
 Intersection: 
Quarks   +  multi-grid  + GPUs 
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The exascale era promises to dramatically expand the 
ability of lattice field theory to investigate the multiple 
scales in nuclear physics, the quark-gluon  plasma as 
well as possible dynamics beyond the standard model. 
Increasingly complex scale-aware  QCD algorithms are 
a challenge to software engineering and the co-design 
of heterogeneous architectures  to support them.  At 
present the multi-GPU cluster offers a useful preview of 
the challenge at the level of 100's of cores per node 
with a relatively low bandwidth interconnect. 
Development of new algorithms  to meet  this 
challenging architecture include  communication 
reduction by (Schwarz) domain decomposition, multi-
precision arithmetic, data compression and on the fly 
local reconstruction. The QUDA library[4] developed at 
Boston University is being used as a software platform 
for these early investigation.!
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For example in QCD, uniquely non-perturbative !
quantum effects spontaneously break conformal and 
chiral  symmetry giving rise to a ratio of length 
scales: mproton/m! = 7, which  only recent  advances in 
simulation are just beginning to fully resolve.  As a 
consequence  the most efficient Dirac  solvers are 
just now becoming mult-scaled as well. Future 
advances will reveal more opportunities for  multi-
scale algorithms. !

The core algorithms are!
1.  Sparse matrix solvers for the quark propagating in a 

“turbulent” chromo-electromagnetic background 
field.!

2.  Symplectic integrators for the Hamiltonian evolution 
to produce an stochastic ensemble of these fields.!

Current state of the art QCD algorithms exploit the 
simplicity of a uniform space-time hypercubic lattice 
grid mapped onto a homogenous target architecture to  
achieve  nearly ideal scaling. Nonetheless, this single 
grid paradigm is very likely to be modified 
substantially at extreme scales. Neither the lattice 
physics  nor computer hardware  are intrinsically 
single scaled. !

Lattice Field Theory Core Algorithms!

Visualization[1] of the scales in a gluonic ensemble!
a(lattice)    << 1/mproton  <<    1/m!    << L (box)!

At the same time hardware suited to exascale 
performance is expected to become increasingly  
heterogeneous  with O(1000) cores per node, coupled 
to hierarchical networks -- the GPU cluster being an 
early precursor of this trend.  As a test of concept the 
Wilson!
multigrid inverter combined  with GPU technology is!
estimated to reduce the cost per Dirac solve by O
(100).!

Heterogeneous Computer Architectures!

Multi-scale Challenge!

GPU Testbed and Future Directions!

Hamiltonian Integrators!

Adaptive Multigrid Inverter!
!
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$# % '& !.Adaptive multigrid automatically discovers the near 
null space to construct the coarse grid operator.  
Applied to the Wilson-clover Dirac inverter on 323x256 
lattice, it outperforms single grid  methods by 20x at 
the lightest quark mass[2]. Extensions of adaptive 
multigrid  are under development for Domain Wall and 
Staggered  fermions as well as to Hamiltonian 
evolution for lattice ensembles!

The Force Gradient  integrator is an optimized 4th 
order multi-time step algorithm for Hybrid Monte Carlo 
(HMC) sampling of the gauge field ensemble.  The 
error in the true Hamiltonian plotted as function of 
step size demonstrates its superiority for light quark 
masses[3].!

[1] Dereck Leinweber, 
http://
www.physics.adelaide.e
du.au/~dleinweb/
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         Application!
(QCD & Graphene!
Quantum Fields)!

     Architecture!
(GPU computing)!

  Algorithms!
 (Multigrid)!
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MGQCD Applied Math/Physics  Collaboration!!

Harvard U!
Mike Clark!
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Part I: QCD:  Exploring 
Quarks and Beyond 
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ALCF Early Science Program!

Rich Brower SciDAC!
 Software co-ordinator.!
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ALCF Early Science Program!

 Weak scaling for Wilson Fermions on the BG/L (2006 Gordon Bell  
award) and  for Asqtad on the BG/P,  both  up to  131,072 cores.!
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* Software Committee:  Participants funded in part by SciDAC-1 & 2!
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Atoms: Maxwell!
N=1(charge)!

Nuclei: Weak!
N=2 (Isospin)!

Sub nuclear: Strong!
N=3 (Color)!Standard Model: U(1) ! SU(2) ! SU(3)!
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QED         Weak               Strong(QCD)               Gravity (?)!

Charges: N = 1            2                          3          ....           "   !

All is Maxwell-Like Theories, except Gravity!!
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QED! Quantum Chromodynamics!
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Dielectric Effect: “In good old Electrodymaics  (or water)!
  Charged  pairs polarize to reduce the effective charge!

Electron – Position Pairs in Vacuum!
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Quark-Antiquarks polarize just like e+- e- pairs!

“But Gluon Act with Opposite Sign!”!

! X!
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All Maxwell Like theories have no !
no apparent mass scale: Higgs instability 
cause some Masses by fakery:!

Masses of Proton/Neutrons come 
here via a quantum anomaly!
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Mplanck = 1019 !
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Should use anti-symmetric tensor: 

Only case where anti-sym d!d matrices looks like a (pseudo) vector  

Note: d(d-1)/2 = d for d =3  
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† Now d(d-1)/2 = 4*3/2 = 6 elements!  

Lagrangian Density: 
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x 

With Gauge field replace:  

x+ aµ = x1 

The new factor is covariant constant.  

Finite difference: 
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Anti-quark 

quark Gauge (Glue) 

Dirac 
Operator Maxwell (Curl) 
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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) !



K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. 
Khotkevich, S. V. Morozov, and A. K. Geim, !
“Two-dimensional Atomic Crystals”, !
Proc. Nat. Acad. Sci. 102, 10451 (2005)!

Isolating A Single Crystal of Graphene!

Andre Geim! Kostya Novoselov!

Nobel Prize!
Physics!

2010!

“For groundbreaking 
experiments regarding the 
two-dimensional material 
graphene”!

+! =!
Graphene!

on SiO2!





sp2 is a Unique Bonding Geometry!

pz orbital!

sp2 orbitals!

sp3 orbitals!

Carbon: [1s2] 2s2 2p2!

Silicon: [1s2 2s2 2p6] 3s2 3p2!

Planar!

Tetrahedral!

Carbon!

Silicon!

Charge Density!

M. L. Cohen, Science 234, 549 (1986)!



Geim and Novoselov Nat. Matr. 6, 183 (2007)!

sp2 Bonding Leads to Novel Carbon Structures!



Graphene Bandstructure!

Reciprocal Space!

destructive!
interference!

constructive!
interference!

kx 

ky 

P. R. Wallace, Phys. Rev. 71, 622 (1947)!

anti-bonding!

bonding!



Graphene : Electronic Structure!

Two Atoms (bonding)! Two Sub-lattices of Graphene!

E0 

E0 = 0 

$A! $B!

Atomic orbitals! Carbon!
sublattices!

Hopping Amplitude!
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