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Energy Modeling	  Forum	  22
100	  models from 15	  research groups (Clarke	  2009)

Global	  electricity	  needs	  will	  keep	  increasing



Fusion	  energy	  in	  the	  laboratory

Still,	  temperatures	  of	  about	  100	  million	  degrees are	  required!
Thus,	  we	  are	  dealing	  with	  a	  fully	  ionized	  gas	  (plasma).

This	  process	  has	  by	  far	  the	  highest	  reaction	  rate
under	  experimentally	  accessible	  conditions:



Magnetic	  confinement	  of	  fusion	  plasmas

Charged	  particles	  basically	  follow	  magnetic	  field	  lines
Helically	  twisted	  field	  lines	  span	  nested	  magnetic	  surfaces

Such	  an	  axisymmetric	  device	  is	  called	  “tokamak”

ASDEX	  Upgrade	  (IPP	  Garching)
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Tokamaks
Stellaratoren

ITERSelf-‐heating must	  compensate energy losses:
• Electromagnetic radiation
• Turbulent	  transport

Key	  requirements:

• Large	  central	  pressure
(limited	  by	  onset	  of
large-‐scale	  instabilities)

• Large	  energy	  confinement
time (limited	  by	  small-‐scale
instabilities,	  i.e.	  turbulence):

τ =	  E	  	  	  	  	  	  	  	  	  /	  PE	  	  	  	  	  	  	  	  	  	  	  plasma	  	  	  	  	  	  	  loss

Fusion	  research:	  Towards	  burning	  plasmas

Radial	  heat	  transport	  due	  to	  
small-‐scale	  turbulence	  controls	  

energy confinement	  time



The	  international	  ITER	  project
Goal:	  500	  MW	  of fusion power www.iter.org



ITER	  construction	  site	  in	  Southern	  France



From	  trial-‐and-‐error	  to	  predict-‐first:
The	  role	  of	  High	  Performance	  Computing



At	  the	  forefront	  of	  supercomputing	  since	  the	  70’s



Towards	  a	  virtual	  fusion	  plasma
Increasing  fidelity  &  modeling  capability  with  increasing  computing  power

Frank	  Jenko,	  Basel	  2018

Gigaflops
Core:  ion-scale  
electrostatic  
physics  in  
simplified  
geometry

Exaflops
Core-edge  coupled  
studies  of  whole-
device  ITER,  incl.  
turbulence,  MHD  
instability, fast  
particles,  heating,  
and  plasma-wall  
interactions

Beyond
Whole  device  
modeling  of  all  
relevant  fusion  
science

Petaflops
Core:  adding  
electron-scale  
physics

Edge:  adding  
kinetic  electron  
electrostatic  
physics

Teraflops
Core:  adding  
kinetic  electron
electromagnetic  
physics  in  a  torus  

Edge:  ion+neutral
electrostatic  
physics  in  a  torus

Acknowledgements:	  ECP Goals:	  prepare and interpret ITER discharges,	  guide the development of power	  plants



The	  multiscale,	  multiphysics challenge

Many	  nonlinear	  interactions;	  we	  cannot	  use	  a	  simple	  “superposition	  principle”



A	  multi-‐fidelity	  approach
An	  example:

more	  complete
physics

faster
• High-‐fidelity	  models	  provide	  reliable	  predictive	  capability
• Lower-‐fidelity	  models	  foster	  high-‐throughput	  computing
• Both	  are	  needed	  – together



A	  high-‐fidelity	  model	  for	  determining	  turbulent	  
transport	  (i.e.,	  the	  energy	  confinement	  time):

The	  GENE	  code



Fluid	  models	  don’t	  work	  – use	  (gyro-‐)kinetics!

α	  =	  particle	  species
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...from	  the	  Liouville	  equation	  via	  the	  BBGKY	  hierarchy

Hot  and/or  dilute  plasmas  are  only  weakly  collisional:	   6D	  Vlasov-‐Maxwell	  equations

Strong	  backgroundmagnetic field:
Eliminate fast	  gyromotion;	  consider
slow dynamics of guiding centers

Gyrokinetic motion 

 

!  Particle motion used to determine  
f (r, v, t) = particles with velocity v at position r 
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Brizard	  &	  Hahm	  2007

Reduction	  of	  effort	  by
~12	  orders	  of	  magnitude
(elimination	  of	  irrelevant
spatio-‐temporal	  scales	  &
reduction	  from	  6D	  to	  5D)

Additional	  gain	  from	  using
field-‐aligned	  coordinates



The	  gyrokinetic code	  GENE
l First	  GENE	  publication:	  Jenko et	  al., Physics	  of	  Plasmas	  2000	  (>600	  citations	  – WoS)
l More	  than	  100,000	  lines	  of	  source	  code,	  plus	  200,000	  lines	  for	  pre-‐/post-‐processing
l Based	  on	  numerical	  methods	  from	  Computational	  Fluid	  Dynamics

l Open	  source	  policy

l World-‐wide user	  base:
genecode.org
support@genecode.org

Part	  of	  an	  ecosystem	  of
codes	  for	  fusion	  research

Also	  used	  in	  astrophysics Scientific	  institutions	  using	  GENE





Some	  background	  on	  GENE

• The	  underlying	  nonlinear	  PDEs	  are	  discretized	  on	  a	  fixed	  grid	  in	  5D	  phase	  space

• Apply	  CFD-‐type	  (mix	  of	  spectral,	  finite	  difference,	  and	  finite	  volume)	  methods	  

• Explicit	  time-‐stepping	  facilitates	  scalability

• Time	  step	  is	  maximized	  during	  initialization

• 5D	  domain	  decomposition

• Primarily	  pure	  MPI	  or	  hybrid	  MPI/CUDA/OpenACC programming	  model

• Auto-‐tuning	  (optimal	  subroutines	  and	  processor	  layout)

Runge–Kutta–
Chebychev
schemes

Doerk &	  Jenko
CPC	  2014



Verification	  and	  validation
Code  verification:  Are  we  solving  the  equations  right?

First  benchmark  of  global  electromagnetic  GK  codes  [Görler PoP 2016]

Code  validation:  Are  we  solving  the  right  equations?
Can  gyrokinetics describe  outer-core  L-mode  plasmas?  [Görler PoP 2014]

Happel PPCF  2017



Science	  highlights	  (just	  two	  examples)
Prediction	  of	  relevant	  contributions	  to	  turbulent	  transport	  at	  very	  small	  – hiterto
neglected	  – spatio-‐temporal	  scales	  (experimentally	  confirmed)	  	  

Pioneering GENE	  triple-‐scale
simulation of a	  TCV	  discharge,
from system size to ion gyro-‐
radius to electron gyroradius
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Indications	  that	  the	  physics	  of	  the
“pedestal	  region”	  in	  ITER	  may	  differ
from	  that	  in	  present-‐day	  devices	  



Strong	  scaling	  of	  GENE	  on	  Titan
~90%	  of	  the	  machine

Tilman Dannert

Optimizing	  large-‐scale	  codes	  (like	  GENE) on	  pre-‐exascale systems	  may	  take	  person-‐years
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Speedup w.r.t 2048 nodes



From	  Titan	  to	  Summit	  (2018)
2,282,544	  cores
187	  PF	  (peak)

IBM’s	  Power9	  processors
NVIDIA’s	  Volta	  GV100	  GPUs

Much	  faster	  data	  motion

Most	  powerful	  supercomputer	  in	  the	  world
(Top	  500	  List,	  June	  2018)



Some	  software	  engineering	  aspects
Version	  control	  system https://github.com/git/git

Repositoryhosted	  by

Web	  interface	  installed	  at	  MPCDF	  – contains	  wiki,	  CI/CD,	  interface	  to	  bug	  tracker

Development	  repository	  managed	  via https://gitlab.com

Regression	  tests	  are	  performed	  automatically	  once	  per	  day/week

User	  repository at https://gitta.rzg.mpg.de/GENE

release	  tags	  and	  master	  branch	  mirrored	  from	  development	  repository

Source	  code	  documentation	  via	  Doxygen and	  FORD	  (FORtran Documenter)



Beyond	  brute	  force:
Sparse	  grid	  combination	  technique



Sparse	  grid	  combination	  technique

Sparse	  grid	  combination	  technique
• Good	  approximation	  of	  the	  

Cartesian	  grid	  solution
• Smaller	  number	  of	  grid	  points
• Existing	  code	  (GENE)	  can	  be	  used	  

more	  or	  less	  as	  it	  is

Resolution:
33  grid  points  
per  dimension

2D 5D

Cartesian  grid 1,089 39,135,393
Combination  tech. 641 206,358

Cartesian	  grid
• Regular	  data	  structure
• Huge	  number	  of	  grid	  points	  in	  high	  dimensions	  

“curse	  of	  dimensionality”

EXAHD	  -‐ An	  Exa-‐Scalable	  Two-‐Level	  Sparse	  Grid	  Approach	  for	  
Higher-‐Dimensional	  Problems	  in	  Plasma	  Physics	  and	  Beyond



• Combination  of  
eigenmodes or  
eigenvalues
• Here:  2D  projections  
(vp-z)  of  eigenmodes

Combining	  GENE	  eigenvalue	  simulations

With  C.  Kowitz &  M.  Hegland



A	  new	  level	  of	  parallelism

Two-‐level	  parallelism
• Massively	  parallel	  GENE	  runs	  for	  independent	  
grid	  setups	  from	  the	  combination	  technique
• Run	  times	  of	  the	  instances	  tend	  to	  vary	  strongly

Optimize	  the	  load	  balance
• A	  simple	  load	  model estimates	  the	  runtime	  
required	  for	  each	  grid	  setup
• A	  scheduler creates	  an	  optimal	  load	  balancing	  
to	  minimize	  idle	  cores



Spin-‐off:	  Algorithmic	  fault	  tolerance
Hardware	  failures	  (on	  many	  Mcores)
• Standard:	  The	  whole	  simulation	  has	  to	  be	  
restarted	  from	  the	  last	  checkpoint	  file
• In	  the	  combination	  technique,	  only	  a	  
single	  GENE	  instance	  would	  crash

Two	  ways	  to	  handle	  the	  failure
• The	  combination	  technique	  recovers	  an	  
approximation
• Only	  a	  single	  GENE	  instance	  is	  rerun

Such  techniques may be very useful on  emerging exascale architectures



Lossy compression	  of	  scientific	  data
in	  GENE	  simulations	  of	  plasma	  turbulence



Data	  outgrows	  compute,	  calls	  for	  data	  
reduction	  techniques
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P.	  Lindstrom,	  IPAM	  Workshop,	  UCLA	  (10/15/18)
Lossless	  compression
has	  very	  limited	  impact



• Large	  improvements	  in	  compression	  are
possible	  by	  allowing	  even	  small	  errors
• Simulation	  often	  computes	  on	  meaningless	  bits	  

• Round-‐off,	  truncation,	  iteration,	  model	  errors	  abound
• Last	  few	  floating-‐point	  bits	  are	  effectively	  random	  noise

• Still,	  lossy compression	  often	  makes	  scientists	  nervous
• Even	  though	  lossy data	  reduction is	  ubiquitous

• Decimation in	  space	  and/or	  time	  (e.g.	  store	  every	  100	  time	  steps)
• Averaging (hourly	  vs.	  daily	  vs.	  monthly	  averages)
• Truncation to	  single	  precision	  (e.g.	  for	  history	  files)

• State-‐of-‐the-‐art	  compressors	  support	  error	  tolerances

0.27  bits/value  
240x  compression

P.	  Lindstrom,	  IPAM	  Workshop,	  UCLA	  (10/15/18)

Lossy compression	  enables	  greater	  reduction,	  
but	  it	  is	  often	  met	  with	  skepticism	  by	  scientists



Turbulence	  provides	  an	  interesting	  test	  case

• Turbulent	  dynamics	  is	  inherently	  
nonlinear	  and	  high-‐dimensional
• It	  is	  characterized	  by	  a	  mix	  of	  
disorder	  and	  order
• The	  detailed	  dynamics	  is	  chaotic,	  but	  
its	  statistical	  properties	  tend	  to	  be	  
robust
• It	  may	  be	  possible	  to	  trade	  accuracy	  
for	  efficiency	  on	  the	  statistical	  level

Energy	  wavenumber	  spectra
for	  single	  precision

reduced	  by	  several	  bits

Homann+	  CPC	  2007

Mantissa	  of	  23	  bits
is	  cut	  by	  up	  to	  13	  bits



GENE-‐ZFP	  compression	  numerical	  experiment

• Emulate	  simulations	  on	  compressed	  arrays	  of	  grid-‐based	  data
• Steps	  in	  time	  loop:

1. Compress	  and	  decompress	  5D	  distribution	  function
2. Compute	  time	  step

• Grid:	  nx0×ny0×nz0×nv0×nw0	  =	  60×128×8×32×10
• Tested	  ZFP	  modes	  (4D	  [nx0×ny0×nz0×nv0] compression):

1. Fixed	  rate	  (fixed	  number	  of	  bits	  per	  floating	  point	  value)
2. Fixed	  accuracy	  (fixed	  absolute	  error	  tolerance)
3. Fixed	  precision	  (fixed	  number	  of	  uncompressed	  bits	  per	  value)



Heat	  flux	  as	  figure	  of	  merit

Heat	  flux	  in	  normalized	  units,	  
averaged	  over	  space,	  as	  a	  function	  
of	  time

Shown	  is	  a	  quasi-‐stationary	  
saturated	  turbulent	  state

Plots	  for	  the	  reference	  and	  fixed	  
rate	  (10	  bits	  per	  double)	  
compression	  runs



Heat	  flux	  for	  different	  compression	  modes	  
and	  compression	  ratios

Time-‐space	  averaged	  heat	  fluxes,	  with	  
standard	  deviations:
• Fixed	  rate	  scan	  (bits	  per	  double):	  

(unstable	  for	  4)	  6	  ,	  8,	  	  10	  ,	  20,	  25,	  30,	  35,	  
40,	  50,	  60

• Fixed	  accuracy	  scan	  (absolute	  error	  
tolerance):	  (wrong	  results	  for	  1e-‐2)	  1e-‐3	  
…	  1e-‐10,	  1e-‐12,	  1e-‐14,	  1e-‐16

• Fixed	  precision	  scan	  (number	  of	  
uncompressed	  bits	  per	  value):	  (unstable	  
for	  10)	  15,	  20,	  25,	  30,	  35,	  40,	  50,	  60

compression	   ratio	  =	  uncompressed/compressed	  
size



Lossy compression	  in	  GENE	  simulations	  of	  
plasma	  turbulence

• Goal: Explore	  potential	  for	  data	  reduction	  in	  the	  GENE	  simulations;	  would	  help	  to	  

reduce	  data	  motion	  and	  thus	  to	  increase	  code	  performance

• Incentive: We	  care	  mainly	  about	  statistical properties	  in	  a	  quasi-‐stationary	  saturated	  

turbulent	  state,	  which	  may	  be	  quite	  robust	  (here:	  heat	  flux)

• Results: Compression	  ratios	  up	  to	  ~10	  with	  acceptable	  loss	  of	  quality

• Conclusion: Study	  points	  to	  enormous	  potential	  for	  data	  reduction	  in	  GENE

Denis	  Jarema,	  Peter	  Lindstrom	  &	  Frank	  Jenko



An	  ambitious	  project:
Coupling	  two	  high-‐fidelity	  codes
to	  create	  a	  whole	  device	  model



1st U.S.	  exascale system	  (2021)



A	  holistic	  approach

The	  ECP	  is	  a	  7-‐year	  project	  with	  a	  cost	  range	  of	  $3.5B	  – $5.7B	  

U.S.	  DOE	  Exascale Computing	  Project	  (ECP)



Fusion	  Energy	  Application	  Development	  (2016-‐)



1st step:	  Code	  benchmarking



Global	  field	  solve	  via	  combined	  f

2nd step:	  XGC	  coupling



3rd step:	  GENE-‐XGC	  coupling



Combining	  computation	  with
data	  analytics	  and	  machine	  learning

for plasma	  physics



An	  important,	  timely	  topic	  of	  broad	  interest
“Science	  at	  extreme	  scales:	  Where	  big	  data	  meets	  large-‐scale	  computing”

Interdisciplinary	  Long	  Program	  @UCLA
September	  12	  -‐ December	  14,	  2018
200+	  participants,	  50+	  long-‐term	  participants

Speaker	  list	  includes:
• Yann	  LeCun (Director	  of	  AI	  Research

@Facebook)
• Emmanuel	  Candes (Stanford	  University)
• Rajat Monga (Google)
• Matthias	  Troyer	  (Microsoft)
• James	  Sexton	  (IBM)
• Adrian	  Tate	  (Cray)
• Alan	  Lee	  (AMD)



Transformative	  Enabling	  Capabilities	  for	  fusion
FESAC	  Report	  (2018)



Deep	  Learning	  for	  real-‐time	  plasma	  control

Traditional	  inversion	  schemes:

• Varying	  runtime

• Dependence	  on	  additional	  
data	  (magnetic	  equilibrium)

• Not	  real-‐time	  capable



Unsupervised	  inversion	  with	  Deep	  Learning
F.	  Hendrich,	  F.	  Jenko et	  al.

Encode	  (weak)	  prior	  knowledge
directly	  in	  the	  NN	  architecture	  (in
lieu	  of	  minimizing	  an	  additional
regularization	  term):

• Positivity
• Locality	  (smoothness)



DL	  for	  real-‐time	  disruption	  prediction
Similarity	  to	  financial	  data	  analysis,	  earthquake	  prediction	  etc.
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Integrating	  scientific	  knowledge	  into	  ANNs
To	  maximize	  success,	  Scientific	  ML	  should	  not	  be	  physics-‐agnostic

• Physics-‐guided	   design	  of	  ANNs

• Physics-‐guided	   learning	  of	  ANNs

• Combining	   data-‐ and	  physics-‐based	   models

Potential	  to	  improve	  accuracy,	  efficiency,	  interpretability,	  generalizability



Innovative	  ideas	  (Nils	  Thuerey,	  TUM):
Accelerating	  fluid	  simulations	  with	  Deep	  Learning



Conclusions



Overarching	  goal:	  Contribute	  to	  the	  gradual	  development	  of	  a	  validated	  predictive	  
capability	  (“virtual	  fusion	  plasma”),	  helping	  to	  accelerate	  fusion	  energy	  research

A	  beautiful	  example	  of	  how	  fascinating	  science	  on	  some	  of	  the	  world’s	  largest	  
supercomputers	  contributes	  to	  solving	  grand	  challenges	  facing	  society

The	  development	  and	  application	  of	  GENE	  illustrate	  the	  fascinating	  challenges	  and	  
opportunities	  at	  the	  interface	  of	  applied	  mathematics,	  computer	  science &	  physics

The	  big	  picture


