), and essential for PIF.

@ Spline order: choice for best time-to-solution depends on required
precision.

@ PIC or PIF: PIF is more precise than PIC, but can be slower if many
Fourier modes are kept.

& Future work:

@ Make ORBS run on GPU, and see if PIF approach can be used to study
mode-to-mode coupling.
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@ Distribution function:

f:fO(va//7ﬂ)+5f(va//7ﬂvt) %U// 2
m'UJ_

V] > p= 5B

@ Vlasov:

G L dof __dR 0f dvof

dt dt dt “OR ~ dt dv,
@ Equations of motion:

B b+ L bavBe

dt N, B*

parallel motion

B* b A V{(¢)

V B drift EAB drift

dv// e
e/ AL N v

it = (¢)

dp

= _p

dt

@ Quasi-neutrality equation:

noe(d) o) d3X+/ —noVig-Vin d*x = /(5f 3x d*v
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@ Balance equation =32 = —“=dn

o Potential energy o1 = [ %e(qﬁ)f d3>x d*v

o Kinetic energy Exin = [ (%mv?/ + ,uB)f d3x d3v

@ Linear growth rate

@ Ypot = %% computed by finite difference in time

_ _—1 dé&n . .
@ Ykin = 35 computed instantaneously at each timestep
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Exponential computation
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Algorithm 2 Prefactor method

Algorithm 1 Explicit method

for n € [Nmin, Nmax] do
einz = exp(2rwinz/L;)
for m € [-ng— Am, —ng+ Am] do
eimy = exp(2wimy/L,)
.. = ..X eimy X einz
end for
end for
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eiz = exp(2miz/L,)
einz = eiz” Npmin
for n € [Nmin, Nmax] do
eily = exp(2miy/L,)
eimy = eiy*(—ng — Am)
for m € [-ng— Am, —ng+ Am] do
.. = ..X eimy X einz
eimy = eimy X eiy
end for
einz = einz X eiz
end for
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@ PIC, 32 nodes, 128M particles, 128 x 512 x 128 grid cells

Splines Sorting

v
.8 | quadratic
o c
S o
S 8| quadratic
Oﬁ-*
n
o .
ta cubic
at
S5 .
I cubic
L]
.9 uadratic
gg A
::) c
c ¢ | quadratic
(I
S
N cubic
oo
S0 .
— cubic

no

yes

no

yes

no

I Build Larmor points
[ Gyroaveraging

I Charge deposition
[ Field evaluation
I Sorting

I Push

[ Field solver

[ Parallel move

[ Diagnostics
[__1MPI synchronization

* Intel Xeon E5-2690
o330 03 [ [RE ** NVIDIA Tesla P100

Wall clock time per timestep (s)

@ Sorting interesting for cubic splines, not for quadratic
@& GPU** up to 3.5 times faster than CPU*
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@ PIF, 32 nodes, 128M particles, 128 radial cells, N, = 15

I Build Larmor points
[ Gyroaveraging
I Charge deposition
[ Field evaluation
I Push

[ Field solver

[ Parallel move

[ Diagnostics

[ MPI synchronization

11.4

0 2 4 6 8 10 12
Wall clock time per timestep (s)

@ Wall clock time scales less than linearly with N, because exponential is
computed with prefactor successive multiplications.
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Parallel scalability of PIC on GPU

@ p* scan, PIC, quad. splines, 1 GPU per node
@ Using GPU_DIRECT to skip CPU memory writing

scale nodes part field

™ 8 32M  6456x128 [ 0.23 ] | 0.746 I Build Larmor points
é Cyclone 32 128M 12861228 [N 0:27 | 0.968 =gz;‘:;:e;:irjﬂon

E TCV 128 512M 256x1024x128 [ Y4 []1.18 [ Field evaluation

£| ITER 512 2G  512x048x128 037 [0 039 J[] 143 | M Sorting

= IDEMO 2048 8G  1026:4096.128| error B Push

— 8 32M  64x256x128 0. 16 M| 0.24 []| 0.955 ;E::”ZTI:;\Ie

£ [Cyclone 32 128M 126612428 . 1eOBEMl] 0.30 [[] 1.03 I Diagnostics

8| TCv 128 512M 256x1024x128 []1.12 [ MPI synchronization
g ITER 512 2G  512:2048x128 [ 040 [[]127

DEMO 2048 8G

1024x4096x128 error

0 0.5
Wall clock time per timestep (s)

@ GPU_DIRECT is numerically very efficient, but unfortunately buggy.
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