National Computational Infrastructure for Lattice Gauge Theory

A proposal in response to Office of Science Notice DE-FG02-06DR-04 and Announcement
Lab 06-04: Scientific Discovery through Advanced Computing.

Lead Institution: University of California, Santa Barbara
Santa Barbara, CA 93106

Lead Principal Investigator and DOE Contact: Robert Sugar
Address: Department of Physics
University of California
Santa Barbara, CA 93106
Email: sugar@physics.ucsb.edu
Phone: 805-893-3469

Office of Science Programs Addresseddigh Energy Physics and Nuclear Physics
Office of Science Program Office Technical ContactsCraig Tull and Sidney Coon

Participating Institutions and Principal Investigators:
Physics:

Boston University*, Richard Brower T £ and Claudio Rebbi t
Brookhaven National Laboratory*, Michael Creutz T
Columbia University*, Norman Christ T

Fermi National Accelerator Laboratory*, Paul Mackenzie T
Indiana University*, Steven Gottlieb

Massachusetts Institute of Technology*, John Negele T £
Thomas Jefferson National Accelerator Facility*, David Richards 1 aillie¥d (Chip) Watson £
University of Arizona*, Doug Toussaint f

University of California, Santa Barbara*, Robert Sugar t
University of Utah*, Carleton DeTar

University of Washington, Stephen Sharpe t

Computer Science:

DePaul University*, Massimo DiPierro
lllinois Institute of Technology*, Xian-He Sun
University of North Carolina*, Daniel Reed +
Vanderbilt University*, Theodore Bapty

* Institution submitting an application
T Project Principal Investigator, Member of Lattice QCD Executive Committee
¥ Institution Principal Investigator



1 Executive Summary

Our long range obijective is to construct the computational infrastruceegded for the study of quantum
chromodynamics (QCD). Nearly all theoretical physicists in the United State$véd in the numerical
study of QCD are participating in this efforl]] as are Brookhaven National Laboratory (BNL), Fermi
National Accelerator Laboratory (FNAL) and Thomas Jefferson Natidwcelerator Facility (JLab), and
computer scientists at DePaul University, the Illinois Institute of TechnolitgyUniversity of North Car-
olina and Vanderbilt University. A very successful start was madewutie first phase of the Department
of Energy’s Scientific Discovery through Advanced Computing ProgiaaiDAC-1). We propose to build
on this success to address new challenges that must be met in order tlizesfilig on the exciting oppor-
tunities now available for advancing the study of QCD.

QCD is the component of the Standard Model of elementary particle physicddhcribes the strong inter-
actions. The Standard Model has been enormously successful; élwav knowledge of it is incomplete
because it has proven extremely difficult to extract many of the most impqgntadictions of QCD, those

that depend on the strong coupling regime of the theory. To do so fronpfireiples and with controlled

systematic errors requires large scale numerical simulations within the frateattice gauge theory.

Such simulations are needed to address problems that are at the hearDGiE's large experimental pro-
grams in high energy and nuclear physics. Our immediate objectives are#iclijate weak interaction
matrix elements to the accuracy needed to make precise tests of the Standatgd2)ldetermine the prop-
erties of strongly interacting matter under extreme conditions such as thasxisted in the very early

development of the universe, and are created today in relativistic heawpllisions; and 3) calculate the
masses of strongly interacting particles and obtain a quantitative undengtaridheir internal structure.

The infrastructure we propose to build is essential to achieve these vbegecti

The bulk of our effort in SciDAC-1 was devoted to software developmeand that will continue to be
the case under this SciDAC-2 proposal. Under SciDAC-1 a QCD Applicatfmogramming Interface
(QCD API) was developed, which enables lattice gauge theorists to madatiwdf use of a wide variety
of massively parallel computers, including those with switched and mesitemttines. The QCD API
was optimized for the custom designed QCD on a Chip (QCDOC) computefpaedmmaodity clusters
based on Pentium 4 processors. Under this proposal, optimized ver$itiesQCD API will be created for
clusters based on multi-core processors and Infiniband communicatiwmks and for the Cray XT3, the
IBM BlueGene/L and their successors. The QCD API will be used to arghthre performance of the major
QCD community codes and to create new applications. A QCD physics toolbokendibnstructed which
will contain sharable software building blocks for inclusion in applicationespgherformance analysis and
visualization tools, and software for automation of physics work flow. Neftwsre tools will be created
for managing the large data sets generated in lattice QCD simulations, andafargsthem through the
International Lattice Data Grid consortium. A common computing environment witldveloped for the
dedicated lattice QCD computers at BNL, FNAL, and JLab. Work on multi-sdglarithms recently begun
in collaboration with members of the Terascale Optimal PDE Simulations (TOP$21Geiti be extended.

The lattice QCD infrastructure effort has included the development of¥ere as well as software, because
for the study of QCD it has proven more cost effective to build speciakoedputers than to make use of
general purpose supercomputers. We have pursued both custorhigescconstructed from commod-
ity components and the development of fully customized computers. Reswatahevelopment work on
commodity clusters was carried out under our SciDAC-1 grant at FNALJmab. The experience gained
with these prototype clusters will enable us to build highly cost effectives¢ata clusters in the coming
year. In parallel with SciDAC-1, but funded separately by the DOE,,a88processor QCDOC computer
was constructed at BNL for use by the U.S. lattice QCD community. In SciDA@ propose to continue
to track the evolving commodity and semi-commodity marketplace and to undertsikm @é a fully cus-
tomized successor to the QCDOC. A four year Lattice QCD Computing Praggetrbon October 1, 2005
with funding from the DOE’s High Energy Physics and Nuclear Physiogiams. The purpose of this
Project is to construct and operate dedicated computers for the studgf Both the hardware research
and development and the software development we propose are critilbalgaccess of this Project and to
research in lattice QCD in the U.S.



2 Physics Goals

2.1 Tests of the Standard Model

Despite its extraordinary success, the Standard Model is believed tdybeherow energy (long distance)
limit of a more fundamental theory. Therefore, a major component of therempntal program in high
energy physics is devoted to making precise tests of the Standard Modeleénto determine its range
of validity and search for indications of new physics beyond it. Many o$é¢hests require both accurate
experiments and accurate lattice QCD calculations of the effects of the @ttenactions on weak interac-
tion processes. In almost all cases, the precision of the tests are limited bgdbeainties in the lattice
calculations, rather than in the experiments. Our objective is to bring the lattmes elown to, or below,
the experimental ones.

The greatest challenge to performing accurate numerical calculation€BfiQto include the full effects
of vacuum polarization due to light (up, down and strange) quarks.iffsigmt progress has been made in
meeting this challenge during the past five years through the use of impi@vedlations of QCD on the
lattice and through rapid growth in the computing resources available to thgXigldl]. Among the notable
results have been calculations of the leptonic decay constants miih@K mesons$] and mass splittings
in the charmoniumg] and bottomoniumT] spectra to an accuracy of 3% or better; the first determination of
the light quark masses to fully include their vacuum polarization eff@;g]] the calculation of the strong
coupling constantl0] and the Cabibbo-Kobayashi-Maskawa (CKM) matrix elemégf11, 5] to the same
accuracy as their experimental determinations. The lattice gauge theory cityimas moved from the
validation of techniques through the calculation of quantities that are wellikrexperimentally to the
successful prediction of quantities that had not previously been meghsTinree cases in which predictions
were subsequently confirmed by experiment were the calculations of ttemiepecay constantilp] and
semi-leptonic form factorsif3] of the D meson, and the mass of tBg meson [L4]. The decay constants
and form factors foB mesons play important roles in tests of the Standard Model, but are veguliit
measure experimentally. The lattice calculations are similar for D and B mesooes osly the masses of
the heavy quarks change. Thus, the successful calculatiol® ieesons provide important validation of
those forB mesons which are now in progress.

Measurement CKM Hadronic Non- | Lattice | Lattice Lattice Lattice
Matrix Matrix Lattice | Errors | Errors Errors Errors
Element Element Errors | 2004 | Current| 6.0 TF-Yr | 40. TE-Yr
& Im\/tfj Bk 9% 20% | 12-20%| 5%-8% 3%-4%
(KK mixing)
MMy Mal? fg Be, 6% 30% 22% 8%—-10% | 6%—8%
(BB mixing)

AMg/DMs | [Ved/Ms|? &2 — 12% 8% 6% 3%—4%
B— (ﬁ) v Vub <ﬁ| (V—-AulB) 7% 15% 14% 5.5%—-6.5%| 4% -5%
B— (B*)Iv Veb Fg () 2% 4.4% 3% 1.8%-2% | 1%-1.4%

—\D

Table 1: The impact of improved lattice QCD calculations on the determination bf @ldtrix elements.

The results quoted above indicate that we are in a position to make very sighifiogress over the next
five years. The current lattice and experimental uncertainties in someukeyities are shown in Table
along with the reduction in lattice errors expected as more computationakcesdaecome available, as
well as expected improvements in ancillary theoretical calculations of operatmalization factors. All
guantities in the table have had first calculations which fully include the efééetscuum polarization due

to light quarks. The error estimates in Taldl@re based on our experience with the improved staggered
formulation of lattice quarks, as were the successful calculations citae alvith the exception of thex
estimates which are based on domain wall quarks as well.



2.2 Matter under extreme conditions

At very high temperatures and/or densities, one expects to observeatpdasition or crossover from ordi-
nary strongly interacting matter to a plasma of quarks and gluons. A primaryatioti for the construction
of the Relativistic Heavy lon Collider (RHIC) at BNL was to observe therkgugluon plasma and deter-
mine its properties. During the early development of the Universe matter whe plasma state, and the
qguark-gluon plasma may be a central component of neutron stars tduapehavior of strongly interacting
matter in the vicinity of the phase transition or crossover is inherently a staungling problem, which can
only be studied from first principles through lattice gauge theory calcukatidimong the issues that can
uniquely be addressed by lattice calculations are the nature of the transigontperature at which it
occurs, the properties of the plasma, and the equation of state. Indesithgtiattice that has given us the
best estimates of the temperature of the deconfinement transihnl[attice results will continue to be
crucial to the interpretation of ongoing heavy—ion experiments in the UnitedsStad Europe.

A major goal of our research program is to investigate the properties ofratier the extreme conditions
of high temperature and high density. Important progress has been mtuelast several yeard )| in
determining the transition temperatud] 17], the phase diagrani}] and the equation of statd§, 19,
20, 21]. However, as the deconfinement process occurs at a temperatardenfl75 MeV, a new scale
is introduced, as well as new potential lattice artifacts. Thus, these caloigaie computationally quite
demanding. Those at zero baryon density are well understood thetlyetand only require sufficient
computational resources to reach high precision results; but, calculatios-zero baryon density are at
a much earlier stage of development.

The finite density problem introduces algorithmic issues that remain unrelsahat require exploratory
work on new ideas such as calculations at fixed quark number ratheéitedichemical potential. Moreover,
several new approaches to this long-standing problE8nl[9, 20] have been suggested that are applicable
at high temperature and small values of the baryon density, the regimentelexthe RHIC experiments.
Also, at vanishing baryon density, new exact algorithms have beeltopedfor staggered fermions. These
new techniques have to be explored and implemented into existing code packag

The main goal of the ongoing studies at zero baryon density is to extendlataas of the transition

temperature, the equation of state and the properties of the high tempetadgeetp an almost realistic
quark mass spectrum on large lattices with small lattice spacings. This will allowteotled extrapolation

to the continuum and thermodynamic limits. This research effort is using a pargien of the resources
provided by the DOE QCDOC supercomputer at Brookhaven. Specifithdylattice group at BNL and
the MILC collaboration use improved staggered fermion actions (p4-acswiad) with smeared links to
reduce flavor symmetry breaking and the cut-off distortion of thermodynabservablesd2].

Code packages for studies of thermodynamics at non-zero barysitydare implemented in these calcu-
lations. The specific approach used by the BNL and MILC groups isdbase high order Taylor series
expansion. This will allow exploration of the QCD phase diagram also at teigiperature and non-zero
baryon density.

A somewhat different computational set-up is required to study hadapepies at high temperature. The
goals here are two-fold. In the heavy quark sector one wants to wadéithe stability of charmonium states
in the finite temperature plasma and determine the temperature at which thesgestaissolved23]. In
the light quark sector, the emphasis is on calculating thermal dilepton andnptatés. Currently these
calculations are being performed on large quenched lattices using Wilsniofess. These calculations
will be extended to improved Wilson fermions, which reduce the distortiomsfi@sulting from so-called
Wilson doublers. Moreover, preparations for the first exploratorglietuof these effects with dynamical
quarks are underway.

2.3 Structure and interactions of hadrons

A major scientific goal of our collaboration is to achieve a quantitative, ptigdicinderstanding of the
structure and interactions of strongly interacting particles (hadrons)lftiice QCD. This will achieve key
objectives of the DOE Strategic Plan and the Nuclear Science Long R&argeMRPich respectively highlight
the goals of developing a quantitative understanding of how quarkslaadsprovide the binding and spin



of the nucleon based on QCD and of connecting the observed prop&rtiesleons with the underlying
theoretical framework provided by QCD. Hadronic observables caélifgom first principles are directly
relevant to experiments at Bates, JLab, RHIC-spin, SLAC,and FNAd vél have significant impact on
future experiments at the JLab 12 GeV upgrade and electron-ion collider.

Past accomplishments have established the methodology and laid the graufawaadron structure and
spectroscopy calculations. Since the cost of full QCD calculations in anslarge enough to contain
a pion grows roughly as;’ — m°, initial calculations were restricted to the “heavy pion” domain of
pion masses in excess of 500 MeV. In this domain, form factors, the ldmest moments of quark, spin,
and transversity distributions, and generalized form factors comelapg to the lowest three moments of
generalized parton distributions have been calculd2dd?b]. Salient achievements include separating the
contributions of the quark spin and orbital angular momentum to the nucléof2glhand observing strong
dependence of the transverse size on the nucleon on the longitudinal nomfearction R5]. The transition
form factor between the nucleon and Delta has been calculated to expdorel¢hof deformation g6,
27]. In spectroscopy, techniques to calculate extended sources withipphepaiate representation of the
hypercubic group have been developed and utilized to calculate grodrekaited states in each symmetry
channel 28, 29] and pentaquark states were calculated using a complete set of loczt s @O}

An essential step toward the chiral regime with light quarks has recenttyta&en using a hybrid calcu-
lation combining computationally economical staggered sea quark confiquwa@nerated by the MILC
collaboration and domain wall valence quarks that have lattice chiral symmiieyaxial charge has re-
cently been calculated for pion masses as light as 350MeV. Since this is iadimeer of applicability of
chiral perturbation theory, analytic expressions for the mass and volapendence were used to extrapo-
late to the physical pion mass and infinite volume, obtaining the axial chargeréxiaipn of 6.8% and in
agreement with experiment. Hybrid calculations of the pion form factor aiseperformed3?2]. In a first
step in studying hadron-hadron interactions, ltke2 1— mscattering lengthd3] and nucleon-nucleotS
and3s, —3D; scattering lengths3f] have also been calculated in this chiral regime.

Building on this solid foundation, we propose an extensive programeaigion calculations of the hadron
observables described above and exploratory calculations of morendemgabservables. Using MILC
configurations at lattice spacings of 0.12, 0.09 and 0.06 fm and pion naé@sagto 250 MeV, form factors,

moments of quark, spin, and transversity distributions, generalized mtor§, and transition form factors
will be calculated with careful control of the errors associated with the latpeeing, lattice volume, and
quark mass. When computational resources permit, the hybrid combinatit&gojered and chiral quarks
will be replaced by fully consistent sea and valence quarks.

Important new algorithms and observables will also be explored. Therepeopy of so-called “missing”
baryon resonances and of mesons with exotic quantum numbers hapaesdial impact on our under-
standing of QCD, and on the current and future spectroscopy progrdLab. Exploration of the baryon
and meson spectrum into the chiral regime requires further developmeitti-heldron operators and the
use of a range of lattice volumes will be used to study the properties of lmst#mnances. Stochastic
all-to-all quark propagators with dilution and exactly-determined low eigetove will be used to facilitate
both these spectroscopy calculations and the calculation of disconnéagednds for hadron structure ob-
servables. Nucleon-nucleon scattering lengths will be calculated in tre gime and the static potentials
between heavy-light hadrons will be explored. Since past effortsltolleée important gluon observables
in hadrons have been overwhelmed by the large fluctuations of the glldnnésv approaches will be in-
vestigated. Hadron calculations in the chiral regime also open the door ¢épstiadding the physical origin
of observed structure, and the role of mechanisms such as diquaekatioms and the quark zero modes
associated with topological excitations will be explored. This combination dfumelerstood observables
that can be calculated with confidence given the requisite resourcesanrapeculative exploration of new
physics offers exciting opportunities for the fundamental understaradihgdronic physics.

2.4 Lattice quarks and other physics directions

In recent years, much of the progress in the numerical study of QC@dras about through the use of
improved formulations of quarks on the lattice. There are a number of elifféormulations that appear to
be promising, each of which has its advantages and disadvantagesofitestvork cited above made use
of the staggered formulation of lattice quarks. This formulation has the taty@of enabling simulations



at quite small quark masses with current computers, but in order to hagertleet number of quarks in the
continuum limit one must perform simulations with the fourth-root of the quatiermininant. It has been
suggested that taking the fourth-root of the determinant at finite latticéngpawght give rise to unphysical
non-localities that persist in the continuum lim85. The excellent agreement of existing results with
experiment, as well as a growing body of direct discussions of the is36e37], give us confidence that
no fundamental problem exists. However, further work is warranted. improgress. We have started an
extensive set of simulations with domain wall quarks, which is likely to continumutih most, or all, of
the proposed grant]. This formulation has the advantage of having nearly exact chiral symraetthe
lattice, but requires significantly more computing resources than staggeagkis for the same parameter
regime. Studies with domain wall quarks will increase the range of quantitiesahabe computed, will
provide critical tests of the staggered quark results, and in the long rurinti@ase the accuracy of those
results B8].

The methods used for QCD can also be adapted for other strongly cabpleries. Noteworthy examples
include QCD with a large number of colors, where it may be possible to buil@tlgéto analytic methods
based on string theory and the AdS/CFT correspondence; a strongdjedoHiggs sector; and proposed
models for physics beyond the standard model involving strongly couplegleginteractions such as super-
symmetry and “little Higgs” models. These other applications are generally rmaikecging than QCD,
and work is at an early stage. We expect, however, that an increaairtgph of the US community will
work on such theories during the next five years.

3 SciDAC-1 Software: The QCD Applications Programming Interface

Under its SciDAC-1 grant, the U.S. lattice gauge theory community has creatafiead program environ-
ment that enables its members to achieve high efficiency on terascale compunensg the design goals
were to enable users to quickly adapt codes to new architectures, easlppl new applications and in-
corporate new algorithms, and preserve their large investment in existigg.cbhese goals were achieved
through the development of the QCD Applications Programming Interfac®(®®1), which is illustrated

in Fig. 1.

All of the fundamental components of the QCD API have been implementedrarid ase on the U.S.

QCDOC hardware at BNL, on both the switched and mesh architecture Peftalusters at FNAL and

JLab, and on a number of general purpose supercomputers. TheARCE being used by a growing
number of physicists in the U.S. and abroad. The software code andndatation can be found at the
USQCDNhttp://www.usqcd.org/usqcd-softwardere we briefly describe each of its components.

The QCD API has a layered structure which is implemented in a set of indepefidraries. Level 1
provides the code that controls communications and the core single pypcesgputations. To obtain high
efficiency on terascale facilities, much of this layer may have to be written mhwzae specific assembly
language. However versions exist in C and C++ using MPI for traespanortability of all application
codes.

Message PassingQMP defines a uniform subset of MPI-like functions with extensions thiapértition
the QCD space—time lattice and map it onto the geometry of the hardware nepnamrkling a convenient
abstraction for the Level 2 data parallel APl (QDP); (2) contain speeidlinutines designed to access the
full hardware capabilities of the QCDOC network and to aid optimization of loellprotocols on networks
in use and under development on clusters. There is a basic test suitéyt@aeh implementation.

Linear Algebra: All lattice QCD calculations make use of a set of linear algebra operationsigh\tine
basic elements are three—dimensional complex matrices, elements of the gh8)p Bhese operations
are local to lattice sites or links and do not involve inter—processor commiamisa We have collected
them into a single Level 1 library called QLA. The QLA routines can be usedinbination with QMP to
develop complex data parallel operations in QDP or in existing C or C++ ciue C implementation has
about 19,000 functions generated in Perl, with a full suite of test scripte. Ch+ implementation makes
considerable use of templates, and so contains only a few dozen templatsesdthe required specific
classes are generated on demand by the compiler). For both C and C++ ibrsamo optimize the code
for the most heavily used linear algebra modules.


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

Data Parallel Interface: Level 2 (QDP) contains data parallel operations that are built on QMRaAd
The C implementation is being used to improve performance of the MILC codege faublicly available
suite of applications. Despite the fact that the MILC code has been dgrefitimized over its fifteen year
lifetime, rewriting computationally intensive subroutines in QDP makes a signifioggrovement in its
performance. Chroma, an entirely new application code base, has bittem di novoin the C++ imple-
mentation of QDP. QDP allows extensive overlapping of communication andutaiign in a single line of
code. By making use of the QMP and QLA layers, the details of communicatidfesdy synchronization
barriers, vectorization over multiple sites on each node, etc. are hidolartlie user.

Level 3 Subroutines: A very large fraction of the resources in any lattice QCD simulation go into a few
computationally intensive subroutines, most notably the repeated inveristbe ®irac operator, a large
sparse matrix. To obtain the level of efficiency at which we aim, it is necgssaptimize these subroutines
for each architecture. For example, on the QCDOC, the assembly coaetkimior the Domain Wall and
Asqgtad quark actions, the two quark formulations that are being used in indi&l is as high as 42% and
45% of peak, respectively. (The precise performance dependg onithber of lattice sites assigned to each
processor). These percentages correspond to total sustainethpsertes of 4.1 and 4.4 teraflop/s for the
full 12,288 processor machine. Level 3 codes written with SSE2 instrucgicinisve up to 3.0 gigaflop/s
per processor for the most recent cluster built at JLab, which haskz0d@al core Pentium 4 processors.

Data Management: A very large fraction of the computing resources used in lattice QCD calcofatio
go into Monte Carlo simulations that generate representative configurafioine QCD ground state. The
same configurations can be used to calculate a wide variety of physicatittgga Because of the large
resources needed to generate configurations, the U.S. lattice commuraiyred to share all of those that
are generated with DOE resources. To enable this sharing we havedcst@ndards for file formats, and
written an 1/O library (QIO) that adheres to them. We are charter members titérnational Lattice Data
Grid (ILDG), which is setting a basic set of meta-data and middleware s@sdarenable international
sharing of data. By June 2006, the U.S. lattice gauge theory community willllgectpable of archiving
and retrieving data on the ILDG.

4 SciDAC-2 Software

The full benefits of the SciDAC-1 infrastructure are just beginning. dfatalize on the accomplishments to
date will require continued work on porting, optimization, testing and distribuifasoftware libraries. In
addition, there is a new set of requirements and challenges as we pi@piwe petaflop/s era. We propose
to extend the QCD API and its related libraries under SciDAC-2 to meet thederfjes. As a guide to the
discussion below, we summarize the proposed API in Eig.

QCD Physics Toolbox Workflow

Level 4 Shared Algorithms, Building Blocks, Visualization, Performance Tools and Data Analysis tools

QOP (Optimized in asm) Uniform User Environment
Level 3 Dirac operators, inverters, force terms , etc. Runtime, accounting, grid toolg
Lovel 2 QDP (QCD Data Parallel) QIO (QCD 10)

Lattice wide operations, Data shifts. Hides message passing/layout | Binary/XML files & ILDG tools
Level 1 QLA (QCD Linear Algebra) | | QMP (QCD Message Passing) QMC (QCD multi—core)
C, C++ and asm MPI, native QCDOC, GigE, etg

Figure 1: Proposed SciDAC-2 QCD API — The SciDAC-1 components laoe/s in white, and the new
SciDAC-2 components in agua.



4.1 Machine specific software

The basic MPI and C/C++ code is highly portable, but to achieve high peaioce may require machine
specific software for both the Level 1 and 3 routines. Such softwazddan written under SciDAC-1 for
the QCDOC and clusters based on single core Pentium 4 processolisinbtathat will be targeted in the
first stages of this grant are clusters based on multi-core procesgbhsfmiband communications fabrics,
and the Cray XT3, the BlueGene/L and their successors. Attention will alpaid to emerging technology,
such as the Cell processor, so that we are ready to take advantagenoépr new developments that might
emerge.

QMC: Threaded libraries for multi-core processors: All of the principal manufacturers of commodity
microprocessors, including Intel, AMD, and IBM, have started the moveutdwnulti-core processors in
the last two years. The latest SciDAC-1 prototype cluster is based ontelrdlral core microprocessor,
and the first large scale cluster constructed under the LQCD ComputifecPwill make use of a multi-
core processor as well. By 2007, the majority of processors sold to thenodity market are expected to
be dual core, with a planned movement to quad and higher cores. Th@diei. has dual core PowerPC
processors, and we anticipate a rapid expansion in the number of ctineBlueGene/P and the QCDOC-2
described below.

In the short run, lattice QCD application codes can take advantage of mudtirdoroprocessors by simply
treating the cores as independent processors. That is, a lattice QG&atpp implemented with QMP or
MPI can run using a separate process on each of the cores. Mgssajay between the processes running
on the cores relies on the shared memory structures provided by MPI impbdioea for SMP systems.
Although communications between the processes requires copying dataoifr® process to the shared
memory and back from the shared memory to the second process, the stakanged using this technique
is very encouraging. However lattice QCD codes tend to be memory bandvaiitisd, so we anticipate
that threaded code will be necessary for peak performance. Uné&iely, standard implementations of
POSIX threads often have high overhead for locks, or in some cases@hée available on specialized
architectures. We therefore propose to develop a new light-weight Leveilti-core library or threaded
interface standard (QMC). This is conceptually on the same level as QHAQAP. It will provide an
abstraction for threads that can be implemented for portability in the POSIdasthrbut will have native
implementations for highest performance and for unconventional multiszohgtectures.

The QDP and Level 3 codes based on QMC will be improved by avoiding tineomyecopies used by MPI
to pass messages between processes. We will begin by carefully stildlyingtions. Several techniques
are available to avoid the memory copies: (i) Have independent procassesh of the cores use the same
shared memory area to store the sub-lattice, with each process perfoattnfations on a fraction of the
sub-lattice; (ii) Use OpenMP or a similar parallel compiler to implicitly thread keyedodps. In this case,
one process runs on a given machine, with one thread spawned pepedorms calculations on a fraction
of the sub-lattice; (iii) Use explicit multi-threading with a thread on each conélivgg a fraction of the sub-
lattice. These techniques vary in difficulty and in level of effort requif@drther, these optimizations may
be done at either the API library level (QLA, QDP), or at the applicatiorll@vevel 3), or both. Modeling
and software prototyping will be required to investigate the costs and beakfhe approaches.

QMP: Native implementations for Infiniband and BlueGene: The latest lattice QCD clusters con-
structed at JLab and FNAL under our SciDAC-1 grant, and the initial tmég constructed in the LQCD
Computing Project are based on Infiniband fabrics. For lattice QCD caduifssiband delivers superior
price/performance. It offers the highest communications bandwidth ketwemputers available on the
market and exhibits low short-message latencies, both critical for lattice @@Izations.

The Infiniband software stack provides several communications piet@eduding TCP/IP, channel-based
communications (remote direct memory access, or RDMA), and message-basimunications (verbs
application program interface, or VAPI). The later two, RDMA and VAdR|iver the best performance in
terms of highest bandwidth, lowest latency, and lowest burden to thermstissor. Two open source MPI
implementations are available which are based on combinations of RDMA and MMRPICH, from the
Ohio State University, and MPICH-VMI, from the National Center for 8&womputing Applications.

The JLab and FNAL Infiniband clusters currently rely on the implementati@@\dP that uses MPI for the
underlying communications. Simple benchmarks show that for the messagefizterest on lattice QCD
codes, communications using native RDMA and VAPI calls have lower lateticén those using MVA-



PICH or MPICH-VMI. Careful evaluation of lattice QCD codes using cotagionally intensive kernels,
such as the conjugate gradient inversion routines, will be used to infthetha “native” QMP over RDMA
and/or VAPI has a sufficient performance improvement over an MRliaerto warrant the manpower for a
full implementation. This software prototyping would be a continuation of waked under the SciDAC-1
grant.

The BlueGenel/L, a direct descendant of the QCDOC, has considerblial for the study of QCD. Given
the plan to install a large BlueGene/P at Argonne National Laboratoryeihsevorthwhile to develop a
native version of QMP for the BlueGene line. We propose to use the singts BlueGene/L’s a Boston
University and Massachusetts Institute of Technology, and our cldsdocation with IBM in this project.

QLA: Optimized Linear Algebra Routines: As indicated above, it is important to optimize the most
heavily used linear algebra routines. This optimization is common to and cammiezidietween the C and
C++ implementations. The approach depends on the specific processpubed.

A limited number of QLA routines have been optimized for the Pentium 4 proceasing SSE instructions.
The new Intel-based clusters at JLab and FNAL can be run in eitheit 32432") or 64-bit (x86-64)
mode. Preliminary single node testing in the x86-64 mode indicates improvextparice in the non-SSE
portions of the code. The existing SciDAC-1 QLA library code compiles amg correctly in the 64-bit
environments. The SSE optimizations in QLA can be further improved by taklagnéage of the larger
register file (16 SSE registers, compared to 8 in the 32-bit mode). We ggdpalo so.

GNU and commercial compilers now generate SSE code under high optimizatsis IBecause the com-
pilers are not aware of the registers used by the QLA inline-SSE codgs,dhn be register conflicts and as
a result, incorrect results generated. The QLA SSE codes currertinliree gcc assembler macros. These
routines should be rewritten so that register conflicts with compilers no loraerr.oFurther, the 64-bit
environment no longer uses the stack to pass operands and restuitstbatl uses the larger register files
available in 64-bit mode. To simplify the maintenance of the existing QLA SSEs¢dide inline assembler
macros will gradually be replaced with GNU assembler code.

It is important to optimize key QLA routines for the Opteron processors usdlde Cray XT3. Initial
experience indicates that the large XT3s at Oak Ridge National Labpr@@®NL) and the Pittsburgh
Supercomputer Center (PSC) are superb tools for the study of QCyjtimits planned upgrade, the ORNL
machine has the potential to become the single most powerful computer aviol#dilece gauge theorists.
Although the C version of our codes obtains good performance on the afidoximately 800 megaflop/s
per processor, the SSE coded routines do not provide the boostfarmance seen on Intel processors.
Collaboration members are discussing this issue with Cray, and a condéotetbeoptimize QLA routines
for the Opteron appears warranted. Another reason for investigapier@-specific optimizations is that
these processors have proven to be very cost competitive, and maméde@omponents of clusters built
in the LQCD Computing Project. This optimization work is related to the 64-bit warkntel processors
described above.

So far much of the optimized QLA code has been hand written, either directlssengbly code or as the
input for an assembly code writing tool such as BAGBH][ The rest of the QLA routines are automatically
generated in C or C++ code by Perl scripts or expression templatesuld Wwe very beneficial to combine
these two steps to facilitate a more rapid optimization of any desired linear algelohale. This requires
studying existing techniques for code optimization, such as extending thessign template techniques,
and then developing our own tools that will assist in generating optimized dodglly, we propose to
start a feasibility study to automate the generation of QLA by developing atppet@f a generic code
generating tool with a back end for the BlueGene/L processor, addpmpsifor more architectures as the
technology matures.

QOP: Optimized Level 3 Routines: As previously indicated, the bulk of the floating point operations in
any lattice QCD calculation are concentrated in a few routines. Because géih large computational
resources involved, it is worthwhile to hand code these routines for the mplajiforms that will be used
by our field. Under SciDAC-1 the primary focus was on inverters for tidoperator on Pentium 4
based clusters and the QCDOC. Under SciDAC-2 the work on Level themuneeds to be extended in
two directions. First, Level 3 inverters need to be written for the three natiopms which we expect to
play major roles in our research: clusters based on multi-core prosemsdrinfiniband communications
fabrics, and the Cray XT3, BlueGene/L and their successors. Sefmrsbme improved actions, routines
other than the Dirac inverter take enough computing resources to whenait3 coding. The fermion force



routine in the Asqtad is a prime example. A Level 3 routine has recently begarwifor it on the QCDOC,
and this work needs to be extended to other platforms and other routines.

4.2 Infrastructure for physics applications

The development of a common QCD API had to be performed while presetivinarge investment in
application codes and maintaining a continuous production environmenptications. There are three
large scale, freely available application code suites developed by menilibesld.S. lattice gauge theory
community:

e MILC: The MILC code is an integrated package of some 150,000 lines@fisitc application codes
and a library of generic supporting codes. It has been in use arlg &esslable to the public since
the early 1990'’s, and is widely used outside the MILC Collaboration. It itewr in C, and can
be compiled with either the QMP or MPI message passing libraries. It canveelaided from
http://www.physics.utah.edu/"detar/milc/

e CPS: The Columbia Physics System software begun in 1995 is a compgrehlkeitice QCD code
primarily used by Columbia, BNL, RIKEN-BNL Research Center and UKQI@iice theorists.
It is written in C++ and targeted for the QCDSP and QCDOC computers. It s apable of
running on clusters, using either QMP or MPI for message passing.nlbeadownloaded from
http://gcdoc.phys.columbia.edu/chulwowex.html

e Chroma: Chroma is a new application code written entirely in C++ on top of theA&EDQCP
API. It is being developed by JLab along with major U.S. and internatiorlmrations. It can be
downloaded fromhttp://www.jlab.org/"edwards/chroma/

Support of the QCD API

Integration and optimization of QCD API: The three major application codes have different designs and
application foci. Indeed the basic structure of the QCD API benefited treéousty from the collective
experience of the developers of these three different, highly optimizégariable QCD codes. We are

in the middle of an evolutionary process of bringing the full benefits of thB/A&c-1 QCD API to them,

and propose to accelerate this process under SciDAC-2. This work wlilide writing additional Level 3
routines callable from all three codes, greater integration of the API intdith€ code, and expansion

of Chroma. In addition, we propose to develop a new Physics Toolbose(l48, a set of building blocks
needed by the entire community to develop new applications and algorithms. Rivefyopose to develop

a set of data analysis tools that will enable lattice gauge theorists to handlereKi the very large data
sets they are producing.

Documentation: There is clearly a need for additional documentation of both the QCD APtrengub-
licly available applications codes. As the QCD API moves from the developstage of SCIDAC-1, where
users were either developers or close colleagues of them, to SciDAC-2 waghidly expanding user com-
munity, the need for adequate documentation is magnified. Some excellentelttation exists for critical
components of the API, but a uniform and complete set is now urgent. Simiaty of the application
codes listed above has a large, highly distributed user community. As theseuwoties grow well beyond
the groups that developed the software, the need to upgrade the extingehtation does as well. Three
levels of documentation are needed for each software component: dotatiore for installation, a user’s
guide for running the software, and a developer’s guide for extertimgoftware.

Documentation is a necessary part of releasing quality software. Un&idly it is also burdensome to
write, is difficult to maintain (especially in the case of highly distributed develayjrand requires substan-
tial expertise (the author of the documentation has to actually know the seft@arponents quite well in
order to give an accurate description). We propose to undertakestastibl upgrade of the documentation
of both the QCD API and the application codes under SciDAC-2.

Testing: We propose to build a comprehensive test framework for all of the QCDIiBRries. Testing
frameworks in general and test driven development in particular tenbtiupe cleaner code and reduced
coupling between software components. A test environment is needagyfaly builds for codes directly
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from the source code repository and should target many differenitectures, such as single node worksta-
tions, clusters and the QCDOC. The test system should also provide #yniggression test framework to
insure correctness. Finally, API tests that verify implementation can deterammang other things, whether
calls to optimized Level 3 routines reproduce those to standard C or Cet cod

QCD Physics Toolbox

We propose to construct a QCD physics toolbox which will contain a seasitlsoftware building blocks
and tools to aid in the development of application codes, algorithm studiesatendrmhlysis. Our objective
is to enable users to focus on physics by minimizing the coding effort needexplore it. We believe
that this toolbox has the potential to greatly expedite the development of r@igajomn codes and new
algorithms.

Shared algorithms and Building blocks: A considerable amount of software can be shared among ap-
plications. This includes commonly used routines for reunitarization, gaxige fithe evaluation of low
lying eigenvalues of the Dirac operator, and a host of measurementso inaludes more specialized and
intricate routines, such as the determination of the fermion force for impraggdns with non-nearest
neighbor gauge links, and important new algorithms, such as RHMC. Vy@gedo collect these into the
toolbox, from which they can be called by any application code that corgto the QCD API. A few of the
tools that have substantial impact on performance, such as the fermeenrighe Asqtad action, should be
coded at Level 3, but most can be coded directly in C or C++ on top of¢hell2 QDP/QDP++ interface.
We designate this new set of common building blocks and algorithms Level 4tiogdish them from the
relatively few instances in which it is worthwhile to write hand-coded LevealBines.

In addition to its role in expediting the development of application code, thel deseftware will provide
important support for rapid exploration and testing of new algorithms. Aigtent problem in algorithm
research is that to test the efficacy of a new approach often requmnesatsons and benchmarking on
systems of a size used in state of the art of the physics calculations. Thuahitity to rapidly produce
high performance code to test new algorithms is extremely valuable. Wedhembpose to build Level 4
routines that will further enhance the ability of the QCD API to support dlgorresearch.

Graphics and Visualization: Another component of the Level 4 toolbox will be a set of graphics rostine
that can be called from code that conforms to the QCD API standards.d&@® computations comprise
multiple steps, creating very large datasets, but the final result is typicalbngrassed in a small set of
numbers with the analysis performed in an automated way. While an automatedpre may be beneficial
in efficiency, the ability to visualize the data being analyzed is important both a&ldo the analysis, and
as a means of acquiring insight into the physics. Visualization of lattice datieasly provided important
insights into QCD: pictures of the four-dimensional action densities and tgipalacharge have revealed the
complexities and structure of the QCD vacuum, the energy densities betweamaquark and anti-quark,
and between three heavy quarks, have shown the emergence of #sx tub

Crucial to the success of the graphics-visualization initiative will be a clokgboration between physicists
to devise and interpret visualization of physically important quantities, amgater scientists to provide the
appropriate visualization toolbox. Questions that visualization might addressany: can we understand
how flux-tube formation observed with infinitely heavy quarks extends dodmes where one or more of the
quarks is light; what is the distribution of charge within a nucleon; can wdaligpe distribution of spin
and magnetism within a hadron? In the longer term, can we visualize the intesacfibadrons?

Currently, no general-purpose package is available tailored to the displattice data. Thus a software
package will be developed with a general GUI capable of reading & $etiedimensional lattice quan-

tities, and taking their ensemble average; performing a projection into aowwatlimensional vector; in-

terpolating the 4-D vector into a continuous four-dimensional field; takingetliimensional slices of a
four-dimensional field; displaying the data using density plots, iso-sesfeand 2-D projections; and dis-
playing the evolution of data, both in simulation time for four-dimensional quantaied as the evolution

of three- and two-dimensional slices in the remaining coordinates.

The software will support two types of plug-ins: type-1 plug-ins thatgrer specific physics measurements
and output a real 4-D vector, and type-2 plug-ins that take the interpddai2 field and generate specific
types of plots.

Most of the research underlying this project will consist of identifyingea & physical measurements
suitable to be implemented as type-1 plug-ins. The visualization techniqueg fiypi2 plug-ins are very
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similar to standard techniques used for representation of 3-D geophyatezand, when possible, we will
incorporate existing libraries into the development of our plug-ins.

The system will be developed in C++ and take advantage of existing gsaphét visualization libraries
such the Trolltech QT libraries and the Visualization Tool Kit (VTK) libranhéerlplug-ins will be callable
from C or C++ code conforming to the QCD API, and will form another cong of our Level 4 QCD
Toolbox. The system will be capable of reading datasets in the SciDAC/Hdb@at and the MILC format.

Workflow and Data analysis: Data processing for lattice QCD is carried out via analysis campaigns. An
analysis campaign consists of an input dataset (e.g., an ensemble ofgauiiggirations) and a set of
interdependent processing steps (e.g., the generation of valené&epgopagators, and the resulting mea-
surements via two- and three-point correlators) that can be exprassedlirected acyclic graph (DAG).
This DAG can be considered to be the workflow specification for the aisadgsnpaign. Given the com-
plexity of current lattice QCD analysis campaigns, which can involve hasdséinput files and thousands

of intermediate and final files, it is very desirable to more closely managewmek#iow specifications, and

to use them to automate many aspects of executing analysis campaigns.

We propose to define a subsystem that allows workflow to be specifiedamaid-specific way and later
be turned into a set of instructions that can be carried out or executadatiice QCD compute platform.
Execution includes configuration, submission, progress tracking, @ulating of an analysis campaign.
It also includes input staging and storage of results. We also proposvétod a coherent data analysis
package for the toolbox.

Performance analysis: As the size and complexity of the emerging high-performance computing (HPC)
systems continue to grow, it is increasingly difficult to achieve a high fractipeak performance for lattice
QCD applications. Multi-core processors, complex memory hierarchies, teuftipcessor nodes, and
complex software stacks all contribute to this difficulty, exacerbated byaihid scaling of systems to tens

of thousands of processors. To better understand lattice QCD cddepance and to exploit HPC systems,
we propose a set of performance studies, which will be led by the Witiyarf North Carolina computer
scientists in our collaboration. Emphasis will be on: 1) performance of ragmtion SciDAC codes; 2)
the impact of modern architectures; and 3) novel techniques for peatfure study using visualization.

We will develop a profiling library for QDP routines. Similar to the PQMP librar@MP profiling library
developed in SciDAC-1, the PQDP will intercept calls to QDP functions dusiegution and capture the
performance data for such functions. It will record total time durationthadime spent in communication
for each QDP call. The goal is to reveal the communication overhead f@ e routines and to improve
the overlapping of computation and communication in these routines.

We will also extend C++ support in SvPablo and conduct performanalysis for Chroma code. We will
apply SvPablo and our profiling tools to carry out detailed performanciestfior Chroma on various HPC
systems, as was done for the MILC code, and make cross-platfororpefice comparisons. Furthermore,
we will compare the performance of the same physics kernels running inMiai® and Chroma based
on various performance metrics, and optimize the performance of thess osthg SvPablo and other
performance analysis tools that are being developed at the Renai€sampaiting Institute.

Multiscale algorithm collaboration with TOPS: If past history is a guide, new algorithms will in the long
run be as important as faster hardware in advancing research in lattide Tp@Qs, a small but essential
part of developing infrastructure for the petaflop/s era should inclesiearch into fundamentally new algo-
rithms. Indeed, one benefit of increased computational power is thatdmsieg more details of the short
distance physics, it expands the opportunities for the use of multi-scale rsetvechave begun to explore
multi-level methods for QCD in collaboration with the TOPS multi-grid algorithm team.

In the early 1990’s, a number of attempts were made to introduce multi-scal@taigoto QCD {0, 41,
42], which resulted in substantial theoretical progress, but failed for the parsto produce significant
advantages for actual QCD simulations. However, members of our seftwam have recently begun
working with applied mathematicians from the TOPS ISIC on this problem, ang diatained impressive
preliminary results43] using a new class4d] of adaptive algebraic multi-grid tools. It is important to
continue this work, as even modest gains in performance would have a im@act on the science. In
addition, Lilscher has recently introduced a blocking method based on the Schieanatng procedure
that also shows promise. This approach too warrants further explarstlemtherefore plan to continue our
work on multiscale algorithms with applied mathematicians in the TOPS ISIC. To factiitsteffort we
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propose to extend the capabilities of the QCD API by developing an infasteufor multi-scale algorithms.
In particular we will begin to develop at Level 4 a set of methods for rapaopyping of multi-level
algorithms. The new objects in C++ will be built on top of the QDP++ Level 2 #ilmws a concise
paradigm to express parallelism, domain decomposition, etc.

4.3 Uniform computing environment

The Department of Energy is funding a set of terascale computers tetlivathe study of lattice QCD.
These machines are being located at BNL, FNAL and JLab. There igdeoakle value in providing their
users with a common development and job execution environment. Just asiffCSQCD API aims
at application code portability, the uniform computing environment aims at mbtyawithin the users’
working environment. This is not only a convenience, but it offers ther@l to improve overall efficiency
by optimizing the mix of jobs on the different architectures at the three lalbiggato

Common runtime environment

One of the outputs of the SciDAC-1 lattice QCD project was the specificatiardadift Common Runtime
Environment #5]. This specification covers file system naming and access, the interantirtenment, the

batch script environment, and the parallel execution environment. In &&iP¥e propose to implement
the QCD Common Runtime Environment at each laboratory, and to enhanckegldp tools to support
this specification, with a particular emphasis on meta-facility operations.

Data management: We will select or develop tools in the following areas: (1) File staging to aoihfr
the computational resource, including tools to split a single, lattice oriented fdemnaltiple parts, and

re-assemble a split (parallel) file into a single file; (2) Local file managemaeaadimg migration of files to

and from tertiary storage, and pinning and unpinning files; (3) Grid fileagament, including uploading
meta-data extracted from a lattice standard file to the meta-data catalog, anth dpecfic graphical

and command line meta-data catalog query tools. The latter will extend to retaiedtadueries on the
International Lattice Data Grid (ILDG).

Computational grid: Lattice QCD jobs have domain specific features which make them adjustable onto
various sized parallel machines. The QMP library allows an executablagoiae the size and shape of
the machine on which it is running, but current batch and grid tools domatgbod job of expressing this
task flexibility. Realizing this flexibility will require these developments: (1) Depdor extend) an XML
schema to describe the job’s optimal machine and range of flexibility in machrmaenpgers; (2) Modify

an existing batch system scheduler, or develop a pre-processosltwittethe flexibility in machine size,
while preserving standard batch system properties (fair share, r@ougpuetc.). (3) Extend this onto a
grid environment, with late binding to a particular resource (as opposed tmdhe common immediate
match/binding to the currently least busy matching resource). Throughisusub-task, efforts will be
made to exploit mature grid technologies as building blocks for the lattice meti&yfac

Monitoring and controlling large systems: Lattice QCD jobs are composed of long-running, interdepen-
dent tasks. Failure of a single processor can halt progress on edigsars assigned to a given job. When
hardware failures occur, an application-specific set of tasks are doch as killing the job and restarting
from a checkpoint. When done manually, this approach is expensivetsl@spond, and limits scalability.
We propose to develop an automated fault monitoring and mitigation system torpeahfese "babysitting
jobs”. This "Cluster Nanny” should have the following properties: (13Hould be coupled to the applica-
tion. Mitigation actions depend on the properties of the application and itslbwenflow. (2) It should
closely monitor performance and the status of jobs, and work together withridlew subsystem to en-
sure good progress for the larger analysis campaign that is beingatedd(3) It should trigger workflow
re-planning, to allow for resource optimization, as components fail. This willde interactions with real-
time scheduling systems. (4) It should monitor the health (performance, utitizatate) of all processors
and networks in the system. In addition, tools will be developed to define taeatigns of lattice QCD
systems and their associated fault mitigation actions. These tools will also ariae/systems and help
identify single points-of-failure and resource bottlenecks.

Software for emerging hardware: As discussed in Sectiob.l, this project will include the acquistion
and testing of prototype hardware supporting the large procurementsutadeetaken by the DOE Lattice
QCD Computing Project. These hardware prototypes will include new gsocgand motherboards, as well
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as high performance network fabrics. Software development will bessacy for the evaluation of these
prototypes. Such development will include low level drivers, instrumemtétioperformance profiling, and
the porting of hardware specific portions of the SciDAC lattice QCD libraries.

Accounting tools: A final part of the common user environment is the users’ interaction witbuaxting
systems. In the initial years of this project, users will perceive multiple agoayisystems (one per site),
and will likely have site specific allocations. By the third year of the projechatable jobs are executed
on the meta-facility, it will be helpful to users to have a single meta-facility allonatitd view. This will
require the development of a few simple tools to extend the single site accotodisgo cover multiple
sites in a fault tolerant manner. One technology option is to grid enable QRazdmpanion to the Maui
scheduler used at both FNAL and JLab, which presents an abstratdonaunting to the scheduler.

4.4 Software task schedule

The scheduling of software tasks is give in the Gantt chart of £iJ.he budget requests support for 15.7
FTE per year for the software effort. This is broken down among the timan divisions of software work
as follows: 4.9 FTE for Machine Specific Software, 7.7 FTE to suppdrastructure for Application Code,
and 3.1 FTE for Uniform Computing Environment. These resources arg/rdoubled by the contributions
of physicists and software engineers at the participating institutions with eotddtiDAC support. In
AppendixA.3 we briefly describe the tasks to be undertaken, the major milestones forsthevbryears,

Task Name 2006 [2007 [2008 [2009 [2010 [2011
Q1[e2[a3[as (a1 [Q2[a3[as Qi [Q2[a3[as Qi [Q2[a3[as[Qi[Q2[Q3[Q4[Q1[Q2[Q3

1. Machine Specific Software

QMC: Threaded library for multi-core

Evaluation of Message Passing vs Threads
Integrate with QDP at Level-2

|

QMP: Native implementations and extensions

Native QMP over Infiniband, BlueGene

QMP ports to new architectures

QLA: Linear Algebra routines
Opteron optimization on Cray XT3
64-bit ports and Intel/SSE3 optimization

QCDOC, BGL and new architectures

QOP: Level-3 Code

Level-3 highly optimized kernels

2. Infrastructure for Application Code
Support for QCD API

Integration and optimization of QCD API

Documentation & Regression testing

User support (training workshops)

QCD Physics Toolbox
Shared algorithms and Building Blocks
Graphics and Visualization

Workflow and Data Analysis

Performance Analysis

Multigrids algorithms (with TOPS)

3. Uniform Computing Environment
Common runtime environment

Data Management

Support for grid and ILDG

Monitor and control large systems

1l

Accounting Tools

Figure 2: The schedule of software tasks.
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and the FTE assignments for each participating institution.

As indicated in the Gantt chart, our software project involves both near teifestones to provide time
critical software components, and long term development tasks that ae porbued on a continuous
basis throughout the grant. Important software milestones to be achiavied the first year of the grant
include: (i) Design of a multi-core library interface (QMC), and the evaluatibits performance relative
to simply treating each core as a separate processor. If the decision isfaongmd, then the software
will be developed and integration with QLA and QDP will begin; (ii) Port of QXPInfiniband and the
BlueGene/L toroidal network; (iii) Optimization of essential components of @irAhe AMD Opteron and
the IBM dual core PowerPC processor; (iv) Conversion of the basidules of the MILC code to QLA/C,
introduction of templates into CPS and their restructuring in Chroma; (v) Ideattdin of physical attributes
to be visualized, cataloging of relevant data sets and design of a prototggface; (vi) Implementation of
a basic common runtime environment; and (vii) Initial design work on the warkdlaftware and the fault
monitoring and mitigation system.

The tasks that we will pursue over the full five years of the grant avalggimportant. They include the
continuous adaptation of the low level API (QMC, QMP, QLA) to new architess; the integration of the
higher level API (QDP) into the major, freely available application codesg#imition and expansion of
the common QCD physics toolbox; the design of more sophisticated algorithmsnititalccomponents
optimized; and the documentation, regression testing and distribution of sefiitvaries. As the project
proceeds critical evaluations of the cost/benefit of each task may stiabyaadter priorities and allocation
of our FTE resources. The metrics for success are a continued girogtté number of application codes
written in the ACD API, the performance of these codes, and the numbdrysfgists who use the QCD
API to obtain important research results. The growth in the user communityadgivery encouraging.

5 Hardware Research and Development

Over the past twenty years computers specifically optimized for lattice QCP dehvieved record price-

performance and provided platforms for frontier physics calculatioranfhe Caltech Cosmic Cube to the
QCDOC and the SciDAC-1 clusters, technological opportunities havedgxoited to provide economical,

large-scale simulation capabilities. These and similar activities carried ourmaag, Italy, Japan, the UK

and the US, have also played an important role in the development of comhseng&computers. For

example, the QCDSP and QCDOC machines developed and demonstratechitextare that is now the

basis for the highly successful IBM BlueGene computers.

Work under our SciDAC-1 grant demonstrated that commodity clusters, optiniar QCD can be pow-
erful, highly cost-effective research tools. The SciDAC-1 grant b a large impact on the use of more
specialized QCD computers, making the QCDOC machines usable by those irSthiattice QCD com-
munity outside of the group of machine designers and close collaboraterpraffose to continue to track
the evolving commodity and semi-commodity marketplace in order to provide vitat fopthe parallel
Lattice QCD Computing Project, and to undertake design of a fully customizegssor to the QCDOC.

5.1 Investigation of Cluster Components

Background: The SciDAC-1 project undertook investigations of commodity hardwark&foce QCD. By
selecting the most cost effective and appropriately balanced combinafipnscessor and network inter-
connect, as opposed to the products which individually had the bestperfice, and by taking advantage
of the modest requirements for memory size and disk bandwidth, the SciDgtGjdct built large scale
clusters dedicated to lattice QCD calculations with better price/performancarlyaexisting general pur-
pose parallel computing platform. The processors investigated duringdfexipincluded Intel Pentium,
Xeon, and Itanium, AMD Athlon and Opteron, DEC Alpha, and IBM PPC9#&e project also investigated
several high performance networks, including Myrinet, gigabit etlienashes, and Infiniband. Each year
the most promising technologies were chosen to build prototype productisteiduisted in Table.

The DOE Lattice QCD Computing Project (the “facilities project”), which stafetiober 2005, will pro-
cure and operate large scale systems. This project is planned for BY2@igh FY2009, with funding of
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Site | Cluster Processor Network
JLab 2m Xeon (single) Myrinet
JLab 39 Xeon (single) 3D GigE
JLab 4q Xeon (single) 5D GigE
JLab 6n Pentium (dual core) Infiniband
FNAL w Xeon (dual) Myrinet
FNAL gcd Xeon (dual) Myrinet
FNAL | pion Pentium (single) | Infiniband

Table 2: Prototype production clusters built under SciDAC-1.

$9.2 million from the High Energy and Nuclear Physics Programs of the D@lrakimately $6 million
of this funding will be used for commodity hardware, specifically clustersérfitist year, and most likely
clusters for the subsequent three years. The designs of the fitgrsltsbe built by the project in 2006 are
derived directly from the prototype clusters assembled during the SciDAfject. Continued hardware
prototyping by the SciDAC-2 project will provide critical information for thiagforms to be procured by
the facilities project in FY2007-FY2009.

The prototype clusters from the SciDAC-1 project have proven to besurcessful in delivering physics
results. Operation for physics production of many of these clustersifispdly the 3g, 4g, and 6n clusters
at JLab, and the gcd and pion clusters at FNAL, is now part of the facifitigect. These clusters have an
aggregate capacity of nearly two teraflop/s.

Prototyping Tasks: To support the cluster or other commodity or semi-commodity designs of the facili-
ties project, investigations of commaodity processors, chipsets, and hifgitirpance networks will be per-
formed. These investigations will focus on those aspects most important te I@G® codes: memory
bandwidth, floating point processing, and network performance.

During the next two years, vendor roadmaps indicate a number of tegiynchhanges which could have im-
portant benefits for lattice QCD computing. All of the principal commodity pssoe vendors have started
the move toward multi-core designs. In 2006, dual core processorsemillikely take the performance
lead over single core designs, and will certainly take the lead in costieéieess, based on prototyping
with Intel dual core processors at the end of the SciDAC-1 project. @y 2quad core processors will be
introduced.

The use of multiple processing cores will increase the floating point capabititiecommodity systems.
In order to be cost effective for lattice QCD calculations, this increasejpalgility must be balanced by
concurrent increases in memory bandwidth and improvements in networkyaad bandwidth. In 2006,
Intel will introduce the first systems with chipsets supporting the new fullyebed DIMM (FBDIMM)
technology. Also in 2006, AMD is expected to change the integrated mematgotiers on their Opteron
processors to support DDR2 memories. Both of these design charmyad plovide significantly improved
memory performance.

In addition to these mainstream processor developments, it will be valuabekothre evolution of other
novel architectures, such as the Cell processor or a successorBud@ene/L machine. Because of the
high computational capacity of these platforms, there is a possibility that eiiigrave to be an even
more cost effective platform than clusters.

The network performance of commodity computers depends upon the infputt§iiO) bus design and on
the network interfaces attached to the I/O buses. The clusters to be ctedtiui 2006 by the facilities
project will use PCI Express (PCI-E) I/O buses and Infiniband ndtiierfaces. Important alternatives to
these buses include the higher speed PCI Express 2.0 specificatientezkfn appear in products in 2007,
and the HyperTransport (HTX) bus, which is only available on some Optprocessor motherboards.
Important alternatives to the 10 gigabit per second signal rate Infinitzdomits used on the 2006 clusters
include double and quad data rate Infiniband (16 gigabit/sec and 32 gigalita bandwidths), Infinipath,
Myrinet, and Quadrics.
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During each year of the SciDAC-2 project, the project will select the mosbitapt commodity or semi-
commodity technologies to evaluate, that is, technologies showing the grpetesse for accelerating
Lattice QCD cost effectiveness and performance. These might inckwgrocessors, new network tech-
nologies, or even novel architectures such as the Cell processsprofect will acquire modest amounts of
hardware to support the porting of significant lattice QCD kernels to eteabural optimize performance and
to help determine the optimal designs for subsequent facilities project machine prototyping and evalu-
ation tasks will be shared by JLab and FNAL in a complimentary way. For ebeqmypring the first year of
the grant FNAL will investigate the latest AMD Opteron systems and the Paghisifaipath interconnect,
while JLab will study the Intel dual core “Woodcrest” processor, aodbde data rate Infiniband fabrics.
This approach leverages to the greatest extent the capabilities of thekbsyand helps to maintain the
expertise needed by the facilities project. The proposed budget fiwhes for each of JLab and FNAL is
$40,000 per year; this is sufficient to acquire one or two small machinesfafient size (8 or 16 nodes)
to test I/O capabilities while communicating in multiple dimensions. The level of effaach site will be
0.25 FTE.

5.2 Specialized computers for lattice QCD

Background: Over the past twenty years very substantial cost-performance bdrafésesulted from the
construction of computers specifically designed for lattice QCD. Thederpgnce and cost advantages
have been achieved by utilizing special chips, often from the graphidsetanter-node communications
strategies not available in standard commercial systems and integratioimactageted at the specific
scale and operating environment for such QCD machines.

In order to evaluate whether special purpose machines continue tsigifiicant physics opportunities, we
must consider the expected alternatives. The clusters planned for B BQmputing Project are expected
to sustain several teraflop/s on production code, with scalability to tensadioy@ts (funding constrained).
On the high end, hundred-teraflop/s performance is available from Blue&nd Cray machines, and, given
their success, these commercial machines should aggressively adogheepetaflop/s level. However,
enormous scientific potential lies at the petaflop/s scale, and it is unlikely thiz¢ imext five years lattice
QCD research budgets will approach the $100M level required to ob¢glicated computers of this scale.
The lesson of the past twenty years is that innovative exploitation of tiendgcroelectronics, driven by
the scientific imperatives of a clean, fundamental problem like lattice QCDoff@nsubstantial rewards at
the frontier of particle and nuclear physics, and can add an importardiegit to the general advance of
scientific computing.

Of course, this requires that our proposed project break new drotihus, we plan to begin with wide-

ranging study of a number of possible directions. Presuming that a compafiprgach is identified, we

will then proceed to detailed design and prototype construction—activifgmosied in part by this SciDAC

proposal. A follow-on proposal for the construction of a large-scalehim@ would fall outside of the

SciDAC program and would be made to the base programs in High EnergiMacidar Physics. Such

a large-scale proposal would be enabled by this SciDAC-supportedratsand development effort, and
would be driven by the scientific opportunities offered by the resulting coenp

Overall strategy: In order to justify the effort and expense associated with this design rnidtyping
effort, and the risks associated with the construction of a large-scaleimeaslibstantial benefits in cost-
performance must be offered by such a project. Expecting a projebisoort to require 4-5 years for
completion, we must identify a direction that can yield a substantial enhantewventhe expected cost-
performance of commercial machines or clusters available in this time frami.cbseperformance might
be optimistically predicted by applying Moore’s law to the $1 per Mflop/s (sustfiim 2005 by a SciDAC-1
cluster, which over five years yields $0.1 per Mflop/s using an 18 montlmggberiod. Thus, an appropriate
target for this design effort is an order of magnitude better at that timel $@0OMflop/s.

This level of cost-performance would make sustained petaflop/s availablatfice QCD in the next 4-

5 years, a goal with very substantial scientific rewards. Realizing swdabwill require advances in a
combination of hardware and software technology, and, very likelyitadudegree of specialization in the
resulting machine. Since there are scaling factors in the computationalfapeherating gauge configu-
rations which do not appear in the calculation of quantum observableosa tonfigurations (associated

17



Task Name 2006 [3Q06 [4006 [ 10072007 [3007 [ 4007 [1Q08 [ 2008 [3008 [ 4008 [ 1009 [2Q09 [3009 [4Q09 [1010[2Q10]3Q10
Initial design

Explore design strategies
Work up detailed design proposal
Decision: design proposal
Detailed design ﬁh

Detailed design and prototyping
Decision: large-scale construction

Figure 3: Proposed schedule for the design work for a next QCD meachin

with autocorrelation time and evolution step-size), the overwhelming computhtieads of configuration
generation will grow proportionally larger as smaller quark masses anddittiee spacings are achieved.
The generation of such gauge configurations is typically done with highign@ed code that is held stable
and run for 1-2 years or more.

Thus, large scientific benefit may be realized by an innovative machineentaating point and memory
architecture yield very high performance for carefully optimized codengfvefficient code generation for
such a machine is outside the reach of current compiler technology, exsstitvgare tools (for example
Peter Boyle’s BAGEL code generator) demonstrate that an effectbgrgomming environment can be pro-
vided to expert users for such a machine. Thus, in order to achievelltiséastial performance boost that
our scientific goals demand, we should consider such architectures.

Technological opportunities: There are at least three promising directions for which we proposeefurth
study and straw man designs. The first uses a commercial “superchiphigittiloating-point performance
and external memory bandwidth. The SONY/IBM CELL processor, Btoatds BCM1480 4-core chip
and ClearSpeed’s 50 gigaflop/s CSX600 are current examples. Teelid tor QCD these chips require
the design of a communications companion chip that would provide mesh comitrmmscgperhaps in
6-dimensions, and an interface to commercial memory of appropriate sizzbandThe second approach
exploits advances in small, low-power DSP-like cores, for example thexcCABENEON of ARM, to create
a 64- to 128-processor QCD chip with substantial on-chip memory. ThigM@a system-on-a-chip design
similar to QCDOC but more aggressive in complexity and power managementhifth@pproach uses a
very large number of small chips. These small chips could be of our osigrevith a single processor,
multiple floating point cores, simple memory interface and support for mesh comations. Here the
power and space drawbacks of such an approach may be compdns#ieatost and simplicity of the chip
design and the reduced requirements for the memory interface. Altetigative “small” chip could be a
future multi-core, low-power Intel mobile chip with a specially designed congmecommunications chip.

As anticipated above, none of these three approaches would provifildl tirgegrated RISC-floating point
processor environment present in the current QCDOC design. Hwowe\price-performance point ef
$0.01 per sustained megaflop/s may be possible with these three directionsvéHerepose to develop the
detailed technical designs to explore whether this is indeed possible.

Project plan: Beginning with the start of this proposed SciDAC-2 grant, we will undertalkedesign
study outlined above. During the first year and one-half, the three ¢émjies described above would be
investigated, and one or more carried to the point of a detailed technié¢ghdesose performance, cost and
risks could be reasonably established. During the final quarter of ¢niaid this design will be reviewed by
a committee appointed by the Lattice QCD Executive Committee. With input from théerghe Executive
Committee will decide whether to proceed to actual design and prototypingcdimgelling proposal is
made and accepted, then actual design and prototyping work would lwedymnating in a substantial
prototype in two and one half years. Based on the performance of thistygse and the potential of the
design to advance research in QCD, the Executive Committee will decideavhettievelop a proposal to
construct a large-scale machine. This design/decision flow is indicatechi art of Figures.

This project is of interest internationally, and we will encourage strongida groups with expertise and
similar interests to work with us. During the first and second years, Columiiigeksity, the lead institution
for this project in the U.S., and Brookhaven National Laboratory, willdowte these planning and design
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activities with the University of Edinburgh, the RIKEN BNL Research Ceated Regensburg University.
From these five institutions, and possibly others which may join, we will attemtrto & design team of
5-6 principal members, and, as part of this proposal and others beithg tm&IKEN, PPARC and German
funding agencies, we plan to add 3-4 postdoctoral-level participants.

For the first year, the costs of the proposed design effort are entieggonnel. The development of the
detailed design is planned to include the procurement of development drarddesign and simulation
software, as well as non-recurring engineering (NRE) costs assdaigth ASIC, printed circuit board and
cabinet design. Funds cover a postdoctoral-level physicist deditatiis activity at Columbia, as well
as hardware, software and NRE costs. Anticipating support obtainedrigossible collaboration partners
in this design (RBRC and Edinburgh), costs of these final items are omkethine total estimated on the
basis of our earlier experience. These costs will become more predfse\wesrk proceeds, and the level of
support obtained at our collaborating institutions becomes known. Fufalirglarge-scale prototype that
would be constructed at the end of this project is not included in this pabpasd will be sought outside
of the SciDAC program. A final (5th year) of postdoc support is inclugolrovide continuity between the
design effort and construction of a large-scale machine.

While this effort to reach a sustained performance of $0.01/Mflop/s ($ddthined petaflop/s) entails
considerable risk, the scientific rewards of providing this level of contjmutal power to lattice QCD,
and the influence of such a project on overall scientific computing make tbisngelling direction to
explore. This proposal is structured to allow the exploration to be cartiedapidly at minimal risk. The
close integration of this project with the overall effort of the U.S. lattice Q@Bimunity and the software
development activities described elsewhere in this proposal ensuittthaiproject is successful it will be
of immediate and substantial benefit to the entire U.S. lattice QCD research effo

6 Management Plan and Budget Narrative

Overall responsibility for this effort will be vested in the Lattice QCD Exai€ommittee, whose members
(R. Brower, N. Christ, M. Creutz, P. Mackenzie, J. Negele, C. RdblbRichards, S. Sharpe, and R. Sugar)
will serve as Principal Investigators. The Executive Committee sets thecfisgjeals, and draws up plans
for meeting them. It determines priorities, decides on the distribution of fuanis,ensures that work
is completed on schedule. At the end of each project year, it developlirg two year road map for
specific tasks. Tasks, milestones for the first two years, and initial F3igraments for each institution are
summarized in AppendiR.3. Schedule slips of more than two months must be reported to the Executive
Committee, which will then decide if a reallocation of resources or a scopwetisneeded. The Executive
Committee has been been leading the effort to construct computationatrinétase for the U.S. lattice
gauge theory community for over seven years. It holds approximatelydwieience calls per month, and
communicates via email between calls. A consensus has been reachettlgralhéssues that have come
before the Executive Committee. When consensus is not reached, deeisiamade by majority vote, with
the Chair’s vote deciding the outcome in case of a tie. The Chair of the Execnimmittee, Robert Sugar,
serves as spokesperson and principal contact with the DepartmeneafyE Each institution receiving
funds under this grant has a local principal investigator, who haslével responsibility for the work
carried out at his institution. The spokesperson will submit quarterlyrtepo the DOE on the progress
of the project. He will be assisted in preparing these reports and in trattiéngrant budget by Dr. Bakul
Bannerjee of FNAL.

The Executive Committee has formed a number of committees to assist it in the nmem@é the project.
Their responsibilities are set out below, and a list of members of each comimig@en in AppendixA.4.

Scientific Program Committee The Scientific Program Committee monitors the scientific progress of the
project, and provides leadership in setting new directions. The Committeeizegaan annual meeting of
the user community to review progress and obtain input on future directiosdicits proposals for use of
the dedicated computational resources available to the U.S. lattice gaugedbeonunity: the SciDAC-1
prototype clusters, the QCDOC and the computers acquired through th® G puting Project. The
Committee reviews the proposals and makes preliminary allocations based oieitgstdt then organizes

an open meeting of the user community to discuss the proposals and the prelialioaations. The
Committee makes final allocations following this meeting. The objective of this psdseo achieve the
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greatest scientific benefit from the resources through broad impuattfie community.

Software Coordinator and Software Coordinating Committee The Software Coordinator, Richard
Brower, has overall responsibility for the software effort, providingction and coherence to the work,
and monitoring progress on all tasks. The Software Coordinator proyigerterly reports for the Executive
Committee on the progress of the software effort.

The Software Coordinating Committee works with the Software Coordinatoroidde overall leadership
of the software effort. The Committee meets weekly in conference calls togiragkess of software tasks,
to discuss technical approaches for completing them, and to further diaeifyasks. The Software Coor-
dinating Committee works in consultation with the Executive Committee to insure thaatdtimponents
are available in time to keep the overall software and hardware infragteugtaject on track, proposing
changes in task priority and schedule to the Executive Committee as appgoprize Software Coordi-
nator has set up a websitettp://physics.bu.edu/"broweon which all agenda, minutes and working doc-
uments of the Software Coordinating Committee are posted, and he has aldslestha mail archive,
(gcdapi@physics.bu.edu), for interchange of information among all menalbéne collaboration.

Oversight Committee The Oversight Committee is charged with reviewing plans and priorities frem th
perspective of the user community, tracking progress in all aspects pfdajet, and making recommenda-
tions regarding alternative approaches or new directions. It meetsniareace calls, which are scheduled
so that the Committee can review on going progress, and provide timely adfme important decisions
are taken. The Chair of the Executive Committee participates in these aoceeasalls to obtain the advice
of the Oversight Committee at first hand. The Chair of the Oversight Comm&tegen Gottlieb, main-
tains regular contact with all aspects of the project to keep the Committee irdaidevelopments, and to
schedule meetings appropriately.

Management of Hardware Research and DevelopmenDonald Holmgren will oversee the investigation
of cluster components, and Norman Christ the research into the desigiewfspecialized computer for lat-
tice QCD. As is the case with the Software Coordinator, they will providetgrgreports to the Executive

Committee on the progress in their areas.

The overall effort will be supported by the established managementutewat the three DOE laboratories
(BNL, FNAL, JLab) that are major participants in the project. The projatthenefit enormously from
access to the SciDAC-1 clusters, the QCDOC and the computers obtainadhtihe LQCD Computing
Project, which are operated by these laboratories. This hardwardlebdedo the entire U.S. lattice gauge
theory community. The project will also benefit from the BlueGene/L compateBoston University and
MIT. All software developed under this proposal will be made publichyilate, as was the software created
under our SciDAC-1 grant. In addition, the large gauge configuratiensmted in major research projects
that make use of the hardware located at BNL, FNAL and JLab will be dtorea common format, and
made immediately available to the entire U.S. lattice gauge theory community in order imizeathe
physics obtained from these computationally expensive data sets. Thisili#ibe made available to the
international lattice gauge theory community through the ILDG after the phisieiso generate it have
had an opportunity to use it in initial calculations.

Budget Narrative: The overall budget for the five year project we propose is summarizédhte 3 of
AppendixA.2. The overwhelming fraction of the budget is for support of the people will carry out
the tasks discussed in this proposal. Support is requested for a total20FTE per year of which 15.7
FTE will go into the software effort. A total of 0.5 FTE per year is requestedhe investigation of cluster
components, as well as $80,000 per year to purchase the componentslesmSupport for 1.0 FTE per
year is requested for the design of a specialized computer, and $50 fuested in the second year of
the grant, and $125,000 in each of the third and fourth years for theignoent of hardware, design and
simulation software, and non-recurring engineering costs. All fundinbignproject is via direct grants to
participating institutions. There are no subcontracts or funded consaati@ngements.
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A.3 Tasks and Milestones of Participating Institutions

In this appendix we briefly describe the tasks that will be carried out tly eithe collaborating institutions,
the FTE budgeted for them, and indicate the major milestones for the first twe gethe grant. More

detailed descriptions of the tasks can be found in the work statements of thieluiadl institutions that

appear below.

BNL: BNL will continue to optimize software and implement new algorithms for the QCDD@ill
compile, install and test SciDAC software packages on this machine. BNL avitirtue the evolution of
the Columbia Physics System (CPS) code. It will optimize the CPS for the Bhe#Geand work on an
implementation for the successor to the QCDOC. This work will continue thimutghe project, although
there will be greater emphasis on QCDOC software during the first thraes,yand on software for the
QCDOC successor in the last two years. A total of 2.5 FTE is budgetedisomtnk.

FNAL: During the first year of the grant, FNAL will port SciDAC code from thedin32 bit to 64 bit

environment, and will optimize the code for Opteron processors. Duriag gee, it will also explore
the approach for and determine the benefit of a native implementation of Q®iPIrfiniband, and if

warranted, create the implementation. In collaboration with JLab and uityveesearchers, FNAL will

provide code to support multi-core processors. With computer scientiligaits Institute of Technology
it will provide software for automated workflow, and with computer scientistgaaderbilt it will create

software to enhance the reliability of large systems. It will implement and/dogspftware to support the
ILDG and other grid activities, and provide software support for theduation of new hardware. FNAL
will work with JLab throughout the project to study commodity hardware ftircke QCD. During the first
year of the grant, it will evaluate AMD Opteron processors and Pathbdaigath. Finally, it will assist in

the overall project management. A total of 3.0 FTE per year is budgeteddse tasks.

JLab: In each year of this project JLab will carry out research aimed at impgaigorithms and producing
high performance code for the study of lattice QCD. During the first yetreoproject, JLab will focus on

implementations and optimizations for multi-core processors and for the Intél/8&Ritecture, and on

support for data analysis activities. It will also expand the existing costenteframework, and provide
enhanced user support in collaboration with other institutions via worlsstpdne and email. JLab will
work with FNAL throughout the project to study commodity hardware for lat¢zD. During the first year

of the project, JLab will study the Intel dual core “Woodcrest” proogsand double data rate Infiniband
fabrics. Atotal of 3.1 FTE per year is budgeted for these tasks.

Boston University: Boston University provides significant leadership for the project ashalevwith
Richard Brower serving as Software Coordinator and Claudio Relathais of the Scientific Project Com-
mittee. James Osborn of BU has special responsibility to develop the C implemema@®P and work
with collaborators at Arizona, Indiana and Utah to integrate it into the MILd:cdle will also work closely
with Andrew Pochinsky at MIT to optimize the QCD API for the BlueGene archite. Brower and Rebbi
are leading the physics side of the collaboration with TOPS to study multigrid neefbptittice QCD. A
total of 0.97 FTE per year is budgeted for these tasks.

Columbia University: Columbia University will lead an international effort to design and prototstpe
specialized computer for QCD. During the first year, different desgggr@aches will be studied, and a
detailed report prepared describing the results of the study and jmgpebat is judged to be the best
approach. During the second year, this approach will be will be pdrsugreater detail, and a proposal
will be submitted to the Executive Committee with a specific architecture, costcedlsle for design
and construction. If this proposal is accepted, then the design andymiow work will be pursued in
subsequent years. A total of 1.0 FTE per year is budgeted for thiscproje

DePaul University: DePaul University will lead the design and development of a visualizationféoo
lattice QCD. Work will be done in collaboration with physicists involved in the pogd with computer
scientists at the University of North Carolina. The goals for the first pé#ne project are to identify and
catalog the types of datasets to be visualized, identify appropriate smoottdngsaalization algorithms,
and develop a prototype interface. In subsequent years, pluginsemikebeloped to read in the various
types of datasets produced in lattice QCD simulations, and tools for manipulagirtath in increasingly
sophisticated ways will be created. A total of 1.08 FTE per year is buddeteiis effort.



University of Arizona, Indiana University and University of Utah: The MILC code is an integrated
package of some 150,000 lines of scientific application code and a libraggradric supporting codes,
that is publicly available and widely used. Arizona, Indiana and Utah willkkvtogether to carry out a
major overhaul of this code to exploit the advantages of the SciDAC satviduiring the first year of this
effort, generic code that supports multiple science-specific applicatidinsarxconverted to QLA/C to take
advantage of its platform-specific optimizations. During the second yeanmkelules will be rewritten
in QDP. Optimization and tuning of the RHMC algorithm, which is currently beingripoated into the
code, will be carried out. The first production version of the algorithm lpélmade available by the end of
year one of the grant. Production versions of the code optimized for taeXCr3 and BlueGene/L will be
completed during the first year of the grant, and multi-core and enhamcegiler improvements will be
incorporated during the second year. As always, upgrades to tleewdtide made available to the lattice
community as they are completed. Finally, improved documentation for the codbemitoduced and
published on the web by the end of the second year of the grant. A tote8'® FTE per year is budgeted
for this effort, divided approximately equally among the three universities.

lllinois Institute of Technology: Computer scientists at the Illinois Institute of Technology (IIT) will build a
workflow management system for planning, capturing and executing LQ@Iysis campaigns. This work
will be done in collaboration with FNAL. During the first two years of the dgranworkflow system will be
developed and integrated into the existing LQCD computing infrastructurgjiafjaisers to describe their
analysis campaign workflow through XML files or graphical interfaced,submit them for execution. Next
a scheduling system capable of interacting with the workflow system angsbens performance monitor
will be deployed. The final result will be an integrated workflow environt@@pable of handling multiple
campaigns. A total of 1.083 FTE per year is budgeted for this project.

MIT: Andrew Pochinsky of MIT will lead an effort to optimize the QCD API for théuBGene series
of computers. During the first two years, the effort will focus on the Blele/L. The gcc compiler will
be modified to make efficient use of the two arithmetic units on each procd$sQLA routines will be
compiled with this modified compiler, and key routines will be hand optimized asrezijA level-3 inverter
for domain wall fermions will be written, and in collaboration with James OsbbBoston University, an
optimized version of QMP will be developed. This work will be aided by carttcammitments made by
IBM as part of the MIT purchase of a BlueGene/L. It is anticipated thatbsequent years these software
developments will be extended to later models in the BlueGene line. A total of 6:B25s budgeted for
this effort.

University of North Carolina: Computer scientists at the University of North Carolina will develop a
performance profiling library (PQDP) to analyze the performance of thHe&CMaind Chroma codes during
the first year of the project. During the second year, the PQDP will beatalidby profiling the MILC
code on a variety of HPC platforms, including the QCDOC, clusters, the Blnef& and the Cray XT3.

In subsequent years the UNC SvPablo performance analysis toolkitenétktended to support analysis of
C++ codes so that the PQDP can be used to study Chroma. Performahasanill be carried out on both
codes on a wide variety of HPC platforms, and a web-based perforndateiease will be established. The
goal is to optimize the performance of MILC and Chroma based on the collpetémrmance data. Finally,
UNC will work with computer scientists at DePaul on the visualization effortulised above. A total of
0.5325 FTE per year has been budgeted for these tasks.

UCSB: As chair of the Lattice QCD Executive Committee Robert Sugar providesbleadership and co-
ordination of the project. UCSB will administer funds for travel not coddrg grants to other participating
institutions. These trips will include visits of collaboration members to participatisitutions for joint
work, and attendance at meetings directly related to the project. UCSB wikhdiamister travel funds for
Principal Investigators S. Sharpe and R. Sugatr.

Vanderbilt University: Computer scientists at Vanderbilt will develop an automated fault monitoring and
mitigation system for the large lattice QCD clusters being built at FNAL and Jdhbs work will be
done in collaboration with FNAL. During the first year, an integrated monigpaimd control system will be
designed using existing standards and tools. Also during the first yiea, \&ill be developed for definition

of workflows, monitoring and mitigation actions, based on Vanderbilt's Gemdodeling Environment.
This task will be closely coordinated with work at IIT. During the secondryenodel based generators
will be developed to transform the designs into components and configusdbo the runtime system.

In subsequent years, refined versions of these tools will be dewklopé¢otal for 1.083 FTE per year is
budgeted for this work.



A.4 Committees and Senior Personnel

In this appendix we list the membership of the committees making up the managemenf th& project.
We also list the senior personnel who will participate in this project, or halieated that they will make
use of the infrastructure it creates. They comprise nearly all of therdattioe gauge theorists in the United
States, as well as computer scientists and engineers who have agregditijogba in the project.

Lattice QCD Executive Committee

Richard Brower Boston University

Norman Christ Columbia University

Michael Creutz Brookhaven National Laboratory

Paul Mackenzie Fermi National Accelerator Laboratory

John Negele Massachusetts Institute of Technology
Claudio Rebbi Boston University

David Richards Thomas Jefferson National Accelerator Facility
Stephen Sharpe University of Washington

Robert Sugar (Chair) University of California, Santa Barbara

Scientific Program Committee

Andreas Kronfeld Fermi National Accelerator Laboratory
Robert Mawhinney Columbia University

Colin Morningstar Carnegie Mellon University

John Negele Massachusetts Institute of Technology
Claudio Rebbi (Chair) Boston University

Stephen Sharpe University of Washington

Doug Toussaint University of Arizona

Frank Wilczek Massachusetts Institute of Technology

Software Committee

Richard Brower (Chair) Boston University

Carleton DeTar University of Utah

Robert Edwards Thomas Jefferson National Accelerator Facility
Donald Holmgren Fermi National Accelerator Laboratory

Robert Mawhinney Columbia University

Chip Watson Thomas Jefferson National Accelerator Facility
Ying Zheng University of North Carolina

Oversight Committee

Tanmoy Bhattacharya Los Alamos National Laboratory

Steven Gottlieb (Chair) Indiana University

Anna Hasenfratz University of Colorado

Julius Kuti University of Californa, San Diego

Robert Pennington National Center for Supercomputer Applications
Ralph Roskies Pittsburgh Supercomputer Center

Terry Schalk University of California, Santa Cruz



Theodore Bapty
Silas Beane

Paulo Bedaque
Claude Bernard

Tanmoy Bhattacharya

Richard Brower
Thomas Blum
Matthias Burkardt
Simon Catterall

Senior Personnel

Vanderhbilt University

University of New Hampshire
University of Maryland
Washington University

Los Alamos National Laboratory
Boston University
University of Connecticut
New Mexico State University
Syracuse University

Shailesh Chandrasekharan Duke University

Jie Chen

Ying Chen
Norman Christ
Joseph Christensen
Michael Creutz
Christopher Dawson
Massimo DiPierro
Thomas DeGrand
Carleton DeTar
Shao-Jing Dong
Zhihua Dong
Terrence Draper
Patrick Dreher
Anthony Duncan
Robert Edwards
E, Efstathiadis
Estia Eichten
Michael Engelhardt
George Fleming
Balint Joo
Chulwoo Jung
Aida El-Khadra
Rudolf Fiebig
Steven Gottlieb
Rajan Gupta
Anna Hasenfratz
Urs Heller

James Hetrick
Ivan Horvath
Donald Holmgren
Xiangdong Ji
Frithjof Karsch
Gregory Kilcup
Joseph Kiskis
Julius Kuti
Andreas Kronfeld
Frank Lee

Peter Lepage

Thomas Jefferson National Accelerator Facility
Thomas Jefferson National Accelerator Facility
Columbia University
McMurray University
Brookhaven National Laboratory
Brookhaven National Laboratory
DePaul University
University of Colorado
University of Utah
University of Kentucky
Columbia University
University of Kentucky
Massachusetts Institute of Technology
University of Pittsburgh
Thomas Jefferson National Accelerator Facility
Brookhaven National Laboratory
Fermi National Accelerator Laboratory
New Mexico State University
Yale University
Thomas Jefferson National Accelerator Facility
Brookhaven National Laboratory
University of lllinois, Urbana
Florida International University
Indiana University
Los Alamos National Laboratory
University of Colorado
Florida State University
University of Pacific
University of Kentucky
Fermi National Accelerator Laboratory
University of Maryland
Brookhaven National Laboratory
Ohio State University
University of California, Davis
University of California, San Diego
Fermi National Accelerator Laboratory
George Washington University
Cornell University



Keh-Fei Liu

Paul Mackenzie
Robert Mawhinney
Colin Morningstar

Rajamani Nayayanan

John Negele
Shigemi Ohta
Kostas Orginos
James Osborn
Robert Pennington
Peter Petreczky
Andrew Pochinsky

Michael Ramsey-Muslof

Claudio Rebbi
Daniel Reed

Dru Renner

David Richards
Martin Savage
Stephen Sharpe
Junko Shigemitsu
James Simone
Donald Sinclair
Amarjit Soni
Robert Sugar
Xien-He Sun

Eric Swanson
Chung-l Tan
Harry Thacker
Anthony W Thomas
Doug Toussaint
Ruth Van de Water
Steven Wallace
William Watson, Il
Walter Wilcox
Ying Zheng

University of Kentucky
Fermi National Accelerator Laboratory
Columbia University
Carnegie Mellon University
Florida International University
Massachusetts Institute of Technology
KEK and Riken BNL Research Center
William & Mary University
Boston University
National Center for Supercomputer Applications
Brookhaven National Laboratory
Massachusetts Institute of Technology
California Institute of Technology
Boston University
University of North Carolina
University of Arizona
Thomas Jefferson National Accelerator Facility
University of Washington
University of Washington
Ohio State University
Fermi National Accelerator Laboratory
Argonne National Laboratory
Brookhaven National Laboratory
University of California, Santa Barbara
Illinois Institute of Technology
University of Pittsburgh
Brown University
University of Virginia
Thomas Jefferson National Accelerator Facility
University of Arizona
Fermi National Accelerator Laboratory
University of Maryland
Thomas Jefferson National Accelerator Facility
Baylor University
University of North Carolina
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