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Outline	
  
•  Our	
  Science	
  
•  Challenges	
  and	
  remedies	
  (explored	
  as	
  part	
  of	
  PRAC	
  project)	
  
in	
  kine5c	
  simula5ons:	
  

	
  	
  	
  	
  -­‐	
  	
  Par5cle	
  “noise”	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Remedy:	
  	
  Use	
  of	
  higher	
  order-­‐par5cles	
  
	
  	
  	
  	
  -­‐	
  	
  Would	
  like	
  to	
  skip	
  the	
  speed	
  of	
  light	
  in	
  many	
  cases:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Remedy:	
  	
  Semi-­‐implicit	
  scheme	
  (need	
  a	
  scalable	
  solver)	
  
	
  	
  	
  	
  -­‐	
  Search	
  for	
  performance	
  gains	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Remedy:	
  	
  GPUs/Intel	
  MIC?	
  
•  Science	
  Results/Impact	
  



Research	
  Areas	
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Computer	
  Performance	
  

Name	
   FLOPS	
  

yoHaFLOPS	
   1024	
  

zeHaFLOPS	
   1021	
  

exaFLOPS	
   1018	
  

petaFLOPS	
   1015	
  

teraFLOPS	
   1012	
  

• Plasma	
  Turbulence	
  
• Magne5c	
  Reconnec5on	
  
• Dynamo	
  
• Exploratory	
  Fusion	
  Concepts	
  
• Space	
  Weather	
  



Progress in Particle Simulations 
(measured in terms of number of particles) 
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Space	
  Weather	
  

5 
90 million miles or ~ 100 Suns 



Goal:	
  Develop	
  Accurate	
  Forecasts	
  of	
  Space	
  
Weather	
  

- Has caused over $4 billion in satellite losses 
 
-  A solar storm of the magnitude of the 1859 Solar Superstorm would 
cause over $2 trillion in damage today. 

 
- Causes damage to sensitive electronics on orbiting spacecraft  

- Causes colorful auroras, often seen in the higher latitudes 
 
- Creates blackouts on Earth due to surges in power grids 
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Space weather affects our technological systems: 

Funded by a new 5 year, multi-institutional  NSF/NASA Collaborative 
Grant – PI  A. Bhattacharjee (Princeton) 



Example	
  Simulations	
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Particle-­‐In-­‐Cell	
  	
  Plasma	
  Codes	
  
•  Fully	
  kine5c	
  (electrons	
  and	
  ions	
  are	
  treated	
  as	
  par5cles)	
  	
  
•  	
  Hybrid	
  (electron	
  fluid,	
  par5cle	
  ions)	
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Karimabadi et al., JCP, 2005 



Discrete	
  Event	
  vs	
  Time	
  Stepping	
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0	

 Δt 2Δt T: 

CELL #  1 2  3  4  5  6  7  .. 
S(T) = 

Time-driven simulation 

updates the entire system 

Event-driven simulation 

updates active cells only 

S(0) S(Δt) S(2Δt) 

update only 
active cells 

S(0) S(T1)  S(T2) 

update only 
active cells 

update ALL cells update ALL cells 



Event-­‐Driven	
  Simulations	
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Omelchenko and Karimabadi, JCP, 2011 



Particle	
  “Noise”	
  
•  Discrete	
  par5cle	
  effects	
  lead	
  to	
  numerical	
  “noise”	
  which	
  can:	
  
	
  	
  	
  	
  	
  	
  -­‐	
  lead	
  to	
  numerical	
  hea5ng	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  result	
  in	
  poor	
  resolu5on	
  of	
  quan55es	
  of	
  interest	
  such	
  as	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  spectrum	
  of	
  turbulence,	
  E.J,	
  agyrotropy,	
  etc.	
  

Raw Data Wavelet Filtered Data 



Remedies	
  for	
  Particle	
  “Noise”	
  
•  Increase	
  the	
  number	
  of	
  par5cles/cell	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  noise	
  goes	
  down	
  as	
  sqrt(#par5cles/cell)	
  
•  Use	
  higher	
  order	
  par5cles	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  it	
  has	
  extra	
  cost	
  +	
  there	
  is	
  a	
  limit	
  on	
  how	
  “fat”	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  par5cle	
  can	
  be	
  made	
  before	
  affec5ng	
  the	
  physics	
  

ID Case Times,	
  s Energy	
  driC,	
  % 

A Linear 396 8.2	
  x	
  10-­‐2 

B Quadra5c 561 1.9	
  x	
  10-­‐3 

C Cubic 852 6.8	
  x	
  10-­‐4 

D Linear,	
  256	
  part/cell 788 4.2	
  x	
  10-­‐2 

E Linear,	
  no	
  smoothing 394 1.05 

Results, using OSIRIS, Very Promising 



Scalable	
  Poisson	
  Solver	
  	
  
(P3DFFT	
  library	
  )	
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P3DFFT does two global transposes of a distributed array.  Each 
transpose is sending almost the whole array over the network. If 
Ncores is large, the effective bandwidth during such global 
operations, when each node sends data to each other node, can drop 
down to several Mb/s on Kraken. 



Advantages of Semi-Implicit Fully Kinetic  Algorithm 

Explicit PIC is constrained by CFL condition for light waves 
 
There are many problems where these waves are irrelevant, but a fully 
kinetic description is still needed 
 
To get around this issue, many explicit calculations are done with 
artificial parameters, which may influence the physics 
 
Another approach is to employ semi-implicit differencing of Maxwell’s 
equations for the light wave, but the rest of the algorithm remains 
explicit 
 
One of the most well known formulations is from Forslund, 1985 

difference implicitly here 

Solution requires 
Requires 5 matrix  
inversions 2D 



 FFTs allow fast direct solutions but are difficult to scale to 
large numbers of MPI domains 

Parallel FFT relies upon transpose operations - lots of 
communication! 
 
To minimize - one can limit domain decomposition to one direction 
(2D) or two directions (3D), and then employ threads to further 
parallelize 

MPI domains 

Open-MP 
Threads 



Tested this simple approach starting with 
old pure MPI code using semi-implicit 
algorithm 

Open-MP threads were used in 
 
1.  Particle pusher  - 90% of time 
2.  Particle sorting 
3.  FFTs in y-direction  - used FFTW 

Previous MPI version of code scaled to ~500 cores 
 
New hybrid version scales linearly to ~10,000 
cores! 



Example run on BlueWaters 
512 MPI domains with 16 threads per domain = 8192 cores 
 
2 million particles per sec per core 
 
Implicit time step ~28x larger than possible with explicit CFL, 
allows us to explore previously inaccessible regimes 
 
Uncovered new physics that was previously missed! 

Jara-Almonte 
et al, 2013 

ωpe/ωce = 16 



Examples	
  of	
  New	
  Physics	
  Uncovered	
  Due	
  to	
  Increase	
  in	
  
Computational	
  Power	
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