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dynamical fermions, energy density in space in the presefstatic quark-antiquark, and heavy-
light wave functions. Our toolkit is self contained and weik cooperation with many existing
QCD code.
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1. Introduction

Our work consists of building computer programs to fadiiteollaboration, analysis and pre-
sentation of data for Lattice QCD physicists. We mainlyidgptish two classes of such tools:

e Aweb based application (also available as a self-standldbt@l) for collaboration, Monte
Carlo analysis and 2D visualization of analysis results.

¢ A collection of parallel algorithms for generating 3D imagend animations from Lattice
QCD gauge configurations.

We briefly describe each of these tools in the following twctisas.

2. Analysis and 2D Visualization Tools

In a typical Monte Carlo computation [1] one can distinguigld main phases. In Phase |,
a computationally intensive Markov Chain Monte Carlo (MCMg&ogram generates gauge con-
figurations and, for each configuration, measures multipteetation functions. In Phase I, the
output of the above program is analyzed to produce averageglats. While Phase Il requires
less computation than I, it is not less expensive in humaa,tend the one that requires the most
collaboration among people. For this reason we have createeb based tool callemic4qged that
performs the following steps:

e It acquiresdata from the users, in the form of log files from phase |. Thetesp does not
dictate a file format for these log files. It just requires tthety contain multiple measure-
ments for the same quantity (once per gauge configuratiahjreat each quantity is labeled
using a prefix. The prefix may contain an index. For exampke]dp file may contain lines
similar to “2pt[4] = 0.121235” or “2-point correlation fution at 4: 0.121235". The log file
can contain additional text that will be ignored in the pagsi

¢ It parsesthe data using regular expressions to extract quantitatfeemation. The regular
expressions are provided by the user, can be different fdr ey file, and may be applied
to multiple runs. An example could be: “Extract all 2pt and 8prrelation functions.”

o It filters the data based on user preferences. For example “consitie2pincorrelation
functions separated by less than 12 time-slices”.

e It minesthe data for expressions of interest. For example “compllifgoasible ratios of
3pt[< ty >][< t2 >]/(2pt[< ty >] x 2pt[< ty >])".

¢ It representsthe data in multiple formats such as text based, plots andgneams. For ex-
ample “show an histogram of the bootstrap samples firy Bot?”. The various plot types
include: raw data, autocorrelations, moving averagedshap samples, averages with boot-
strap errors.

¢ It allows one to furtherefine the data andnteract with the data by fitting the bootstrap
results using Bayesian correlated fits with arbitrary rioedr functions.
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The entire process is executed via a browser, it requiras,lagd enforces access control on
all data at every step. This facilitates collaboration lestawvmembers of a group by allowing them
to easily locate and search data and plots. Users can alsm&athon each other’s data (if they
have access to it) and the comments can include Latex eigmes#n this way, the thought process
of the physicist working on the data is stored together with data in the web application. The
underlying libraries can be used to batch script all the tions provided by the web application.

Figure 1 shows some screenshots fromrtiedgcd program. The top-left screenshot lists the
data sets available to a user, links possible analysisitiigts, and analysis results. The plots rep-
resent an example of autocorrelation functions for thiee 3 different time slices, the histograms
of the bootstrap samples, and a plot @f[2] with an exponential fit as function of t.

Although this program was designed specifically for lat@ED in mind, it can be used for
the analysis and plotting of MCMC data in other areas of Risysi

The program is packaged together with a web server and a Bkxdb@lational database into
a single application that runs on Windows, Mac and Linux.otliyy dependencies are the Python
interpreter and the matplotlib library.

3. 3D Visualization Tools

Typical Lattice QCD computations generate a large quamtitgata that is normally only
looked at in aggregated form (numbers with a precision ofadigits and simple 2D plots). A lot
of the information is discarded. While this is the nature dEMC computations, we believe there
may be a value in looking in more detail at the data being gegedrin order to identify patterns
that may lead to better understanding of the algorithmscartdAat may be symptomatic of errors
in the computations. Moreover, it will better present stifeanresults and educate the public about
Lattice QCD.

Our toolkit comprises of a set of Lattice QCD libraries fomplamenting actual computations.
These libraries have been modified to be able to save themniediate state, in parallel, into fields
(gauge, fermions, scalars) which can be visualized in 3€rattively (volume plots, iso-surfaces,
slices).

Our toolkit can read multiple gauge configurations formatdliding ILDG, Lime, Nersc (3x2
and 3x3), MILC and FermiQCD [2]. The file format is automaliigaletected and each file is
converted into a FermiQCD format for further analysis.

The output fields (for example the energy density, the tapodd charge, the component of a
propagator) are saved as scalars and VTK files. Each tiroe-islisaved as a separate scalar field
within the same VTK file. The VTK files can be combined using gegrencoder to make movies.

The Visualization Toolkit (VTK) is an open source, platfoindependent, graphics engine
with libraries for parallel rendering of 3D visualization8TK is being developed by a large col-
laboration of universities, laboratories (Sandia, Losmids, and Lawrence Livermore), and pri-
vate companies. VTK provides core functionality for manysérg visualization packages such
as VisIT (developed by LLNL), MayaVi and Paraview. All thgs&ckages are compatible and can
interoperate with our software.

Here we present two case studies of usage of our toolkit.
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Figure 1: The top-left image shows a page of the mc4qcd program. Thys pdows a user to select a
data-set and run one or more analysis algorithms on thatsgatal he top-right image shows a typical plot
generated by the system for a 2 point correlation functiatyesis on the database. The images at the bottom
show, from left to right respectively, the distribution additstrap samples and moving averages fuift2 at
three different values df These plots and more are generated automatically by theapglication upon
upload of a data-set.

3.1 Autocorrelation length

In this case study [3] we visualize topological charge dgrend measure how fast or slow
it evolves under the Markov Chain Monte Carlo (MCMC) for dint algorithms and different
simulation parameters (the dynamic quark mass in particul@his would give us strong con-
fidence that current Lattice QCD computation are adequakeigpling the space of all possible
configurations as opposed to getting stuck in one topolbgmetor, and provide an effective tool
for developing algorithms that maximize equilibration béttopological charge. We analyzed ad
hoc gauge configurations generated with small trajectdnyeMichael Clark and Chulwoo Jung
respectively:

e Two ensembles of 32 24° dynamical Wilson gauge configurations wjh= 5.6 and quark
masses of 66MeV and 33MeV respectivelgt £ 0.1)

e One ensemble of 64 24° dynamical Domain Wall gauge configurations with beta=2ti/8,
degenerate light quarks of 14MeV, and one strange quarkMe&Y4(dt = %).
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Figure 2: The images show topological charge density at differenlicgsteps for a sample gauge config-
uration. The plot at the bottom-right shows the autocoti@tdength for the computed topological change
density for the three ensembles of production quality ganagdigurations discussed in the paper.

We performed 20 gauge invariant APE smearing steps forrmgaihown in figure 2, computed the
topological change, and computed the average autocdorelat the topological change density.

The result is shown in bottom-right plot. The autocorrelatcrosses 0 after about 100 steps.
This indicates that the local topological charge becomesodeslated after about 10 MCMC steps
atdt = 1 which is typical for production grade Lattice QCD compiaas.

3.1.1 Inversion Residue

Visualization can be used to represent various types ofsfidtit example, wave functions,
form factors, and/or bare quark propagators. Visualizivglatter can be useful to understand the
rate of convergence of the inverters at a local level as gaptsat a global level (as measured by
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the total residue). In this example we show how we have matiifie MinRes inverter to visualize
a quark propagator on a typical production quality gaugdigoration:

cl ass M nResVtk {
public: static inversion_stats inverter(...) {

psi _i n. update();
mul _Q(r, psi_in, U coeff);

rx=-1,

r+=psi _in;

psi _out =psi _i n;
do {

r.update(); // sync parallel buffers
mul _Q(q,r,U, coeff);
al pha=qg=*r;
al pha/ =nor m_square(q);
nmdp_add_scal ed_fi el d(psi _out, al pha, r);
nmdp_add_scal ed_field(r, -alpha, q);
resi due=sqrt(normsquare(r)/r.global _size());
forallsites(x) // project into a scalar
for(int a=0, s(x)=0; a<4; at++)
for(int k=0; k<psi_in.nc; k++)
s(x) +=sqrt(real (psi _out(x, a, k)*conj (psi_out(x,a,k))));
s.save_vtk(filename,...); // save as VIK file
} while (...);
return stats;

}
}

Figure 3 show the absolute value of a quark propagator foamaplsource (top) and a solid
source (bottom), after a few inversion steps (left) andrait@vergence (right), for the same gauge
configuration. The visualization indicates that the ini@mrsalgorithm converses uniformly every-
where.

4. Conclusions

We believe visualization will prove to be an important toot tinderstanding Lattice QCD
algorithms and the MCMC evolution. For example the exactingabf the topological objects
responsible for confinement is yet to be understood satisfhc We also believe visualization can
play an important role in education and outreach outsidetine of the Lattice QCD community.
Our tools are Open Source (GPL2) and can be downloaded from:

htt ps:/ /1 aunchpad. net/ qgcdnt
htt ps:/ /1 aunchpad. net/qgcd
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Figure 3: The first three images show the topological charge for a &mgiauge configuration at different
cooling steps. The plot at the bottom-right shows autoetation for the three different ensembles of gauge
configurations discussed in the paper.
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