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q  Wakefield	
  Calcula*on:	
  
	
  	
  	
  	
  	
  	
  	
  ultrarela*vis*c	
  electron	
  beam	
  

	
  
	
  

	
  
q  Wakepoten*al	
  Calcula*ons	
  
	
  	
  	
  	
  	
  	
  	
  (radia,on	
  fields)	
  +	
  (fields	
  generated	
  by	
  charge)	
  

   µ ∂H
∂t

= −∇× E

  ε ∂E
∂t

= ∇× H − J

  ∇iE = ρ
ε

,    ∇iH = 0

  J = cρ(r)ρ(z − ct),   ρ(z) = 1

σ z 2π
exp − z2

2σ z
2

⎛

⎝⎜
⎞

⎠⎟
  

Moving	
  charge	
  outward	
  in	
  z	
  at	
  the	
  constant	
  velocity	
  c;	
  
Gaussian	
  charge	
  distribu*on	
  with	
  a	
  standard	
  devia*on	
  	
  

fields	
  generated	
  by	
  charge	
  

radia*on	
  fields	
  

( , ) z st z s
c
+=

Lorentz	
  	
  
contrac*on	
  

Ez=0,	
  Hz=0	
   Conduc*ng	
  pipe	
  

Wakefields:	
  electromagne*c	
  fields	
  excited	
  by	
  a	
  bunch	
  of	
  charged	
  par*cles	
  passing	
  an	
  accelerator	
  cavity	
  of	
  varying	
  shape	
  at	
  the	
  speed	
  of	
  light	
  
Wakepoten*al:	
  integrated	
  wakefields	
  over	
  all	
  *mes	
  during	
  the	
  fields	
  interac*ng	
  with	
  the	
  environment	
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No	
  wakefield	
  	
  
on	
  a	
  smooth	
  	
  
conduc*ng	
  	
  
tube	
  

t	
  

z	
  

Software Development: NekCEM & Current Capability   



q 	
  Wakefield	
  and	
  Wake	
  Poten*al	
  Calcula*ons	
  &	
  Code	
  Valida*on	
  

	
  
q 	
  Moving	
  window	
  capability:	
  speedup	
  without	
  compu*ng	
  on	
  the	
  whole	
  domain	
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  2007,	
  Min,	
  Fischer,	
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  2009,	
  Min,	
  Fischer	
  

Software Development: NekCEM & Current Capability   

eg.,	
  TESLA	
  cavity:	
  Good	
  agreement	
  with	
  FDTD	
  results	
  (bunch	
  size:	
  
10mm)	
  using	
  about	
  5x	
  larger	
  grid	
  spacing	
  in	
  one-­‐dimensional	
  direc*on	
  



q  Spectral-­‐Element	
  	
  discon*nuous	
  Galerkin	
  (SEDG)	
  Time-­‐Domain	
  	
  Solvers:	
  	
  	
  	
  

	
  
	
  	
  

§  Open	
  source	
  code	
  (Maxwell	
  solver):	
  hhps://svn.mcs.anl.gov/repos/NEKCEM	
  	
  	
  	
  
§  Wrihen	
  in	
  Fortran	
  and	
  C	
  
§  Currently	
  scalable	
  up	
  to	
  >	
  212K	
  cores	
  (more	
  than	
  2.2	
  B	
  grids	
  points)	
  
§  Parallel	
  I/O:	
  output	
  in	
  a	
  single	
  or	
  mul*ple	
  files,	
  scalable	
  up	
  to	
  65K	
  cores	
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NekCEM Features 

	
  Run,me	
  Tasks	
  



q  Meshing	
  Tools:	
  	
  prenek,	
  	
  CUBIT	
  	
  

q  I/O	
  Algorithms	
  

q  Architecture	
  Diagrams	
  for	
  Different	
  I/O	
  Approaches	
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NekCEM Features: Mesh & I/O 
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§  POSIX	
  I/O:	
  1	
  file	
  per	
  processor	
  
§  Collec*ve	
  I/O:	
  1	
  file	
  or	
  mul*ple	
  outputs	
  
§  Reduced-­‐blocking	
  I/O:	
  1	
  file	
  or	
  mul*ple	
  outputs	
  
§  Threaded	
  reduced	
  blocking	
  I/O:	
  1	
  file	
  or	
  mul*ple	
  outputs	
  



q  Restart:	
  swap	
  global	
  element	
  ordering	
  is	
  necessary	
  
q  Time	
  measure	
  for	
  swap	
  in	
  comparison	
  to	
  I/O	
  and	
  computa*on	
  *me	
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NekCEM  I/O and Restart Swap Time Measure 
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NekCEM: IO time vs. Swap time for rbIO
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NekCEM: Timing Measures on 65536 Cores
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q Maxwell	
  Equa*on	
  (source-­‐free,	
  vacuum)	
  and	
  weak	
  form:	
  

q  Define	
  a	
  numerical	
  flux	
  	
  F*	
  and	
  integrate	
  by	
  parts	
  twice	
  and	
  obtain	
  DG	
  weak	
  form	
  as	
  	
  


∂q
∂t

+∇ •F(q) = S

  ∂q−

∂t
,φ

⎛
⎝⎜

⎞
⎠⎟ Ωe

= − ∇ •  F(q− ) − S,φ( )
Ωe
+ n  i [F(q− ) − F∗(q− ,q+ )],φ( )

∂Ωe
 


∂q
∂t

+∇ •F(q) − S,φ⎛
⎝⎜

⎞
⎠⎟ Ωe

= 0

n i (F − F∗) (q,q+ ) =
−Y +  n × [E+ − E]−α  n × n × [H + − H ]( ) / (Y +Y + )

Z +  n × [H + − H ]−α  n × n × [E+ − E]( ) / (Z + Z + )

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
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Formulation (Spectral Element Discontinuous Galerkin) 
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§

Material	
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Electric	
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current	
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q  Express	
  the	
  solu*on	
  using	
  the	
  tensor	
  product	
  	
  basis	
  of	
  1D	
  Legendre-­‐Lagrange	
  
interpola*on	
  polynomials	
  based	
  on	
  the	
  Gauss-­‐Lobaho-­‐Legendre	
  grids.	
  

	
  
q  Hexahedral	
  	
  body-­‐fihed	
  mesh:	
  	
  coordinate	
  transform	
  through	
  Gorden-­‐Hall	
  

mapping	
  from	
  physical	
  domain	
  to	
  reference	
  domain	
  
	
  
	
  
q  Jacobian:	
  

	
  
q  1D	
  mass	
  matrix	
  on	
  [-­‐1,1]	
  is	
  diagonal:	
  	
  
	
  
q  Surface	
  integra*on:	
  	
  
	
  

3( , , ) ( , , ) [ 1,1]ex y z ξ η γ∈Ω → ∈ −
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High Order Discretization 



 M µ dHx

dt
+ (DyEz − DzEy ) = R(FH )x  

 M µ dHy

dt
+ (DzEx − DxEz ) = R(FH ) y  

 M µ dHz

dt
+ (DxEy − DyEx ) = R(FH )z  

 M ε dEx
dt

− (DyHz − DzHy ) = R(FE )x   

 M ε dEy
dt

− (DzHx − DxHz ) = R(FE ) y  

M ε dEz
dt

− (DxHy − DyHx ) = R(FE )z  

ˆ ˆˆ̂ ˆ̂

ˆ ˆ

 ( , ),  ( , );  

ˆ ˆ( , );  ,  
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i
i i i
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ˆ ˆ ˆ ( , ) ( ) ijk ijk

J M M Mψ ψ = ⊗ ⊗ Diagonal	
  mass	
  
matrix	
  in	
  3D	
  

Tensor	
  product	
  of	
  1D	
  
differen*a*on	
  matrix:	
  
matrix-­‐matrix	
  products	
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ψ
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D M M MD

D M MD M

D MD M M

ξ

η
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= ⊗ ⊗

= ⊗ ⊗

= ⊗ ⊗
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q  	
  S*ffness	
  Matrices	
  

Surface	
  Integra*ons	
  

High Order Discretization 

q  	
  Mass	
  Matrices	
  q  	
  Semi-­‐Discrete	
  Form	
  



q  Decompose	
  surface	
  integrand	
  for	
  face	
  values:	
  
	
  	
  	
  	
  	
  	
  local	
  	
  +	
  	
  	
  neighboring	
  :	
  	
  to	
  have	
  same	
  form	
  	
  
	
  
	
  	
  	
  
q  Surface	
  integra*on	
  terms	
  for	
  upwind	
  

	
  

	
  
	
  
q Messages	
  between	
  element	
  faces	
  for	
  Ex,Ey,Ez,Hx,Hy,Hz	
  stored	
  into	
  a	
  single	
  array:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

communica,on	
  latency	
  reduc,on	
  by	
  6x	
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Data	
  exchange	
  only	
  between	
  face	
  to	
  face;	
  No	
  addi,onal	
  
data	
  exchange	
  between	
  neighboring	
  ver,ces	
  and	
  edges	
  	
  

local	
  

neighboring	
  

Communication 



Hybrid (MPI+OpenMP) Will Give Further Speedup? 

q Algorithm	
  can	
  be	
  simplified	
  as:	
  

q Work	
  flow:	
  
	
  	
  
	
  	
  	
  	
  	
  	
  

	
  

  U
n+1 =U n +   mxm(U n )  +   comm(F(U n ))

Matrix-­‐matrix	
  product	
  
~30%	
  of	
  total	
  cost	
  

Communica)on	
  for	
  the	
  face	
  values	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  ~15%	
  of	
  total	
  cost	
  

 

call cem_presetup
call cem_solve
call cem_end

call cem_curl:    resU=mxm(U)
call cem_restrict_to_face:   F(U)
call cem_flux:   comm(F(U))
call cem_add_flux_to_res:  resU=resU+comm(F(U))
call cem_source
call cem_invqmass

F (Un )
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Hybrid (MPI+OpenMP) Will Give Further Speedup? 

q Profiling	
  with	
  gprof	
  on	
  Argonne	
  BG/P	
  

q Profiling	
  on	
  Intel®	
  Core™	
  Q6000	
  of	
  2.4GHz	
  
	
  	
  
	
  	
  	
  	
  	
  	
  

	
  

*me	
  %	
   seconds	
   rou*ne	
  

30.23	
   30.80	
   curl	
  operator	
  

14.43	
   14.66	
   flux	
  

8.54	
   8.67	
   gather	
  scaVer	
  

7.34	
   7.46	
   surface	
  integra)on	
  

*me	
  %	
   seconds	
   rou*ne	
  

57.0	
   36.32	
   curl	
  operator	
  

13.0	
   8.29	
   rk4	
  

6.0	
   3.84	
   flux	
  

6.0	
   7.46	
   surface	
  integra)on	
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Hybrid (MPI+OpenMP) Will Give Further Speedup? 

q Each	
  deriva*ve	
  in	
  r,s,t:	
  	
  

	
  
q mxm	
  rou*ne	
  for	
  MPI:	
  inner-­‐product	
  dimension	
  unrolled	
  into	
  a	
  single	
  

statement	
  -­‐>	
  short-­‐nested	
  loop	
  for	
  more	
  work	
  per	
  itera*on,	
  hardcoded	
  
address	
  increments	
  into	
  memory	
  read	
  instruc*ons	
  by	
  the	
  compiler	
  

	
  
	
  
q Total	
  work:	
  (6	
  fields)	
  x	
  (3	
  deriva*ves	
  for	
  curl	
  operator)	
  

  

u r
e ≡ Dru

e = (It ⊗ Is ⊗ D̂)ue = D̂imumjk
e

m=1

N

∑ =D̂imu(m, j,k,e)

 u s
e ≡ Dsu

e = (It ⊗ D̂⊗ Ir )ue = D̂jmuimk
e

m=1

N

∑  =u(i,m,k,e)D̂jm
T

 u t
e ≡ Dtu

e = (D̂⊗ Is ⊗ Ir )ue = D̂kquijm
e

m=1

N

∑  =u(i, j,m,e)D̂mk
T

do j=1,N2
do i=1,N1
    c(i,j)=a(i,1)*b(1,j)+a(i,2)*b(2,j)+…a(i,N)*b(N,j)
enddo
enddo

O(EN 4 )

  O(18EN 4 )
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OMP Directives 

 

c$OMP PARALLEL DEFAULT(PRIVATE) SHARED(a,b,c,N1,N2,N3)
c$OMP DO
            do j=1,N2
            do i=1,N1
                 c(i,j)=0
            do k=1,N2
                 c(i,j)=c(i,j)+a(i,k)*b(k,j)
            enddo
            enddo
            enddo
c$OMP END DO
c$OMP END PARALLEL

16	
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Systems 

	
  	
  	
  
	
   	
  	
  IBM	
  BG/P	
  (ANL)	
   	
  	
  IBM	
  BG/Q	
  (ANL)	
   Cray	
  XK6	
  (ORNL)	
  

Total	
  Nodes	
  #	
   40,960	
   49,152	
   18,688	
  

Total	
  Cores	
  #	
   163,840	
  
4	
  cores/node	
  
2	
  threads/node	
  

786,432	
  
16	
  cores/node	
  
64	
  threads/node	
  

299,008	
  
16	
  cores/node	
  
16	
  threads/node	
  

Processor	
   0.8	
  GHz	
   1.6	
  GHz	
   2.2	
  GHz	
  

Memory	
   80	
  TB	
   786	
  TB	
   598	
  TB	
  

Peak	
   557	
  teraflops	
   10	
  petaflops	
   2.63	
  petaflops	
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! !

MPI: Performance/Scalability  

q  90%	
  efficiency	
  on	
  IBM	
  BG/P	
  with	
  131072	
  cores	
  (3902	
  pts/core)	
  
q  50%	
  efficiency	
  on	
  Cray	
  XK6	
  with	
  3902	
  pts/core	
  (3902	
  pts/core)	
  

Efficiency	
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! !

MPI: Performance/Scalability  

q  IBM	
  BG/P:	
  erformance	
  is	
  rela*vely	
  flat	
  un*l	
  message	
  size	
  20-­‐200	
  
q  Cray	
  XK6:	
  significant	
  system	
  noise	
  aTer	
  message	
  size	
  20	
  

System	
  noise	
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What to compare MPI vs. MPI+OpenMP  

BGP:	
  E=999,000,	
  N=8,	
  P=131072	
  cores	
  
================================	
  
total	
  Presetup::	
  3.0720E+01	
  sec	
  
total	
  solver:	
  :	
  5.2101E+00	
  sec	
  
total	
  execute::	
  3.6332E+01	
  sec	
  	
  
total	
  comp	
  ::	
  3.4639E+00	
  sec	
  	
  
total	
  communica*on	
  ::	
  1.2675E+00	
  sec	
  
total	
  io	
  *me	
  ::	
  0.0000E+00	
  sec	
  	
  
computa*on	
  /step	
  ::	
  3.4639E-­‐02	
  sec	
  
communica*on	
  /step	
  ::	
  1.2675E-­‐02	
  sec	
  
io	
  *me	
  /step	
  ::	
  0.0000E+00	
  sec	
  	
  
comp	
  *me	
  /step/pts	
  ::	
  8.9042E-­‐06	
  sec	
  	
  
io	
  *me	
  /step/pts	
  ::	
  0.0000E+00	
  sec	
  
io	
  swap*me	
  ::	
  0.0000E+00	
  sec	
  
io/comp	
  (/step/pts)::	
  0.0000E+00	
  %	
  
communica*on/comp	
  ::	
  3.6590E+01	
  %	
  	
  

Cray	
  XK6:	
  E=999,000,	
  N=8,	
  P=131072	
  cores	
  
================================	
  
total	
  presetup	
  ::	
  4.9826E+02	
  sec	
  
total	
  solver	
  (w/	
  io)::	
  5.4677E+00	
  sec	
  
total	
  execute	
  ::	
  5.0373E+02	
  sec	
  	
  
total	
  comp	
  ::	
  4.6976E+00	
  sec	
  	
  
total	
  communica*on	
  ::	
  3.2529E+00	
  sec	
  
total	
  io	
  *me	
  ::	
  0.0000E+00	
  sec	
  
computa*on	
  /step	
  ::	
  4.6976E-­‐02	
  sec	
  
communica*on	
  /step	
  ::	
  3.2529E-­‐02	
  sec	
  io	
  
io	
  *me	
  /step	
  ::	
  0.0000E+00	
  sec	
  	
  
comp	
  *me	
  /step/pts	
  ::	
  1.2075E-­‐05	
  sec	
  
io	
  *me	
  /step/pts	
  ::	
  0.0000E+00	
  sec	
  
io	
  swap*me	
  ::	
  0.0000E+00	
  sec	
  
io/comp	
  (/step/pts)::	
  0.0000E+00	
  %	
  
communica*on/comp	
  ::	
  6.9246E+01	
  %	
  	
  

This	
  *me	
  measure	
  is	
  independent	
  of	
  the	
  size	
  of	
  the	
  problem,	
  #	
  *mesteps,	
  #	
  cores,	
  #	
  gridpoints	
  
Because	
  it’s	
  for	
  *me	
  measure	
  “per	
  core	
  per	
  *mestep	
  per	
  gridpoint”	
  

Can	
  this	
  *me	
  measure	
  be	
  improved	
  with	
  MPI	
  +	
  OpenMP?	
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Hybrid MPI/OpenMP Speedup 

q  Scaling	
  on	
  MPI/mul*threading	
  algorithm	
  on	
  IBM	
  BG/P,	
  BG/Q,	
  and	
  Cray	
  XK6	
  
q  Time	
  measurement:	
  CPU	
  *me/*mestep/core/point,	
  using	
  dclock()	
  
q  More	
  computa*onal	
  resource	
  doesn’t	
  help	
  when	
  576	
  pts/MPI	
  rank	
  
q  Speedup	
  when	
  28804	
  pts/MPI	
  rank	
  

Total	
  #	
  gridpoints	
  =	
  0.58	
  M	
   Total	
  #	
  gridpoints	
  =	
  4.71	
  M	
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Hybrid MPI/OpenMP Speedup 

q  Scaling	
  on	
  MPI/mul*threading	
  algorithm	
  on	
  IBM	
  BG/P,	
  BG/Q,	
  and	
  Cray	
  XK6	
  
q  Time	
  measurement:	
  CPU	
  *me/*mestep/core/point,	
  using	
  dclock()	
  
q  For	
  a	
  fixed	
  total	
  threads	
  (=1024):	
  more	
  threads	
  and	
  less	
  MPI	
  ranks	
  give	
  beher	
  

speedup	
  due	
  to	
  communica*on	
  reduc*on	
  
	
  

Total	
  #	
  gridpoints	
  =	
  0.58	
  M	
   Total	
  #	
  gridpoints	
  =	
  4.71	
  M	
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Summary and Plan 

q  SEDG	
  numerical	
  scheme	
  
q  NekCEM	
  performance	
  for	
  MPI	
  on	
  BG/P	
  and	
  Cray	
  XK6	
  
q  NekCEM	
  performance	
  for	
  MPI+OpenMP	
  on	
  BG/P,	
  BG/Q,	
  Cray	
  XK6	
  
q  Speedup	
  with	
  MPI/OpenMP,	
  in	
  comparison	
  to	
  MPI	
  results	
  
	
  	
  	
  	
  	
  	
  when	
  the	
  amount	
  of	
  work	
  enough	
  to	
  compensate	
  OMP	
  threading	
  overhead	
  

Summary	
  

q  Scaling	
  tests	
  on	
  op*mized	
  hybrid	
  model	
  on	
  higher	
  processor	
  count	
  (>	
  1	
  million)	
  	
  
q  Rigorous	
  profiling	
  of	
  the	
  performance	
  for	
  difference	
  problem	
  sizes	
  
q  Hybrid	
  MPI/GPU	
  implementa*on	
  in	
  comparison	
  to	
  MPI/OpenMP	
  on	
  Cray	
  XK6	
  

Future	
  Plan	
  


