
	  
Innova've	  use	  of	  High	  Performance	  Compu'ng	  	  	  
through	  the	  Modeling	  of	  Par'cle	  Accelerators.	  

J.-‐L.	  Vay	  	  
	  

Lawrence	  Berkeley	  Na'onal	  Laboratory	  
	  
	  
	  

NUG	  2014:	  NERSC	  @40	  
February	  3-‐6,	  2014	  	  

	  

	  
	  

	  



Physics	  

Applied	  	  
Math	  

Equa3ons	  

Computer	  
Science	  

Algo-‐	  
rithms	  

Codes	  

Science	  

Using	  physics	  to	  influence	  HPC	  accelerator	  modeling	  

Conven'onal	  wisdom	  assumes	  
serial	  process	  for	  building	  codes:	  

	  	  

but	  reality	  is	  much	  more	  
complex,	  w/	  physics	  even	  being	  
used	  to	  alter	  algorithms	  &	  codes.	  
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Lorentz	  boosted	  frame	   Parallel	  spectral	  solver	  

Uses	  special	  rela3vity	  to	  	  
speedup	  simula3ons	  by	  
orders	  of	  magnitude.	  
	  

J.-‐L.	  Vay,	  Phys.	  Rev.	  Le+.	  98,	  
130405	  (2007)	  

Uses	  finite	  speed	  of	  light	  	  
to	  enable	  direct	  scaling	  
to	  many	  cores.	  
	  

J.-‐L.	  Vay,	  I.	  Haber	  &	  B.	  B.	  
Godfrey,	  J.	  Comput.	  Phys.	  243,	  
260-‐268	  (2013)	  

Examples	  
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Accelerator	  modeling	  at	  the	  crossroad	  of	  2	  muta'ons	  	  

CERN	  Large	  Hadron	  Collider	  (Switzerland)	  

~27	  km	  circumference	  
	  ~$10B	  to	  build	  	  	  

Courtesy	  S.	  Myers	  (IPAC	  2012)	  

Tianhe-‐2	  (China)	  

~3.1	  Mcores	  
	  ~$390M	  to	  build	  	  	  

Supercomputers	   Accelerators	  

In	  each	  case,	  scaling	  w/	  current	  technologies	  is	  not	  sustainable:	  
è need	  for	  change	  in	  paradigm.	  

One	  limi3ng	  factor	  of	  accelerators	  based	  on	  standard	  technologies:	  	  
metallic	  electrical	  breakdown	  limit	  of	  ~50-‐100	  MV/m.	  

	  
Plasma	  based	  accelerators	  -‐	  i.e.	  Berkeley	  Lab	  Laser	  Accelerator	  (BELLA):	  

	  electric	  fields	  >50	  GV/m	  è	  shorter,	  cheaper	  accelerators!	  
	  



Laser	  plasma	  accelera'on	  (LPA)	  

boat	  
wake	  

surfer	  

4 

water	  
laser	  e-‐	  beam	   plasma	  
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Modeling	  from	  first	  principle	  is	  very	  challenging	  

For	  a	  10	  GeV	  scale	  stage	  (e.g.	  BELLA):	  
	  
	  	  	  	  	  ~1µm	  wavelength	  laser	  propagates	  into	  ~1m	  plasma	  

	  è	  tens	  of	  millions	  of	  3me	  steps	  needed!	  
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L≈1.	  m	  

	  l≈1.	  µm	  

1.	  m/1.	  µm=1,000,000	  

Lab	  frame	  

compac3on	  	  
X20,000	  

l’=200.	  µm	  

0.01	  m/200.	  µm=50.	  

Boosted	  frame	  γ	  =	  100	  

Hendrik	  Lorentz	  

L’=0.01	  m	  

Solu'on:	  model	  in	  frame	  moving	  near	  the	  speed	  of	  light*	  

*J.-‐L.	  Vay,	  Phys.	  Rev.	  Le+.	  98,	  130405	  (2007)	  	  	  
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Predicted	  speedup:	  
•  >	  10,000	  for	  single	  10	  GeV	  (BELLA)	  stage,	  
•  >	  1,000,000	  for	  single	  1	  TeV	  stage.	  
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§ New	  algorithm	  for	  laser	  injec3on	  	  
using	  moving	  antenna1	  	  

§ Short	  wavelength	  instability	  at	  large	  	  
γ (≥100)2	  

7 

Warp	  2D	  simula3on	  10	  GeV	  LPA	  (ne=1017cc,	  γ=130)	  	  

Longitudinal	  electric	  field	  

laser	  plasma	  

Concept	  simple	  but	  applica'on	  not	  straighdorward	  

1J.-‐L.	  Vay,	  C.	  Geddes,	  E.	  Cormier-‐Michel,	  D.	  Grote,	  Phys.	  Plasmas	  18,	  123103	  (2011)	  	  
2J.-‐L.	  Vay,	  C.	  Geddes,	  E.	  Cormier-‐Michel,	  D.	  Grote,	  J.	  Comput.	  Phys.	  230,	  5908	  (2011).	  
3J.-‐L.	  Vay,	  C.	  Geddes,	  E.	  Cormier-‐Michel,	  D.	  Grote,	  PoP	  Le+.	  18	  (2011).	  
4B.	  Godfrey,	  J.-‐L.	  Vay,	  J.	  Comput.	  Phys.	  248,	  33	  (2013).	  
5B.	  Godfrey,	  J.-‐L.	  Vay,	  submi+ed.	  

-‐vboost	  

§ Various	  solu3ons	  developed	  to	  mi3gate	  instability	  
•  discovered	  a	  “magical	  3me	  step”	  with	  ultra	  low	  instability	  growth	  rate2	  
•  developed	  efficient	  wideband	  parallel	  filtering	  using	  strides2	  
•  determined	  that	  hyperbolic	  rota3on	  of	  laser	  from	  Lorentz	  tr.	  enabled	  wideband	  filters3	  
•  understood	  instability	  and	  developed	  bemer	  solu3ons4,5	  
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Speedup	  verified	  by	  us	  and	  others	  to	  over	  a	  million	  

>1	  million	  x	  speedup	  
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Enabled	  simula3ons	  previously	  untractable	  (e.g.	  10	  GeV	  BELLA	  stage):	  
	  	  	  	  	  	  	  2006	  (lab)	  in	  1D:	  ~	  5k	  CPU-‐hours	  	  	  	  	  	  	  è 	  2011	  (boost)	  in	  3D:	  ~	  1k	  CPU-‐hours	  
	  

Warp:	  
1.  J.-‐L.	  Vay,	  et	  al.,	  Phys.	  Plasmas	  18	  

123103	  (2011)	  
2.  J.-‐L.	  Vay,	  et	  al.,	  Phys.	  Plasmas	  

(le+er)	  18	  030701	  (2011)	  
3.  J.-‐L.	  Vay,	  et	  al.,	  J.	  Comput.	  Phys.	  

230	  5908	  (2011)	  
4.  J.-‐L.	  Vay	  et	  al,	  PAC	  Proc.	  (2009)	  

Osiris:	  
1.  S.	  Mar3ns,	  et	  al.,	  Nat.	  Phys.	  	  6	  

311	  (2010)	  	  
2.  S.	  Mar3ns,	  et	  al.,	  Comput.	  Phys.	  

Comm.	  	  181	  869	  (2010)	  	  
3.  S.	  Mar3ns,	  et	  al.,	  Phys.	  Plasmas	  	  

17	  056705	  (2010)	  	  
4.  S.	  Mar3ns	  et	  al,	  PAC	  Proc.	  (2009)	  

Vorpal:	  
1.  D.	  Bruhwiler,	  et	  al.,	  	  AIP	  Conf.	  

Proc	  1086	  29	  (2009)	  	  	  
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Speed	  &	  accuracy	  required	  for	  ultra	  high	  quality	  beams	  	  

9 

1I.	  Haber,	  R.	  Lee,	  H.	  Klein	  &	  J.	  Boris,	  Proc.	  Sixth	  Conf.	  on	  Num.	  Sim.	  Plasma,	  Berkeley,	  CA,	  46-‐48	  (1973) 
2J.-‐L.	  Vay,	  I.	  Haber,	  B.	  Godfrey,	  J.	  Comput.	  Phys.	  243,	  260-‐268	  (2013)	  

Electromagne'c	  solvers	  

Finite-‐Difference	  Time	  Domain	  	  
	  	  	  Warp	  (LBNL/LLNL/U.	  Maryland),	  	  
Osiris	  (UCLA),	  V-‐sim	  (Tech-‐X),	  etc.	  

Pseudo-‐Spectral	  Time	  Domain	  	  
UPIC-‐EMMA	  (UCLA)	  

	  

Pseudo-‐Spectral	  Analy'c	  	  
Time	  Domain1,2	  

Warp	  (LBNL/LLNL/U.	  Maryland)	  

"
"
"
"
"
"
"
"
"
"

"
"
"
"

"

−50  0  50

−50

 0

 50

 −1

 −0.5

 0

 0.5

 1
Yee

X

Y

Kronecker	  δ	  pulse	  

−50  0  50

−50

 0

 50

 −1

 −0.5

 0

 0.5

 1
PSTD

X

Y

−50  0  50

−50

 0

 50

 −1

 −0.5

 0

 0.5

 1
Haber

X

Y

•  Numerical	  dispersion,	  
•  anisotropy,	  
•  Courant	  condi3on:	  

Author's personal copy

Considering the field generated by the source terms without the self-consistent dynamics of the charged particles, this
algorithm is free of numerical dispersion and is not subject to a Courant condition. Furthermore, this solution is exact for
any time step size subject to the assumption that the current source is constant over that time step. In the remainder of this
paper, this formulation will be referred to as the Pseudo-Spectral Analytical Time-Domain (PSATD) method.

We note that the electric and magnetic field components can also be expressed at staggered times (leapfrog arrange-
ment), leading to an algebraically identical expression that more closely resembles the infinitesimal Maxwell’s equations
(see appendix for details of derivation):

~Enþ1 ¼ ~En þ 2iShk̂# ~Bnþ1=2 $ 2Sh

kc
~Jnþ1=2 þ k̂ðk̂ &~Jnþ1=2Þ 2Sh

kc
$ Dt

! "
; ð15Þ

~Bnþ3=2 ¼ ~Bnþ1=2 $ 2iShk̂# ~Enþ1 þ i
1$ Ch

kc
k̂# ð~Jnþ3=2 $~Jnþ1=2Þ; ð16Þ

with Sh ¼ sin kcDt=2ð Þ and Ch ¼ cos kcDt=2ð Þ.
One interest of the leapfrog PSATD formulation is that, by expanding the coefficients Sh and Ch in Taylor series and keep-

ing the leading terms, it reduces to the standard pseudo-spectral time-domain (PSTD) formulation [10]:

~Enþ1 ¼ ~En þ icDtk# ~Bnþ1=2 $ Dt~Jnþ1=2; ð17Þ
~Bnþ3=2 ¼ ~Bnþ1=2 $ icDtk# ~Enþ1: ð18Þ

The dispersion relation of the PSTD solver is given by sinðxDt
2 Þ ¼

ckDt
2 . In contrast to the PSATD solver, the PSTD solver is subject

to numerical dispersion for a finite time step and to a Courant condition that is given by cDt 6 2=p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Dx2 þ 1

Dy2 þ 1
Dx2

q
.

The respective properties of the PSATD and PSTD solvers are illustrated and contrasted with the FDTD ‘‘Yee’’ solver in
Fig. 1, showing snapshots of an expanding electromagnetic unit pulse initiated at the center of the domain. The numerical
dispersion from the Yee solver produces unphysical ripples propagating anisotropically at subluminal velocity. The PSTD sol-
ver, on the other hand, produces unphysical ripples propagating isotropically at superluminal velocity, thus excluding
numerical Cherenkov instability with the main beam mode. The PSTD solver offers the additional advantage over the Yee
scheme that it converges to the correct solution when the time step vanishes, i.e. the amount of numerical dispersion is
at its maximum at the Courant time step and reduces for smaller time step values. Conversely, for Yee, the amount of numer-
ical dispersion is at its minimum (and is finite) at the Courant time step. As expected, the PSATD solver does not exhibit
numerical dispersion, producing a sharp isotropic wave front regardless of time step.

3. Parallelization using domain decomposition

In this section, the properties of the Discrete Fourier Transform (DFT), as well as the linearity of Maxwell’s equations and
the finite speed of light are exploited to enable parallelization of electromagnetic pseudo-spectral solvers using local FFTs,
with domain decomposition and communications via guard cells.

The method is based on the three following premises:

1. the properties of DFTs ensure that at any given time step, each electromagnetic field component discretized on a regular
orthogonal grid can be Fourier transformed using local DFTs on an arbitrary set of either contiguous or overlapping sub-
domains (provided that the sums of the components in the overlapping zones are equal to the original data set) and
reconstructed (to machine precision) using local inverse DTFs and summation of the data over the set of subdomains,

2. the linearity of Maxwell’s equations ensures that the fields from each subdomain can be advanced in time independently
and recombined to provide the full solution at the new time step,
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Fig. 1. Snapshots from an expanding electromagnetic unit pulse on a 128 # 128 grid, using: (left) FDTD solver at the Courant limit cDt ¼ Dx=
ffiffiffi
2
p

, (center)
PSTD solver at the Courant limit cDt ¼ Dx

ffiffiffi
2
p

=p, (right) PSATD solver with large time step cDt ¼ 50Dx.
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Considering the field generated by the source terms without the self-consistent dynamics of the charged particles, this
algorithm is free of numerical dispersion and is not subject to a Courant condition. Furthermore, this solution is exact for
any time step size subject to the assumption that the current source is constant over that time step. In the remainder of this
paper, this formulation will be referred to as the Pseudo-Spectral Analytical Time-Domain (PSATD) method.
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The respective properties of the PSATD and PSTD solvers are illustrated and contrasted with the FDTD ‘‘Yee’’ solver in
Fig. 1, showing snapshots of an expanding electromagnetic unit pulse initiated at the center of the domain. The numerical
dispersion from the Yee solver produces unphysical ripples propagating anisotropically at subluminal velocity. The PSTD sol-
ver, on the other hand, produces unphysical ripples propagating isotropically at superluminal velocity, thus excluding
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at its maximum at the Courant time step and reduces for smaller time step values. Conversely, for Yee, the amount of numer-
ical dispersion is at its minimum (and is finite) at the Courant time step. As expected, the PSATD solver does not exhibit
numerical dispersion, producing a sharp isotropic wave front regardless of time step.
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In this section, the properties of the Discrete Fourier Transform (DFT), as well as the linearity of Maxwell’s equations and
the finite speed of light are exploited to enable parallelization of electromagnetic pseudo-spectral solvers using local FFTs,
with domain decomposition and communications via guard cells.

The method is based on the three following premises:

1. the properties of DFTs ensure that at any given time step, each electromagnetic field component discretized on a regular
orthogonal grid can be Fourier transformed using local DFTs on an arbitrary set of either contiguous or overlapping sub-
domains (provided that the sums of the components in the overlapping zones are equal to the original data set) and
reconstructed (to machine precision) using local inverse DTFs and summation of the data over the set of subdomains,

2. the linearity of Maxwell’s equations ensures that the fields from each subdomain can be advanced in time independently
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Considering the field generated by the source terms without the self-consistent dynamics of the charged particles, this
algorithm is free of numerical dispersion and is not subject to a Courant condition. Furthermore, this solution is exact for
any time step size subject to the assumption that the current source is constant over that time step. In the remainder of this
paper, this formulation will be referred to as the Pseudo-Spectral Analytical Time-Domain (PSATD) method.

We note that the electric and magnetic field components can also be expressed at staggered times (leapfrog arrange-
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The respective properties of the PSATD and PSTD solvers are illustrated and contrasted with the FDTD ‘‘Yee’’ solver in
Fig. 1, showing snapshots of an expanding electromagnetic unit pulse initiated at the center of the domain. The numerical
dispersion from the Yee solver produces unphysical ripples propagating anisotropically at subluminal velocity. The PSTD sol-
ver, on the other hand, produces unphysical ripples propagating isotropically at superluminal velocity, thus excluding
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ical dispersion is at its minimum (and is finite) at the Courant time step. As expected, the PSATD solver does not exhibit
numerical dispersion, producing a sharp isotropic wave front regardless of time step.
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In this section, the properties of the Discrete Fourier Transform (DFT), as well as the linearity of Maxwell’s equations and
the finite speed of light are exploited to enable parallelization of electromagnetic pseudo-spectral solvers using local FFTs,
with domain decomposition and communications via guard cells.
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1. the properties of DFTs ensure that at any given time step, each electromagnetic field component discretized on a regular
orthogonal grid can be Fourier transformed using local DFTs on an arbitrary set of either contiguous or overlapping sub-
domains (provided that the sums of the components in the overlapping zones are equal to the original data set) and
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Considering the field generated by the source terms without the self-consistent dynamics of the charged particles, this
algorithm is free of numerical dispersion and is not subject to a Courant condition. Furthermore, this solution is exact for
any time step size subject to the assumption that the current source is constant over that time step. In the remainder of this
paper, this formulation will be referred to as the Pseudo-Spectral Analytical Time-Domain (PSATD) method.

We note that the electric and magnetic field components can also be expressed at staggered times (leapfrog arrange-
ment), leading to an algebraically identical expression that more closely resembles the infinitesimal Maxwell’s equations
(see appendix for details of derivation):

~Enþ1 ¼ ~En þ 2iShk̂# ~Bnþ1=2 $ 2Sh

kc
~Jnþ1=2 þ k̂ðk̂ &~Jnþ1=2Þ 2Sh

kc
$ Dt

! "
; ð15Þ

~Bnþ3=2 ¼ ~Bnþ1=2 $ 2iShk̂# ~Enþ1 þ i
1$ Ch

kc
k̂# ð~Jnþ3=2 $~Jnþ1=2Þ; ð16Þ

with Sh ¼ sin kcDt=2ð Þ and Ch ¼ cos kcDt=2ð Þ.
One interest of the leapfrog PSATD formulation is that, by expanding the coefficients Sh and Ch in Taylor series and keep-

ing the leading terms, it reduces to the standard pseudo-spectral time-domain (PSTD) formulation [10]:

~Enþ1 ¼ ~En þ icDtk# ~Bnþ1=2 $ Dt~Jnþ1=2; ð17Þ
~Bnþ3=2 ¼ ~Bnþ1=2 $ icDtk# ~Enþ1: ð18Þ

The dispersion relation of the PSTD solver is given by sinðxDt
2 Þ ¼

ckDt
2 . In contrast to the PSATD solver, the PSTD solver is subject

to numerical dispersion for a finite time step and to a Courant condition that is given by cDt 6 2=p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Dx2 þ 1

Dy2 þ 1
Dx2

q
.

The respective properties of the PSATD and PSTD solvers are illustrated and contrasted with the FDTD ‘‘Yee’’ solver in
Fig. 1, showing snapshots of an expanding electromagnetic unit pulse initiated at the center of the domain. The numerical
dispersion from the Yee solver produces unphysical ripples propagating anisotropically at subluminal velocity. The PSTD sol-
ver, on the other hand, produces unphysical ripples propagating isotropically at superluminal velocity, thus excluding
numerical Cherenkov instability with the main beam mode. The PSTD solver offers the additional advantage over the Yee
scheme that it converges to the correct solution when the time step vanishes, i.e. the amount of numerical dispersion is
at its maximum at the Courant time step and reduces for smaller time step values. Conversely, for Yee, the amount of numer-
ical dispersion is at its minimum (and is finite) at the Courant time step. As expected, the PSATD solver does not exhibit
numerical dispersion, producing a sharp isotropic wave front regardless of time step.

3. Parallelization using domain decomposition

In this section, the properties of the Discrete Fourier Transform (DFT), as well as the linearity of Maxwell’s equations and
the finite speed of light are exploited to enable parallelization of electromagnetic pseudo-spectral solvers using local FFTs,
with domain decomposition and communications via guard cells.

The method is based on the three following premises:

1. the properties of DFTs ensure that at any given time step, each electromagnetic field component discretized on a regular
orthogonal grid can be Fourier transformed using local DFTs on an arbitrary set of either contiguous or overlapping sub-
domains (provided that the sums of the components in the overlapping zones are equal to the original data set) and
reconstructed (to machine precision) using local inverse DTFs and summation of the data over the set of subdomains,

2. the linearity of Maxwell’s equations ensures that the fields from each subdomain can be advanced in time independently
and recombined to provide the full solution at the new time step,
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Fig. 1. Snapshots from an expanding electromagnetic unit pulse on a 128 # 128 grid, using: (left) FDTD solver at the Courant limit cDt ¼ Dx=
ffiffiffi
2
p

, (center)
PSTD solver at the Courant limit cDt ¼ Dx

ffiffiffi
2
p

=p, (right) PSATD solver with large time step cDt ¼ 50Dx.
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•  Numerical	  dispersion,	  
•  isotropy,	  
•  Courant	  condi3on:	  

•  Exact	  dispersion,	  
•  isotropy,	  
•  Courant	  condi3on:	  

	  

None	  
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But	  spectral	  solvers	  hard	  to	  scale	  to	  large	  #	  of	  cores	  	  

	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Spectral	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Finite	  Difference	  
	  

	  	  	  global	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  local	  
	  	  	  communica'ons	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  communica'ons	  

	  

vs	  
	  
	  
	  
	  

	  	  	  	  	  Hard/costly	  to	  scale	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Easy/cheap	  to	  scale	  
	  
	  	  	  	  

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

¢" ¢" ¢" ¢" ¢"

But	  thanks	  to	  finite	  speed	  of	  light,	  	  
Maxwell	  update	  is	  local	  during	  finite	  'me	  interval	  ΔT.	  

	  

!	  local	  communica'ons	  may	  be	  used	  with	  spectral	  Maxwell.	  	  
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New	  concept	  on	  single	  pulse	  –	  part	  1	  
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New	  concept	  on	  single	  pulse	  –	  part	  2	  
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Improved	  stability	  

instability	  

PSATD-‐PIC	  FDTD-‐PIC	  

Lorentz	  boosted	  frame	  (wake)	  

Warp-‐3D	  

Warp-‐2D	  
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Successfully	  tested	  on	  2-‐D	  modeling	  of	  short	  LPA	  stages	  

*J.-L. Vay, I. Haber, B. Godfrey, J. Comput. Phys. 243, 260-268 (2013) 

PSATD-‐PIC	  

Improved	  phase	  space	  accuracy	  

correct	  behavior	  
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Small	  proof-‐of-‐principle	  simula3ons	  
using	  8	  cores.	  
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Warp	  strong	  scaling	  on	  Hopper	  and	  Edison	  

Hopper	   Edison	  
Median	   Median	  

Courtesy:	  A.	  Koniges,	  NERSC	  

FDTD	  

FFT	  

Ideal	  FDTD	  

Ideal	  FFT	  

2-‐D	  	  periodic	  plasma	  
4096x4096	  cells	  

64	  macropar3cles/cell	  

§  Near	  linear	  scaling	  up-‐to	  65,636	  cores	  on	  Hopper,	  32,768	  on	  Edison.	  

§  Prototype	  FFT	  Maxwell	  solver	  implemented	  with	  numpy	  &	  pyMPI.	  

§  Op3mized	  C	  implementa3on	  underway;	  3-‐D	  to	  follow	  (T.	  Drummond,	  CRD).	  

Joint	  AFRD/CRD/NERSC	  LDRD	  on	  new	  spectral	  solver	  decomposi3on	  



Thanks!	  

§  NERSC	  for	  this	  prize,	  supercomputer	  3me	  &	  support.	  

§  Department	  of	  Energy	  OS:	  HEP	  (incl.	  SciDAC	  ComPASS),	  FES.	  

§  LBNL	  (AFRD/CRD):	  cri3cal	  LDRD	  seed	  support.	  

§  A.	  Friedman/D.	  Grote	  (LLNL):	  
•  originator	  &	  main	  developer	  of	  Warp,	  
• Warp’s	  Python+FORTRAN/C	  fosters	  crea3vity	  at	  full	  speed.	  

§  Colleagues	  from:	  	  
•  AFRD:	  C.	  Geddes,	  W.	  Fawley,	  M.	  Furman,	  M.	  Venturini,	  	  	  	  	  	  	  	  	  	  	  	  	  	  
E.	  Cormier,	  

•  CRD/NERSC:	  A.	  Koniges,	  T.	  Drummond,	  
•  U.	  Maryland:	  B.	  Godfrey,	  I.	  Haber.	  

	  


