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(*The Art of Exact Approximations!)!



Outline	
  

•  Physics	
  Architecture	
  

•  Hardware	
  Architecture	
  

•  So0ware	
  Architecture	
  	
  
-  MulIgrid	
  for	
  QCD	
  –	
  20+	
  year	
  effort	
  

-  	
  GPUs	
  -­‐-­‐	
  back	
  to	
  the	
  future	
  



         Physics 
(QCD & Graphene) 

     Hardware 
     (GPU..) 

   Software 
 (Multigrid..) 

Finding	
  the	
  Overlap	
  is	
  difficult	
  but	
  very	
  rewarding	
  

MUST 
LIVE HERE! 



PHYSICS	
  



	
  All	
  predic*on	
  from	
  Quantum	
  Field	
  Theory	
  require	
  “Algorithms”	
  

Z	
  	
  =	
  	
  Path	
  Integral	
  exp[	
  -­‐	
  AcIon]	
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Physic+Math+Compu*ng	
  	
  <=>	
  Algorithm	
  



Kenneth	
  G.	
  Wilson	
  	
  “Confinement	
  of	
  quarks”	
  
Phys.	
  Rev.	
  D	
  10,	
  2445–2459	
  (1974)	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Abstract	
  

	
  	
  	
  	
  	
  	
  A	
  mechanism	
  for	
  total	
  confinement	
  of	
  quarks,	
  similar	
  to	
  that	
  of	
  Schwinger,	
  
is	
  defined	
  which	
  requires	
  the	
  existence	
  of	
  Abelian	
  or	
  non-­‐Abelian	
  gauge	
  
fields.	
  It	
  is	
  shown	
  how	
  to	
  quanIze	
  a	
  gauge	
  field	
  theory	
  on	
  a	
  discrete	
  la#ce	
  
in	
  Euclidean	
  space-­‐Ime,	
  preserving	
  exact	
  gauge	
  invariance	
  and	
  treaIng	
  
the	
  gauge	
  fields	
  as	
  angular	
  variables	
  (which	
  makes	
  a	
  gauge-­‐fixing	
  term	
  
unnecessary).	
  The	
  la#ce	
  gauge	
  theory	
  has	
  a	
  computable	
  strong-­‐coupling	
  
limit;	
  in	
  this	
  limit	
  the	
  binding	
  mechanism	
  applies	
  and	
  there	
  are	
  no	
  free	
  
quarks.	
  There	
  is	
  unfortunately	
  no	
  Lorentz	
  (or	
  Euclidean)	
  invariance	
  in	
  the	
  
strong-­‐coupling	
  limit.	
  The	
  strong-­‐coupling	
  expansion	
  involves	
  sums	
  over	
  all	
  
quark	
  paths	
  and	
  sums	
  over	
  all	
  surfaces	
  (on	
  the	
  la#ce)	
  joining	
  quark	
  paths.	
  
This	
  structure	
  is	
  reminiscent	
  of	
  relaIvisIc	
  string	
  models	
  of	
  hadrons.	
  	
  



K. Wilson:    “Lecture at Lattice 1989 Capri”���

 “lattice gauge theory could also require a 108 increase in 
computer power AND spectacular algorithmic advances 

before useful interactions with experiment ...	



•  ab initio Chemistry	


1.  1930+50 = 1980	


2.  0.1 flops ! 10 Mflops	


3.  Gaussian Basis functions	



•  ab initio QCD	


1.  1980 + 50  = 2030?*	


2.  10 Mflops ! 1000 Tflops	


3.  Clever Collective Variable?	



vs 

*15 Years ahead of schedule! 

Lattice Field Coming of Age 



QCD	
  is	
  	
  Maxwell	
  on	
  SU(3)	
  la#ce	
  

x 

With Gauge field replace:  

x+ aµ = x1 

The new factor is covariant constant.  

Finite difference: 



QCD	
  on	
  the	
  La#ce:	
  	
  
Base/Sparse	
  vs	
  Fiber/Dense	
  



† LLNL BG/L weak scaling up to 131,072 cores: 2006 Gordon Bell  award 

by Vranas, Bhanot, Blumrich, Chen, Gara, Giampapa, Heidelberger, Salapura and Sexton 

Wilson Dirac Inverter 

QCD Perfect scaling! 



QCD:	
  Fundamental	
  Theory	
  of	
  Nuclear	
  Force	
  

Anti-quark 

quark Gauge (Glue) 

Dirac 
Operator Maxwell (Curl) 



•  Monte	
  Carlo	
  importance	
  sampling	
  of	
  gauge	
  
configuraIons:	
  
–  	
  Generate	
  Quark	
  Gluon	
  background	
  	
  

ensemble	
  in	
  Probability:	
  

•  Hybrid	
  Monte	
  Carlo:	
  
	
  	
  	
  	
  	
  	
  Molecular	
  Dynamics	
  Algorithm:	
  

–  MulI-­‐Ime	
  step	
  Hamiltonian	
  evoluIon	
  	
  

	
  	
  	
  	
  	
  	
  in	
  “potenIal”:	
  	
  	
  	
  	
  -­‐	
  Log(Probability).	
  

•  	
  	
  	
  	
  Repeated	
  soluIon	
  of	
  Dirac	
  equaIon	
  	
  
–  (large	
  sparse	
  linear	
  system)	
  at	
  each	
  step	
  

ComputaIonal	
  Approach,	
  Numerical	
  Methods	
  

ALCF Early Science Program 

x x+	





QCD	
  La#ce	
  Measurement	
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La#ce	
  QCD	
  –	
  is	
  extremely	
  uniform	
  

•  Periodic	
  or	
  very	
  
simple	
  boundary	
  
condiIons	
  

•  SPMD:	
  IdenIcal	
  
subla#ces	
  per	
  
processor	
  

Put PDE’s on lattice  





Hardware	
  



http://www.mission-base.com/tamiko/cm/cm-tshirt.html 

Historical Perspective:���
First “commercial” QCD machine	





In late 1980's Thinking Machines Corporation  the 64K 1 bit 
processer CM-2 with performance in excess of 2500 MIPs, and 

floating point above 2.5Gflops 



Killed by Beowulf-clusters	





BNL:QCDOC	
  

BG/L FNAL 

JLab 



First	
  USQCD/Industry	
  Collab:	
  IBM	
  



TOP 500: Cray Titan ( United States, November 2012 - present) 
                IBM Sequoia Blue Gene/Q ( United States, June 2012 – November 2012)  
                Fujitsu K computer ( Japan, June 2011 – June 2012) 
In 2013+  DOE BG/Q Mira,  NSF Cray/Nvidia Blue Waters,  Intel/MIC Stampede  

18,688	
  NVIDIA	
  K20	
  GPUs	
  

K computer Japan 

BG/Q 

 Indeed we are getting spectacular Computing Power 
  3 Multi-Petaflop/s Machines on Top 500 



So0ware/Algorithms	
  



Machine	
  with	
  Programmers	
  	
  
hvp://en.wikipedia.org/wiki/ENIAC#Programming	
  



Who	
  am	
  I?	
  ComputaIonal	
  Physicists	
  &	
  
So0ware	
  Director	
  for	
  USQCD	
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•  Utah:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Carleton	
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•  “Team	
  of	
  Rivals”	
  (apologies	
  to	
  contributors	
  and	
  projects	
  *NOT*	
  menIoned	
  in	
  6	
  slides!)	
  



USQCD	
  	
  So0ware	
  Stack	
  	
  (SciDAC	
  2002-­‐?)	
  
(supports	
  a	
  “Team	
  of	
  Rivals”)	
  

Chroma = 4856  files 

CPS = 1749 files 

MILC = 2300  files 

QLA/perl = 23000 files 

QUDA/python = 221  files 

Apps/AcIons	
  	
  	
  

Algorithms	
  

Architecture	
  

http://usqcd.jlab.org/usqcd-software/ 

FUEL:	
  
For	
  Energy	
  FronIer	
  



	
  	
  	
  Highest	
  Priority	
  is	
  	
  moving	
  to	
  3	
  new	
  architecture!	
  

(May you live in Interesting Times!)  



	
  	
  	
  Algorithm	
  must	
  respond	
  both	
  to	
  mulI-­‐scale	
  
physics	
  and	
  Heterogeneous	
  	
  Architrave	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  TWO	
  CASE	
  STUDIES	
  

(1)	
  MulIgrid	
  &	
  	
  
	
  	
  	
  	
  	
  	
  	
  Domain	
  DecomposiIon	
  

	
  (2)	
  GPU	
  &	
  	
  
	
  	
  	
  	
  	
  	
  Lossless	
  Data	
  Compression	
  

Fi
ne 
Gr
id 



ALGORITHM	
  ONE:	
  MG	
  



quark	
  masses:	
  (udscbt	
  =	
  2,	
  5,	
  100,	
  	
  1300,	
  4190,	
  
200000	
  MeV	
  

Electromagnetism	
  (proton-­‐nucleon	
  splitting,	
  g-­‐2)	
  

Binding	
  energy	
  of	
  nuclei	
  (2.2	
  Mev	
  for	
  deuteron)	
  

TeV	
  	
  Strong	
  Gauge	
  BSM	
  (near	
  conformal)	
  dynamics	
  
for	
  composite	
  Higgs	
  	
  

	
  La#ce	
  QCD	
  is	
  in	
  a	
  dramaIc	
  Turning	
  Point	
  	
  

We	
  now	
  can	
  resolve	
  (at	
  last)	
  the	
  pion	
  scale	
  of	
  QCD!	
  	
  

Just	
  the	
  
beginning	
  of	
  
mulIscale	
  
la#ce	
  Field	
  
theory	
  



At	
  higher	
  resoluIon	
  	
  
QCD	
  So0ware	
  is	
  no	
  longer	
  so	
  	
  simple	
  a0er	
  all!	
  	
  

! We	
  need	
  to	
  resolve	
  many	
  scale	
  physics	
  
!  quarks	
  masses:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (udscbt	
  =	
  2,	
  5,	
  100,	
  	
  1300,	
  4190,	
  200000	
  MeV)	
  

!  ElectromagneIsm	
  (proton-­‐nucleon	
  spli#ng,	
  g-­‐2)	
  

!  Binding	
  energy	
  of	
  nuclei	
  (2.2	
  Mev	
  for	
  deuteron)	
  

!  TeV	
  	
  Strong	
  Gauge	
  BSM	
  (near	
  conformal)	
  dynamics	
  for	
  
composite	
  Higgs	
  	
  

!  Origin	
  of	
  Higgs,	
  Dark	
  Maver,	
  String	
  Theory.	
  	
  



Part	
  I:	
  	
  Scaling	
  !	
  MG	
  

Many fundamental equation have no scale (length or masses). 
Examples are the Poission, Maxwell,  Massless Dirac and QCD 
equations. These appear to be ideal for naive MG rescaling 
algorithm. BUT quantum system such as QCD have magical 
scales  emerging from the vacuum that give the proton/neutron 
(and David Keyes) their mass. This requires re-thinking 
Multigrid. 



 *   “MG is always the Future”:   Carleton, JLab 2008	


 **  “Carleton, the future has arrived!”:  Rich, Oak 

Ridge 2013	


	
  Mul*grid:	
  Case	
  History	
  in	
  Algorithm	
  Development	
  

•  History	
  Lessons	
  (1989-­‐1992)	
  *	
  

-  Cause	
  of	
  early	
  failure	
  

•  Modern	
  Era	
  (2008-­‐2013)	
  

-  5	
  years	
  to	
  put	
  into	
  producIon	
  	
  the	
  QCD	
  MG	
  Solver	
  for	
  Wilson-­‐clover	
  

•  Future**	
  (2013-­‐2018)	
  

-  Domain	
  Wall	
  &	
  Staggered	
  Solvers,	
  HMC	
  evoluIon,	
  etc	
  

-  AdaptaIon	
  to	
  heterogeneous	
  architectures,	
  etc.	
  



	
  PDE/Physics	
  with	
  NO	
  scale!	
  

•  Laplace:	
  	
  

•  	
  SoluIon:	
  

•  Same	
  for	
  Maxwell:	
  	
  	
  

	
  with	
  c	
  =	
  1	
  (space	
  =	
  Ime)	
  	
  e.g.	
  (x,y,z,t)	
  



"   h	
  !	
  2h	
  RestricIon	
  R	
  =	
  P†	
  	
  

	
  	
  2	
  h	
  !	
  h	
  PrologaIon	
  P	
  

Preserve	
  only	
  scale	
  invariant	
  constant	
  vector	
  is	
  scale	
  invariant.	
  In	
  
computer	
  we	
  set	
  h	
  =	
  1	
  so	
  only	
  scaling	
  m	
  !	
  2	
  m	
  	
  (at	
  m	
  =	
  0	
  
nothing	
  change	
  for	
  course	
  operator.)	
  

MG	
  Scaling	
  for	
  1-­‐d	
  Laplace	
  



MulI-­‐grid	
  	
  	
  V-­‐Cycle	
  

"   L-­‐grid	
  correcIon	
  scheme	
  	
  huge	
  improvement	
  

"   Iterate	
  unIl	
  exact	
  solve	
  	
  

	
  	
  	
  	
  possible	
  

"   Interpolate	
  back	
  to	
  fine	
  grid	
  

"   O(N)	
  	
  to	
  O(N	
  log	
  N)	
  scaling	
  



	
  	
  Dirac	
  PDE.	
  	
  

•  QCD	
  PDE’s	
  (Maxwell+	
  massless	
  Quark)	
  has	
  NO	
  
(length/mass)	
  scale	
  at	
  all!	
  

•  Dirac:	
  

•  Try	
  same	
  idea.	
  	
  Basically	
  work	
  but	
  need	
  to	
  	
  put	
  
on	
  la#ce	
  and	
  add	
  interacIon	
  with	
  field	
  



Early	
  

See Thomas Kalkretuer 
hep-lat/9409008 
review on “MG Methods 
for Propagators in LGT”. 

Israel: Ben-Av, M. Harmatz, 
P.G. Lauwers & S.Solomon 

Amsterdam: A. Hulsebos,  
J Smit J. C. Vick 

Hamburg: T. Kalkreuter, 
G. Mack & M. Speh 

Boston: Brower, Edwards, 
Rebbi & Vicari 



† R. C. Brower, R. Edwards, C.Rebbi,and E. Vicari, 
"Projective multigrid for Wilson fermions", Nucl. Phys.B366 (1991) 689 

(aka Spectral AMG, Tim Chatier, 2000) 



2x2	
  Blocks	
  for	
  U(1)	
  Dirac	
  

Gauss-Jacobi (Diamond), CG (circle),  
V cycle (square), W cycle (star) 

2-d Lattice,  
U(x) on links (x) on sites 



Universal	
  criIcal	
  slowing:	
  	
  =	
  F(m	
  l)	



Gauss-Jacobi (Diamond), CG(circle),  
3 level  (square & star) 

 = 3 (cross) 10(plus) 100( square) 



Why	
  Didn’t	
  
It	
  work?	
  



Harvard/ 
NVIDIA 

• Mike Clark 

•   Saul Cohen 
BU/NVIDIA  
• Ron Babich        

•   Saul Cohen 
 Seattle 

/KAUST 

Critical NSF support! 



Slow	
  convergence	
  of	
  Dirac	
  solver	
  is	
  due	
  to	
  small	
  eigenvalues	
  for	
  vectors	
  in	
  
near	
  null	
  subspace:	
  S .	
  

Spilt the  vector space into 
near null space S and the 
complement S? 

Adaptive Smooth Aggregation Algebraic Multigrid 

D: S ' 0 

smoothing 

Fine Grid 

Smaller Coarse Grid 

restriction 

prolongation 
(interpolation) 

The Multigrid 
V-cycle 



“AdapIve	
  mulIgrid	
  algorithm	
  for	
  the	
  la#ce	
  Wilson-­‐Dirac	
  operator”	
  R.	
  Babich,	
  J.	
  Brannick,	
  R.	
  C.	
  
Brower,	
  M.	
  A.	
  Clark,	
  T.	
  Manteuffel,	
  S.	
  McCormick,	
  J.	
  C.	
  Osborn,	
  and	
  C.	
  Rebbi,	
  	
  PRL.	
  	
  (2010).	
  



Good	
  News/Bad	
  News	
  
Save	
  MG	
  

projectors	
  with	
  
la#ce	
  ?	
  

Actually	
  MG	
  error	
  
is	
  smaller	
  at	
  fixed	
  

Residual	
  



ALGORITHM	
  TWO:	
  GPU	
  



Disruptive many-core Architectures	



•  1/4 CM-2	



 16 K bit serial PE.           512 x 32 bit PE = 16 K bits	



) 

Nvidia FERMI chip	



) 



2005-2006 



"  Ron Babich (NVIDIA) 

"  Kip Barros (LANL) 
"  Rich Brower (Boston University) 

"  Michael Cheng (Boston University) 

"  Mike Clark (NVIDIA) 
"  Justin Foley (University of Utah) 
"  Joel Giedt (Rensselaer Polytechnic 

Institute) 
"  Steve Gottlieb (Indiana University) 
"  Bálint Joó (Jlab) 
"  Claudio Rebbi (Boston University) 
"  Guochun Shi (NCSA -> Google) 
"  Alexei Strelchenko  

       (Cyprus Institute -> FNAL) 

"  Hyung-Jin Kim  (BNL) 

"  Frank Winter (UoE -> Jlab) 

• “QCD on CUDA” team –  
• http://lattice.github.com/quda 



CUDA	
  programming	
  model	
  

Serial on CPU  and Data Parallel on GPU 



Wilson	
  matrix-­‐vector:	
  Data	
  movement	
  

#  To	
  carry	
  out	
  the	
  Wilson	
  matrix-­‐vector	
  product,	
  per	
  site,	
  we	
  
must:	
  

#  Read	
  one	
  spinor	
  per	
  direcIon,	
  for	
  a	
  total	
  of	
  8	
  x	
  24	
  =	
  192	
  floats	
  

56 

Read one gauge matrix per direction, for 
a total of 
8 x 18 = 144 floats 

Write one output spinor, consisting of 24 
floats 

Altogether, we must transfer 360 floats 
from memory, or 1440 bytes in single 
precision. 



Machine	
  balance:	
  Looking	
  back	
  
#  In	
  modern	
  architectures,	
  the	
  main	
  bovleneck	
  is	
  o0en	
  
bandwidth	
  to	
  memory,	
  rather	
  than	
  raw	
  floaIng	
  point	
  
throughput.	
  

#  It	
  wasn't	
  always	
  like	
  this:	
  

•  There	
  was	
  a	
  Ime	
  when	
  flops	
  were	
  much	
  more	
  precious,	
  
relaIve	
  to	
  bandwidth.	
  

(Cartoon by John McCalpin, author of 
the STREAM benchmark) 



Tricks	
  to	
  reduce	
  memory	
  traffic	
  
$ Reconstruct	
  SU(3)	
  matrices	
  from	
  8	
  or	
  12	
  real	
  numbers	
  on	
  the	
  fly,	
  e.g.,	
  

Bever	
  sIll	
  SU(3)	
  has	
  8	
  parameters	
  on	
  S3	
  x	
  S5	
  
$ Choose	
  a	
  gamma	
  basis	
  with	
  4	
  diagonal.	
  

$ Fix	
  to	
  the	
  temporal	
  gauge	
  (se#ng	
  gauge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  links	
  in	
  the	
  t-­‐direcIon	
  
to	
  the	
  idenIty).	
  

similarity 
transforms on D 



Mixed	
  Precision	
  Data	
  Compression	
  
(communicate	
  new	
  info	
  only!)	
  







SYNTHESIS	
  



MG+GPU	
  Project	
  (*)	
  

!  Cost	
  in	
  $s	
  reduced	
  by	
  a	
  factor	
  of	
  at	
  least	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  O(100+)	
  

	
  	
  	
  	
  GPU	
  	
  	
  O(10+)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MG	
  	
  	
  
O(10+)	
  

Michael	
  Cheng	
  (BU)	
  and	
  	
  Ron	
  Babich/Mike	
  Clark	
  (NVIDIA)	
  

(*) NSF PetaApps: “Multigrid QCD at the Petascale”  
    NSF SI2-SSI: “Scalable Hierarchical Algorithms for Extreme Computing”  



Nov.	
  12,	
  2012	
  Titan	
  supercomputer	
  leads	
  latest	
  Top	
  500	
  list,	
  newly-­‐

available	
  Xeon	
  Phi	
  chip	
  cracks	
  top	
  ten	
  



MG on  Accelerators 



Domain	
  DecomposiIon	
  (Block	
  Jacobi)	
  



Domain Decomposition:  
Network Data  Reduction 



Third	
  USQCD/Industry	
  Collab:	
  Intel	
  

NSF Stampede with Intel Xeon Phi 

B. Joo @ JLab 
(preliminary) 



Future	
  of	
  Accelerator	
  Nodes	
  ?	
  



Future	
  of	
  Accelerators?	
  



In	
  2015?	
  



 FUEL 

  QUDA 

  Qlua 

  HYPRE 

Argonne (James 
Osborn) 

MIT (Andrew 
Pochinsky ) 

NVIDIA ( Mike 
Clark et al ) 

LLNL (R. Falgout, 
C. Schroeder ) 

    PHI  

Jlab (Balint 
Joo et al) 

Many Hardware Targets: 

Lua  (Moon in Portuguese): extensible  scripting language to interface to High


Performance codes  and Applied Math tools





New	
  La#ce	
  for	
  ExponenIal	
  Scales?	
  Radial	
  
QuanIzaIon	
  for	
  CFT	
  

!  (near)	
  Conformal	
  Field	
  Theories	
  are	
  important	
  
▪  	
  BSM	
  walking	
  technicolor	
  

▪  AdS/CFT	
  weak-­‐strong	
  duality	
  
▪  Model	
  building	
  

!  La#ce	
  difficulty:	
  scales	
  are	
  (nearly)	
  exponenIal.	
  

!  	
  	
  Hypercubic	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  vs	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Radial	
  La#ce	
  



3-­‐d	
  Test	
  of	
  concept	
  

state-op corr 



Graphene	
  

75 

Graphene is 2+1 dimension Carbon sheet with Dirac fields: But lattice 
is real Hexagonal structure. Couple to coulomb potential and phones 
act like gauge fields!  Ideal for Lattice field theory, MG and GPU! 
(Brower, Rebbi and Schaich)  



La#ce	
  GT	
  (and	
  hardware)	
  –	
  is	
  NOT	
  extremely	
  uniform	
  

•  Periodic	
  or	
  very	
  
simple	
  boundary	
  
condiIons	
  NOT	
  

•  SPMD:	
  IdenIcal	
  
subla#ces	
  per	
  
processor	
  NOT	
  

Put PDE’s on lattice  



Q	
  &	
  A	
  	
  

•  WE	
  BADLY	
  NEED	
  A	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  “Formula	
  TranslaIon	
  Language!”	
  

It	
  must	
  include	
  composable	
  parallel	
  toolbox	
  that	
  

the	
  compiler/operaIng	
  system	
  can	
  opImize.	
  	
  

MPI++	
  and	
  FFTW	
  is	
  not	
  enough!	
  


