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lattice qcd



lattice quantum chromodynamics (qcd)

quarks'

gluons'

⇒
▶ Lattice QCD is a numerical framework to simulate quarks and gluons, the

fundamental particles involved in strong interactions, from the theory of QCD.
▶ It is formulated on a discrete four-dimensional space-time grid or lattice.
▶ Quarks live on the lattice sites, and can propagate through the gluon ”lattice

links”.
▶ Monte Carlo simulations are performed to generate the quantum fields of the

gluons or ”the gauge field ensemble”.
▶ Complex calculations are made on these gauge ensembles to obtain physics

results of relevance to experiments or other theoretical predictions.
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lattice qcd compute kernel

▶ The core kernel of lattice QCD is matrix vector multiplications - the so-called
Dslash operator.

Dij
αβ(x, y)ψ

j
β(y) =

4∑
µ=1

[
(1 − γµ)αβUµ

ij(x)δx+µ̂,y

+ (1 + γµ)αβU†
µ

ij
(x + µ̂)δx−µ̂,y

]
ψj
β(y)

▶ x, y - regular 4-dimensional grid
points.

▶ γµ - 4 × 4 matrices (fixed).
▶ Uµ(x) - complex SU(3) matrices.
▶ ψ(y) - complex 12-component vectors.

quarks'

gluons'

▶ The Dslash operations make up 70-90% of the computation time.
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other components of lattice qcd

▶ Numerical algorithms
▶ Monte Carlo sampling: Metropolis, Heatbath, ...
▶ Molecular Dynamics (combined with Monte Carlo → Hybrid Monte Carlo)
▶ Linear equation solvers: Ax = b
▶ Eigenvalue solvers: Ax = λx

▶ Physics applications
▶ Actions: discretization schemes for the quarks and gluons
▶ Measurements: evaluation of Feynman-diagram like graphs.

t t’

τ

t t’

τ
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from lattice to reality

▶ Lattice QCD can calculate the properties of the fundamental particles such as the
neutron and the proton from first-principles.

▶ Requires enormous amount of computing power: Years of running on
leadership-class supercomputers such as Mira and Titan.

▶ Higher computing efficiency and/or more computing power will allow us to reach
higher precision and perform more complex calculations.

▶ Example results:

mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down toMp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially withMp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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Figure 2: Mass splittings in channels that are stable under the strong and electromagnetic interactions.
Both of these interactions are fully unquenched in our 1+1+1+1 flavor calculation. The horizontal lines are the
experimental values and the grey shaded regions represent the experimental error (2). Our results are shown by
red dots with their uncertainties. The error bars are the squared sums of the statistical and systematic errors.
The results for the �M

N

, �M⌃, and �M
D

mass splittings are post-dictions, in the sense that their values
are known experimentally with higher precision than from our calculation. On the other hand, our calculations
yield �M⌅, �M⌅cc splittings, and the Coleman-Glashow difference �CG, which have either not been measured
in experiment or are measured with less precision than obtained here. This feature is represented by a blue
shaded region around the label.
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Particle masses calculated from LQCD Mass differences of isospin multiplets
S. Dürr, et al., Science (2008) S. Borsanyi, et al., Science (2015)
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going into exascale

Physics Objectives

▶ Increase the precision of certain critical calculations to understand fundamental
symmetries in high-energy physics by an order of magnitude.

▶ Extend the calculations of the light nuclei and multi-nucleon systems in nuclear
physics with quark masses that are closer to their values in nature.

Software Requirements

▶ Efficiency: Should be able to efficiently exploit the expected multiple levels of
parallelism on the exascale architectures. Need to conquer the communication
bottleneck.

▶ Flexibility: Should be flexible for the users to implement different algorithms and
physics calculations, and can provide easy access to multi-layered abstractions
for the users.

▶ Performance Portability: Should be portable to minimize code changes for
different architectures while maintaining competitive performance.
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grid

▶ Grid1 is a next-generation C++ lattice QCD library being developed by Peter Boyle,
Guido Cossu, Antonin Portelli and Azusa Yamaguchi at the University of
Edinburgh.
https://github.com/paboyle/Grid

▶ Originally developed and optimized for CPUs. Being used as a testbed for QCD
ECP performance portability.

▶ It uses new features in C++11 for abstractions and programming flexibility.
▶ Data layout designed to match CPU SIMD lanes.

▶ Vector data layout: Decompose four-dimensional grids into sub-domains that
map perfectly onto the target SIMD length.

Grid: A next generation C++ library for data parallel QCD

Overdecomposed physical node
SIMD vector

Virtual nodes

Figure 2: A key idea is to overdecompose and then interleave elements from different virtual nodes in
adjacent SIMD lanes. After transformation it is simple to generate code such that one node performs the
work on N = 4 virtual nodes, each with a correspondingly reduced local volume.

2.3 Cshifting implementation

Circular shift of Grid lattice containers by an arbitrarily large distance in any dimension is
supported. For example, the following code performs a data parallel multiplication a distributed
fields B and C together and takes the y-derivative of C, with work being decomposed across MPI
ranks, OpenMP threads and SIMD lanes automatically.

LatticeColourMatrix A(Grid), B(Grid), C(Grid), dC_dy(Grid);

int Ydim = 1;

A = B

*

C;

dC_dy = 0.5

*

( Cshift(C,Ydim,+1) - Cshift(C,Ydim,-1) );

While, the SIMD efficiency of site local operations is clear in our scheme, for site non-local
operations such as a finite difference operator this is also true but less clear. The symmetry of a
cartesian mesh means that the neighbours of any element of one virtual node also align with the
neighbours of corresponding elements of other virtual. The code for processing N-virtual nodes
therefore looks identical to that for processing a single scalar node but the datum is simply N-fold
larger. For stencil connections that cross boundaries between sub-cells a permutation, is addi-
tionally required since for example a blue element of the result vector may need to reference a
red neighbour and vice versa, see Figure 3. These non-arithmetic steps are both efficient SIMD
operations, and are suppressed by the surface to volume ratio.

(A, B, C , D)
� �� �

virtual subnode

(E , F , G , H)
� �� �

virtual subnode

� (AE , BF , CG , DH)
� �� �

Packed SIMD

� (BF , CG , DH, AE)
� �� �

cshift bulk
�

(BF , CG , DH, EA)
� �� �

permute face

� (B, C , D,E)
� �� �

virtual subnode

(F , G , H,A)
� �� �

virtual subnode

Figure 3: Permutation, and all SIMD lane crossing overhead, is suppressed by the surface to volume ratio
in our interleaved virtual node scheme; we illustrate here a one-dimensional example of a cshift operation.
Only the interior three steps are performed in grid since this is the native, internal data layout – the exterior
diagrammatic representation as unpacked into virtual nodes is illustrative only.

2.4 Stencil support

A Cshift closes an expression template, to avoid complex implicit book keeping in expressions
such as a cshift of a cshift. It is wise to make it easy to implement high performance routines for

7

1Peter Boyle et al. “Grid: A next generation data parallel C++ QCD library”. In: (2015). arXiv: 1512.03487
[hep-lat].
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vectorization for cpus

▶ Vectorization is achieved in different ways on different targets, either using
intrinsics, or explicit short scalar loops for compiler vectorization, and possibly
using OpenMP SIMD pragmas depending on target.

▶ But the implementation details are abstracted inside templated data types.

//Vectorization
#ifdef GEN
#include ”Grid_generic.h”
#endif
#ifdef SSE4
#include ”Grid_sse4.h”
#endif
#if defined(AVX1) || defined (AVXFMA) || defined(AVX2) || defined(AVXFMA4)
#include ”Grid_avx.h”
#endif
#if defined AVX512
#include ”Grid_avx512.h”
#endif

// Abstract Data Types
typedef Grid_simd< float, SIMD_Ftype > vRealF;
typedef Grid_simd< double, SIMD_Dtype > vRealD;
typedef Grid_simd< std::complex< float > , SIMD_Ftype > vComplexF;
typedef Grid_simd< std::complex< double >, SIMD_Dtype > vComplexD;
typedef Grid_simd< Integer, SIMD_Itype > vInteger;
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parallelism in grid

▶ Grid uses OpenMP for on-node threading and MPI for inter-node
communications.

▶ Lattice-wide operations are done in a big for loop over the outer lattice sites.

PARALLEL_FOR_LOOP
for(int ss=0;ss<lhs._grid->oSites();ss++){

ret._odata[ss] = trace(lhs._odata[ss]);
}

▶ PARALLEL_FOR_LOOP is a macro currently defined as an OpenMP parallel
construct. It potentially can be replaced with OpenACC for GPU.

#ifdef GRID_OMP
#include <omp.h>
#define PARALLEL_FOR_LOOP _Pragma(”omp parallel for ”)
#define PARALLEL_NESTED_LOOP2 _Pragma(”omp parallel for collapse(2)”)
#else
#define PARALLEL_FOR_LOOP
#define PARALLEL_NESTED_LOOP2
#endif

12
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porting grid with openacc

Why OpenACC?
▶ OpenACC, as a directive-based approach, is easy to introduce in any existing

code, therefore it should score high in portability.
▶ OpenACC admits compilation for a large number of targets, such as AMD GPUs or

even multicore computers.
▶ PGI’s OpenACC implementation supports Universal Virtual Memory (UVM),

simplifying data movement and potentially eliminating the need for deep copy.

Naïve Top-Down Approach:
▶ Declare acc kernels in the key compute kernels. Did not work due to

complicated call structures.
▶ Use of C++ STL container types also complicates things, as not all STL functions

have device versions.
// generate OpenACC kernels
#pragma acc kernels default(present)
for(int ss=0;ss<sites;ss++){

int sU=ss;
for(int s=0;s<Ls;s++){
int sF = s+Ls*sU;
Kernels::DiracOptDhopSite(st,U,st.comm_buf,sF,sU,in,out);}}

// the routine being called is also very complicated
#pragma acc routine seq
template<class Impl>
void WilsonKernels<Impl>::DiracOptDhopSite(StencilImpl &st,DoubledGaugeField &U,

std::vector<SiteHalfSpinor,alignedAllocator<SiteHalfSpinor> > &buf,
int sF,int sU,const FermionField &in, FermionField &out)

{
// implementation here, which calls other routines

}

14



bottom-up: start with the expression template engine

▶ Grid Expression Template Engine (P. Boyle): 200 lines of code, self-contained,
captures a lot of language features in Grid.

▶ OpenACC + Manual Deep Copy did not work due to the multi-layer, nested data
structures.

▶ PGI’s UVM support came to the rescue!
inline Lattice<obj> & operator= (const obj & splatme)
{

int _osites=this->Osites();

#pragma acc parallel loop independent copyin(splatme[0:1])

for(int ss=0;ss<_osites;ss++){
_odata[ss] = splatme;

}
return *this;

}

template <typename Op, typename T1,typename T2> inline Lattice<obj> & operator=(const
LatticeBinaryExpression<Op,T1,T2> expr)

{
int _osites=this->Osites();

#pragma acc parallel loop independent copyin(expr[0:1])

for(int ss=0;ss<_osites;ss++){
_odata[ss] = eval(ss,expr);

}
return *this;

}

▶ WIth PGI 16.10:
pgc++ -I. -acc -fast -ta=tesla:managed –c++11 -Minfo=accel
-O3 main.cc -o gpu.x
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su(3)xsu(3) mini-app

▶ Interesting as it tests the streaming bandwidth typical for Lattice QCD
calculations. Also a component of lattice gauge action calculations.

▶ Custom SU(3) class implementation with OpenACC markup. Used as a data type
for the ET engine. [A. Vaquero]

//--------------
// suN.h
//--------------
#ifdef _OPENACC
#define OFFLOAD _Pragma(”acc routine seq”)
#elif defined (__NVCC__)
#define OFFLOAD __host__ __device__
#else
#define OFFLOAD
#endif
template<class vFloat,const int N>

class SuN {
private:

vFloat A[N*N];
public:
// code omitted ...

OFFLOAD
friend inline SuN<vFloat,N> operator+=(SuN<vFloat,N> lhs, const SuN<vFloat,N> &rhs) {

// matrix add code
}

OFFLOAD
friend inline SuN<vFloat,N> operator*=(SuN<vFloat,N> lhs, const SuN<vFloat,N> &rhs) {
// matrix multiply code

} 16



su(3)xsu(3) mini-app main

▶ Main program is oblivious to the GPU offloading.

//----------
//main.cc
//----------
typedef SuN<complex<float>,3> Su3f;

int main(int argc,char **argv) {

std::chrono::high_resolution_clock::time_point start, stop;
int Nloop=1000;

// code omitted ....
int vol = L*L*L*L;
Grid grid(vol);
Lattice<Su3f> z(&grid);
Lattice<Su3f> x(&grid);
Lattice<Su3f> y(&grid);
for(int i=0;i<Nloop;i++) {

z=x*y;
}

stop = std::chrono::high_resolution_clock::now();
double time = (std::chrono::duration_cast<std::chrono::microseconds>(stop - start).

count())/Nloop*1000.0;
double bytes = 3.0*vol*sizeof(Su3f);
double footprint = 2.0*vol*sizeof(Su3f);
double flops = 9*(6.0+8.0+8.0)*vol;
std::cout << lat <<”\t\t” << footprint << ” \t\t” << bytes/time << ”\t\t” <<

flops/time << std::endl; }
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other approaches: cuda

▶ Explicit CUDA kernels + managed memory allocator.
▶ Need to decorate all host device functions with __host__ __device__.

#ifdef GPU

template<class Expr, class obj> __global__

void ETapply(int N, obj *_odata,Expr Op)

{

int ss = blockIdx.x;

_odata[ss]=eval(ss,Op);

}
#endif

template <typename Op, typename T1,typename T2> inline Lattice<obj> & operator=(
const LatticeBinaryExpression<Op,T1,T2> expr)

{
int _osites=this->Osites();

#ifdef GPU
LatticeBinaryExpression<Op,T1,T2> temp = expr;

ETapply< decltype(temp), obj > «<_osites,1»>((int)_osites,this->_odata,temp);

#else
for(int ss=0;ss<_osites;ss++){

_odata[ss] = eval(ss,expr);
}

#endif
return *this;

}
18



just-in-time compilation with jitify

See S7716 at 4pm Monday: Ben Barsdell, Kate Clark “Jitify: CUDA C++ RUNTIME
COMPILATION MADE EASY”.

▶ Front-end to CUDA runtime compiler, nvrtc.
▶ Eliminates the need to decorate host device functions.

template<class obj> template <typename Op, typename T1,typename T2>
Lattice<obj> & Lattice<obj>::operator=(const LatticeBinaryExpression<Op,T1,T2> expr)
{

auto _osites = this->Osites();
auto _odata = this->_odata;

#ifdef USE_JITIFY
// set JITIFY_OPTIONS=”-include ET.h -std=c++11”

parallel_for(policy, 0, _osites, JITIFY_LAMBDA( (_odata,expr), _odata[i]=eval(i,expr); ));

#else
for (int i=0; i<_osites; i++) _odata[i] = eval(i,expr);

#endif

return *this;
}
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performance on gtx 1080: summary

▶ Test platform: NVIDIA GTX 1080. Peak memory bandwidth 288 GB/s.
▶ Lattice-wide SU(3)xSU(3) streaming bandwidth with OpenACC, CUDA and Jitify.

▶ OpenACC: PGI 16.10
▶ CUDA: cuda 8.0
▶ Jitify: nvrtc, cuda 8.0

▶ Use of coalesced_ptr in CUDA and Jitify, but not in OpenACC implementation.

Computer Science and Applied Math in Lattice QCD

• High Performance Computing: utilizes highly 
efficient code on high performance computing 
resources to deliver world-leading physics results in 
high energy and nuclear physics.  

• Programming Patterns: SIMD-friendly data 
layout. C++ expression template engine.  

• Programming Models: Engaged in OpenMP/
OpenACC standardization efforts to support C++ 
programming and performance portability.  

• Numerical Algorithms: unbiased noise-reducing 
estimators (all-mode averaging), eigen solvers, 
eigenvector compression through local coherence, 
sparse-matrix linear solvers (multigrid, deflation).

• Hardware Architecture Co-Design: Actively influences the field of high performance computing 
through co-design efforts, e.g. QCDSP, QCDOC, BlueGene/Q, current collaboration with Intel to 
design next-generation processors and interconnects. 1 Gordon Bell Prize, 2 finalists. Long history of 
investment in machines with novel computer architectures by BNL and RBRC.  

Example ASCR-funded projects: 
1.ECP Application Development for Lattice Gauge Theory (ASCR) 
2.LQCD Algorithm and Software Development for HEP (SciDAC ASCR/HEP) 
3.LQCD Algorithm and Software Development for NP (SciDAC ASCR/NP)

C++ Expression Template SU(3)xSU(3) streaming 
bandwidth on NVIDIA GTX 1080 Pascal GPU. Peak 
memory bandwidth 288 GB/s. Ongoing ECP work. 

Peak Memory Bandwidth
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coalesced_ptr

▶ https://github.com/maddyscientist/coalesced_ptr (Kate Clark)
▶ A smart pointer that automatically provides coalesced memory transactions for

arrays of arbitrary structures.
▶ Boosts performance for the CUDA and Jitify implementations dramatically.
▶ Doesn’t work with the OpenACC implementation due to the use of std::complex.
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performance comparison: flops
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openacc with coalesced_ptr

▶ coalesced_ptr works with float data type in OpenACC. [V. Rana]
▶ Modified U(3)xU(3) test also gets 70% to 80% of peak memory bandwidth.
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nollvm vs -minline (pgi 16.10)

▶ To get the previous performance, we also need to turn off the default llvm code
generator in PGI compiler through -ta=tesla:managed,nollvm option, or
force inlining with -Minline.
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conclusions

▶ OpenACC in principle provides an easy way to port Grid to GPUs in terms of
minimal code changes.

▶ However, the nested data structure and complex data types in Grid makes it
challenging.

▶ PGI’s UVM support alleviates the issue of deep copy, but its support for C++ still
needs improvement.

▶ We have succeeded in implementing an OpenACC version of SU(3)xSU(3)
streaming test which delivers reasonable performance compared to CUDA and JIT.

▶ Memory coalescence is very important for achieving maximum performance on
GPUs.

▶ Future work will include a Dslash mini-app that represents the key lattice QCD
compute kernel.

▶ Stay tuned!
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