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Scientific Structure of INFN: National Committees

I: Particle Physics

II: Astroparticle Physics

III: Nuclear Physics

IV: Theoretical Physics

V: Technological Research

research line 1: Field and String Theories (~ 170 FTE)

research line 2: Phenomenology of Elementary Particles (~ 100 FTE)

research line 3: Hadronic and Nuclear Physics (~ 75 FTE)

research line 4: Mathematical Methods(~ 75 FTE)

research line 5: Astroparticle Physics (~ 105 FTE)

research line 6: Statistical Physics and Applied Field Theory (~ 75 FTE)

* the research lines are organized into specific projects with a national PI (~ 40 projects for a total of ~ 600 FTE)

* each project is evaluated by external referees (also international ones) each 3 years

* ~ 11 specific projects (~ 80 researchers) need HPC



  

more info at https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html courtesy of V. Lubicz

https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html
https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html


  

more info at https://web.infn.it/CSN4/IS/Linea1/FT_CP/index.html

https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html
https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html


  

Nuclear Physics
●Light Nuclei: test of the nuclear interaction, study of reactions of astrophysical 
interest, energy production, Efimov physics & universal properties, radioactive 
beams, hypernuclei,...
Methods: direct solution of the Schroedinger equation, Green Function Monte 

Carlo techniques
●Medium & Heavy Nuclei: dark-matter & antinucleon cross section, double 
beta decay matrix elements, hypernuclei, study of nuclei with an excess of 
protons or neutrons,...
Methods: shell model & coupled cluster methods, Auxiliary Field Diffusion 

Monte Carlo techniques
●Infinite nuclear matter: equation of state, compact stars, strange stars,...
Methods: Configuration Interaction Monte Carlo techniques, cluster expansion 

Computation requirements very different:
●Shell model & other techniques: diagonalization of big matrices (very efficient 
infrastructure of communication and memory management)
●Monte Carlo techniques: very high CPU consumption

more info at https://web2.infn.it/CSN4/IS/Linea3/FBS/index.html

https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html
https://web.infn.it/CSN4/IS/Linea2/LQCD/index.html


Studies of compact objects such as Black Holes and Neutron Stars, focussing on their role as 
possible sources of Gravitational Waves of interest for interferometric detectors (Virgo and LIGO)

General Relativity

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ! "m1m2#3=5

"m1 $m2#1=5
! c3

G

!
5

96
!!8=3f!11=3 _f

"
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;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ! m1 $m2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ! Ly ! L ! 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔL"t# ! "Lx ! "Ly ! h"t#L, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ! 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ! "GM!f=c3#1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 ! 10!21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1!. The source lies at a luminosity distance of 410!160

!180 Mpc corresponding to a redshift z " 0.09!0.03
!0.04 .

In the source frame, the initial black hole masses are 36!5
!4M⊙ and 29!4

!4M⊙, and the final black hole mass is
62!4

!4M⊙, with 3.0!0.5
!0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913!16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9!0.5

!0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Fluid dynamics & Q. Biology

 - 

          Fluid Dynamics: the physics of turbolence

          Quantitative Biology

more info at 
https://web.infn.it/CSN4/IS/Linea6/FIELDTURB/index.html and 

https://web.infn.it/CSN4/IS/Linea6/BIOPHYS/index.html

https://web.infn.it/CSN4/IS/Linea6/FIELDTURB/index.html
https://web.infn.it/CSN4/IS/Linea6/FIELDTURB/index.html
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New Physics energy scale ΛNP still unknown

ΛNP ~ 1 TeV  

direct search of NP at LHC possible
indirect search of NP complementary 

ΛNP >> 1 TeV

only indirect search of NP 
(through virtual loop effects)

precision studies of New Physics are an important part 
of existing and planned experiments

LHCb at CERN, Belle2 at KEK, NA62 at CERN, KOTO 
at J-PARC, MEG at PSI, ... 

* the interpretation of experimental data typically requires the precise knowledge of some hadronic parameters governed by the 
   strong interactions

* lattice QCD is a tool encoding all the non-perturbative effects of the strong interactions starting from first principles only

the goal is to achieve a theoretical precision comparable to the experimental one

The case of Flavor Physics



Description of the method

Lattice QCD

Non perturbative method based on prime principles.

Regularized theory in Euclidean space: UV + IR: a V = L3 ⇥ T

a ! �⇡/a < p < ⇡/a

V ! p ⇠ 1/L

S ! S
QCD

+O(a), hOi
reticolo

= hOi
continuo

+O(a2)

Monte Carlo numerical simulations: hOi =
POe�S

P
e�S

Eleonora Picca (Univ. Roma Tre) Isospin breaking on the lattice 25 Novembre 2015 7 / 24

QCD simulations on the lattice

Lattice is a way to regularized a field theory in Euclidean space

action:     Slattice  = SQCD +O a( )
observable P:    P lattice = P continuum +O a2( )

lattice spacing
a

Monte Carlo numerical simulations

P lattice =
P e−Slattice∑
e−Slattice∑ importance sampling⎯ →⎯⎯⎯⎯⎯ P Ui[ ]

Ui{ }
∑

* statistical errors

* discretization errors

*finite size effects

* renormalization

larger samples

several lattice spacings → continuum limit

several lattice volumes → infinite volume limit

non-perturbative schemes (RI-MOM, ...)

* chiral extrapolations (simulations at massive pions)

* dynamical sea quarks

gauge ensembles produced at the physical pion point

Nf = 2 + 1 + 1: two mass-degenerate u/d quarks, 
                         strange and charm at their physical masses
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Abstract We review lattice results related to pion, kaon,
D- and B-meson physics with the aim of making them
easily accessible to the particle-physics community. More
specifically, we report on the determination of the light-
quark masses, the form factor f+(0), arising in semileptonic
K ! ! transition at zero momentum transfer, as well as
the decay-constant ratio fK / f! of decay constants and its
consequences for the CKM matrix elements Vus and Vud .
Furthermore, we describe the results obtained on the lattice
for some of the low-energy constants of SU(2)L " SU(2)R
and SU(3)L"SU(3)R Chiral Perturbation Theory and review
the determination of the BK parameter of neutral kaon mix-

a e-mail: gilberto@itp.unibe.ch

ing. The inclusion of heavy-quark quantities significantly
expands the FLAG scope with respect to the previous review.
Therefore, we focus here on D- and B-meson decay con-
stants, form factors, and mixing parameters, since these are
most relevant for the determination of CKM matrix elements
and the global CKM unitarity-triangle fit. In addition we
review the status of lattice determinations of the strong cou-
pling constant "s.
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1 Introduction . . . . . . . . . . . . . . . . . . . . . .
1.1 FLAG enlargement . . . . . . . . . . . . . . . .
1.2 General issues and summary of the main results .
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Flavor Lattice Averaging Group

The aim of FLAG is to answer the question:

“ What is currently the best lattice value 
for a particular quantity ? ” 

FLAG-1 review in 2011
FLAG-2 review in 2014

FLAG-3 review in progress

quantity FLAG-2 average FLAG-2 error (%) relevance “expected” error (%)

0.1184 (12) 1.0 QCD parameter ~ 0.5

mud (MeV) 3.42 (9) 2.6 QCD parameter OK (=> ~ 1)

ms (MeV) 93.8 (2.4) 2.6 QCD parameter OK (=> ~ 1)

1.195 (5) 0.4 Vus from K2 ~ 0.2

0.9661 (32) 0.3 Vus from K3 ~ 0.2

0.766 (10) 1.3 ~ 0.1

248.6 (2.7) 1.1 Vcs (Vcd) ~ 0.2

224 (5) 2.2 ~ 0.5

266 (18) 6.8 ~ 1

1.268 (63) 5.0 ~ 1

αMS
(5) MZ( )

f
K + f

π +

f
+

Kπ 0( )
B̂K

fDs
(MeV)

fBs (MeV)

fBs B̂Bs
(MeV)

ξ

Bs → µ+µ−

K − K oscillations

B − B oscillations

B − B oscillations



extract Cabibbo’s angle from K3 decays

 K3  decays:    K →πν      mediated by the weak vector current Vµ = sγ µu

matrix elements:    π pπ( ) Vµ K pK( ) = f+ q2( ) pK + pπ( )µ + f− q2( ) pK − pπ( )µ q2 = pK − pπ( )2

 from experiments:    Γ K→πν ( )∝ Vus f+ 0( ) = 0.2165(4)    [~ 0.2%]    [FlaviaNet '14]

CKM  matrix element Vus = sin θC( )
semileptonic form factors on the lattice

need of 2-point and 3-point correlators 

* automatic O(a)-improvement in tmQCD at maximal twist (Frezzotti and Rossi ’04)

* tree-level Symanzik gauge action + tmQCD at maximal twist with Nf = 2 (ETMC ’07, ‘08)

3-point correlators:

2-point correlators:

tpE

K

K

t

zxip

ttt

zx

zKxK

K

K

zx

e
pE

Z

etzOtxOptC

)(

)(

)(

)(
,

,
)()(

)(

)(

)(2
                         

 ),(),();(

!

!

!

!!
! "

#

$%

#&#
#

+

'' %'

()∑

)()(

,,
,,

),(),(ˆ),(),;,( yxipzxip

tttttt

zyx

zKxyK

K eetzOtxVtyOppttC K

zyzx

###
#*#

+ (()* ∑ !

µ!!
!

µ ""

)(
2

)(
2

   )(
2

12

2313

++
!

++
!

++
!

!

!

#=#=

#=#=

L
ppq

L
p

L
p

K

K

OK = d, 5s, O! = d, 5u, V̂µ = ZV s, µu* local interpolating PS fields and local vector current:

* suitable ratios of 3-point / 2-point correlators ' %' ! p!( ) V̂µ K pK( )

))(()(

,,

)(ˆ)(
)()(4

                              ttpEtpE

K

KK

K

tt
t

zyx

eepKVp
pEpE

ZZ
KK #*##

$%#*
$%
'' %' !!

µ!
!!

! !

semileptonic form factors on the lattice

need of 2-point and 3-point correlators 

* automatic O(a)-improvement in tmQCD at maximal twist (Frezzotti and Rossi ’04)

* tree-level Symanzik gauge action + tmQCD at maximal twist with Nf = 2 (ETMC ’07, ‘08)
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calculations of 3-point correlation functions W-boson

t  = time distance between the W-boson insertion and the source (K0)
t’ = time distance between the source (K0) and the sink (π-)
Oπ and OK: interpolating fields

    

* main ingredient: the propagator for a moving quark, Sθ (x, y), which requires the inversion of a sparse, large matrix

D x, z( )S z, y( )
z
∑ = δ x, y( ) a lattice volume of 483 * 96 corresponds to ~ 10 million lattice sites

modern hardware can accelerate the inversions !
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Roma Tre: arXiv1602.04113

15 gauge ensembles with 200 < Mπ < 450 MeV
3 lattice spacings a ~ (0.09, 0.08, 0.06) fm 
various lattice sizes, L, between 2 and 3 fm

Mπ → 140 MeV
a → 0
L → ∞

f+ 0( ) = 0.9709 (46)        4.7%[ ]

Vus f+ 0( ) = 0.2165 (4)

Vus = 0.2230 (11)    4.9%[ ]
Vud = 0.97417 (21)    nuclear β  decay[ ]
Vub = 0.00413 (49)    B decays[ ]

Vud
2 + Vus

2 + Vub
2 = 0.99875 (64)

test of CKM unitarity    (~ 2σ tension)

0.16

0.18

0.20

0.22

0.24

0.26

22 23 24 25 26 27 28

 FlaviaNet '14

 this work

lo
g(

C)

Λ
+
 x 103

KTeV

KLOE

ISTRA+

NA48/2

comparison with experiments

f+ q2( ) = f+ 0( )e
q2

Mπ
2 Λ++H q2( )⎡
⎣

⎤
⎦

f0 q
2( ) = f+ 0( )e

q2

MK
2 −Mπ

2 log C( )−G q2( )⎡
⎣

⎤
⎦

dispersive parameterization:

need to improve the theoretical precision by a factor > 2 

more computing power and better algorithms

calculable from
Kπ phase shifts



Model: IBM-BlueGene /Q 
Architecture: 10 BGQ Frame with 2 MidPlanes each 
Front-end Nodes OS: Red-Hat EL 6.2 
Compute Node Kernel: lightweight Linux-like kernel 
Processor Type: IBM PowerA2, 1.6 GHz 
Computing Nodes:  10.240  with 16 cores each 
Computing Cores:  163.840 
RAM: 16GB / node; 1GB/core  
Internal Network: Network interface  
                               with 11 links ->5D Torus 
Disk Space:  more than 2PB of scratch space  
Peak Performance: 2.1 PFlop/s

3

Le macchine (che utilizziamo) al CINECA
FERMI

GALILEO  (CINECA + INFN + Univ. Milano Bicocca)

IBM-BlueGene /Q

~ 1400 Mcorehours / anno

Model: IBM NeXtScale 
Architecture: Linux In"niband Cluster 
Nodes: 516  
Processors: 2 8-cores Intel Haswell 2.40 GHz per node 
Cores: 16 cores/node, 8256 cores in total 
Accelerators: 2 Intel Phi 7120p per node on 384 nodes (768 in total);  
2 NVIDIA K80 per node on 40 nodes (80 in total, 20 available for scienti"c research) 
RAM: 128 GB/node, 8 GB/core 
Internal Network: In"niband with 4x QDR switches 
Disk Space: 2.000 TB of local scratch 
Peak Performance: 1.000 TFlop/s (to be de"ned) 
Operating system: CentOS 7.0

~ 70 Mcorehours / anno

FERMI nuovo Tier-0  “MARCONI”   (~ 5 x FERMI ~ seconda parte del 2016)

courtesy of L. Cosmai

HPC machines @ Cineca used by INFN

~ 25% of Fermi and ~ 45% of Galileo used by projects in particle physics

accelerated with MICs

our jobs at the largest volume require ~1024 nodes of Fermi (1/10) or ~128 nodes of Galileo (1/5)
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theorem (5.36) for each of the two flavors (compare also (5.54)). This step is
often referred to as fermion contraction.

The Dirac operators Du, Dd for u and d quark di�er only by the value
of the mass parameter (compare (5.51)). Often the small di�erence between
the u and the d quark masses is ignored and one uses Du = Dd, i.e., exact
isospin symmetry. It is, however, important to keep in mind that also in this
case, only Grassmann variables with equal flavor can be contracted with each
other.

The result in the last line of (6.12) has a simple interpretation: The propa-
gator D�1

u (n|m) propagates a u quark from space–time point m to the point n,
while the propagator D�1

d (m|n) transports a d quark in the opposite direc-
tion. Such a contribution is referred to as connected piece and is depicted in
the left-hand side plot of Fig. 6.1. We remark that each of the individual lines
in this figure symbolizes a collection of fermion lines (cf. Fig. 5.1).

In the correlator of an iso-singlet operator OS = (u�u + d�d)/
�

2, such
as (6.6), also another type of contribution appears. The fermion contractions
for this correlator are obtained by following the same steps as in (6.12),

�
OS(n) OS(m)

�
F

= �1

2
tr

�
�D�1

u (n|m)�D�1

u (m|n)
�

+
1

2
tr

�
�D�1

u (n|n)
�

tr
�
�D�1

u (m|m)
�

(6.13)

+
1

2
tr

�
�D�1

u (n|n)
�

tr
�
�D�1

d (m|m)
�

+ u � d .

The first type of contribution are the connected pieces we have already dis-
cussed. However, one also gets propagators D�1

u (n|n), D�1

u (m|m) which trans-
port a u quark from a space time-point back to the same point. Such terms
are called disconnected pieces and are depicted in the right-hand side plot of
Fig. 6.1. Numerically these contributions need more computational e�ort and
higher statistics than the connected parts and many studies avoid considering
such mesons or drop the disconnected pieces.

We remark that the interpolator OT,Iz=0

= (u�u�d�d)/
�

2 for the Iz = 0
component of the iso-triplet di�ers from the singlet interpolator only by a
relative minus sign between the u and the d terms (compare (6.5) and (6.6)).
The corresponding correlator is like in (6.13), but with a minus sign in the
third term. In the case of exact isospin symmetry, Du = Dd, the disconnected
pieces cancel. The resulting correlator is the same as for the other members

• inclusion of disconnected quark loops in lattice QCD requires ab initio

the complete inversion of a rank � one million matrix

• clever algorithms lower this to 100-1000 solutions of linear equation sys-
tems per gaugefield configuration

• costs of the inversions still highly dominate the post gaugefield genera-
tion analysis

) adopt modern hardware to accelerate the inversions!

The Eurora cluster @ Cineca

.

• Eurora - Eurotech Aurora HPC 10-20

• Xeon E5-2687W 8C 3.100GHz

• Infiniband QDR

• 64 NVIDIA Tesla K20 (Kepler)

• 64 Intel Xeon Phi (MIC)

• Linpack Performance (R
max

): 100.9 TFlop/s [1]

• Theoretical Peak (R
peak

): 175.667 TFlop/s [1]

• No. 1 of the Green500 List in June 2013 [2]

Code package I: Quda

• “QCD on CUDA” [3, 4]
http://lattice.github.

com/quda

• Effort started at Boston University
in 2008, now in wide use as the
GPU solver backend for Chroma,
MILC, and various other codes.

• Various solvers for several dis-
cretizations, including multi-GPU
support and domain-decomposed
(Schwarz) preconditioners.

Code package II: cuLGT

• “CUDA Lattice Gauge Theory” [5]
http://www.cuLGT.com

• Evolved since 2010, developed in
Graz and Tübingen.

• Main focus lies on lattice gauge
fixing (Coulomb, Landau and
maximally Abelian gauge) but a
very general, object oriented in-
frastructure for lattice QCD calcu-
lations on GPUs is offered.
blablablablakhahd

Single GPU performance (Tesla K20)

• lattice size 324

• Quda: twisted mass conjugent gradient inverter (nondegenerate dou-
blet of quark flavours)

• cuLGT: Landau gauge fixing with the overrelaxation algorithm
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Figure 1: The different colors correspond to double precision (DP), mixed dou-
ble/single precision (DP/SP), single precision (SP) and mixed double/half precision
(DP/HP) (only Quda).

Comparison to IBM BlueGene/Q

• Fermi @ Cineca: BlueGene/Q (10.240 nodes with 16 cores each)

• Processor Type: IBM PowerA2, 1.6 GHz

• setup which is in production at Roma Tre:

– 323 ⇥ 64 lattice: twisted mass inverter with mixed double/single
precision and SSE vector instructions

– 128 Fermi nodes (2048 CPU cores)

• compare to:

– same lattice, equivalent inverter (Quda) with mixed double/half
precision

– one Eurora node (two GPUs)

• ratio of average time per inverter iteration:

t
Fermi

t
Eurora

=
0.009898s

0.017016s
= 0.58

Multi GPU performance

• Quda twisted mass inverter with one flavour of quarks

• double/half mixed precision and 12 parameter reconstruction
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Figure 2: Strong scaling for two different lattice sizes. On the left the total performance
and on the right the performance per GPU.

Conclusions

• GPUs can efficiently accelerate the main bulk of QCD simulations (large
matrix inversions)

• highly optimized software packages are available for many lattice QCD
problems (Quda, cuLGT, QDP-JIT and more)

• a single node of Eurora offers the same magnitude of performance as
128 nodes of the Fermi BlueGene/Q cluster for the inversions of lattice
sizes currently in production at Roma Tre

• weak point is the size of the memory: use as many nodes/GPUs as
necessary to accommodate the problem at hand

• our production setup (323 ⇥ 64 and 483 ⇥ 96, respectively) requires the
use of up to eight nodes (16 GPUs) to match the memory needs

• outlook: we will greatly profit from the larger memory of the Tesla K40
(fewer GPUs necessary to fit the problem).
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theorem (5.36) for each of the two flavors (compare also (5.54)). This step is
often referred to as fermion contraction.

The Dirac operators Du, Dd for u and d quark di�er only by the value
of the mass parameter (compare (5.51)). Often the small di�erence between
the u and the d quark masses is ignored and one uses Du = Dd, i.e., exact
isospin symmetry. It is, however, important to keep in mind that also in this
case, only Grassmann variables with equal flavor can be contracted with each
other.

The result in the last line of (6.12) has a simple interpretation: The propa-
gator D�1

u (n|m) propagates a u quark from space–time point m to the point n,
while the propagator D�1

d (m|n) transports a d quark in the opposite direc-
tion. Such a contribution is referred to as connected piece and is depicted in
the left-hand side plot of Fig. 6.1. We remark that each of the individual lines
in this figure symbolizes a collection of fermion lines (cf. Fig. 5.1).

In the correlator of an iso-singlet operator OS = (u�u + d�d)/
�

2, such
as (6.6), also another type of contribution appears. The fermion contractions
for this correlator are obtained by following the same steps as in (6.12),

�
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The first type of contribution are the connected pieces we have already dis-
cussed. However, one also gets propagators D�1

u (n|n), D�1

u (m|m) which trans-
port a u quark from a space time-point back to the same point. Such terms
are called disconnected pieces and are depicted in the right-hand side plot of
Fig. 6.1. Numerically these contributions need more computational e�ort and
higher statistics than the connected parts and many studies avoid considering
such mesons or drop the disconnected pieces.

We remark that the interpolator OT,Iz=0

= (u�u�d�d)/
�

2 for the Iz = 0
component of the iso-triplet di�ers from the singlet interpolator only by a
relative minus sign between the u and the d terms (compare (6.5) and (6.6)).
The corresponding correlator is like in (6.13), but with a minus sign in the
third term. In the case of exact isospin symmetry, Du = Dd, the disconnected
pieces cancel. The resulting correlator is the same as for the other members

• inclusion of disconnected quark loops in lattice QCD requires ab initio

the complete inversion of a rank � one million matrix

• clever algorithms lower this to 100-1000 solutions of linear equation sys-
tems per gaugefield configuration

• costs of the inversions still highly dominate the post gaugefield genera-
tion analysis

) adopt modern hardware to accelerate the inversions!

The Eurora cluster @ Cineca

.

• Eurora - Eurotech Aurora HPC 10-20

• Xeon E5-2687W 8C 3.100GHz

• Infiniband QDR

• 64 NVIDIA Tesla K20 (Kepler)

• 64 Intel Xeon Phi (MIC)

• Linpack Performance (R
max

): 100.9 TFlop/s [1]

• Theoretical Peak (R
peak

): 175.667 TFlop/s [1]

• No. 1 of the Green500 List in June 2013 [2]

Code package I: Quda

• “QCD on CUDA” [3, 4]
http://lattice.github.

com/quda

• Effort started at Boston University
in 2008, now in wide use as the
GPU solver backend for Chroma,
MILC, and various other codes.

• Various solvers for several dis-
cretizations, including multi-GPU
support and domain-decomposed
(Schwarz) preconditioners.

Code package II: cuLGT

• “CUDA Lattice Gauge Theory” [5]
http://www.cuLGT.com

• Evolved since 2010, developed in
Graz and Tübingen.

• Main focus lies on lattice gauge
fixing (Coulomb, Landau and
maximally Abelian gauge) but a
very general, object oriented in-
frastructure for lattice QCD calcu-
lations on GPUs is offered.
blablablablakhahd

Single GPU performance (Tesla K20)

• lattice size 324

• Quda: twisted mass conjugent gradient inverter (nondegenerate dou-
blet of quark flavours)

• cuLGT: Landau gauge fixing with the overrelaxation algorithm
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Figure 1: The different colors correspond to double precision (DP), mixed dou-
ble/single precision (DP/SP), single precision (SP) and mixed double/half precision
(DP/HP) (only Quda).

Comparison to IBM BlueGene/Q

• Fermi @ Cineca: BlueGene/Q (10.240 nodes with 16 cores each)

• Processor Type: IBM PowerA2, 1.6 GHz

• setup which is in production at Roma Tre:

– 323 ⇥ 64 lattice: twisted mass inverter with mixed double/single
precision and SSE vector instructions

– 128 Fermi nodes (2048 CPU cores)

• compare to:

– same lattice, equivalent inverter (Quda) with mixed double/half
precision

– one Eurora node (two GPUs)

• ratio of average time per inverter iteration:

t
Fermi

t
Eurora

=
0.009898s

0.017016s
= 0.58

Multi GPU performance

• Quda twisted mass inverter with one flavour of quarks

• double/half mixed precision and 12 parameter reconstruction
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Figure 2: Strong scaling for two different lattice sizes. On the left the total performance
and on the right the performance per GPU.

Conclusions

• GPUs can efficiently accelerate the main bulk of QCD simulations (large
matrix inversions)

• highly optimized software packages are available for many lattice QCD
problems (Quda, cuLGT, QDP-JIT and more)

• a single node of Eurora offers the same magnitude of performance as
128 nodes of the Fermi BlueGene/Q cluster for the inversions of lattice
sizes currently in production at Roma Tre

• weak point is the size of the memory: use as many nodes/GPUs as
necessary to accommodate the problem at hand

• our production setup (323 ⇥ 64 and 483 ⇥ 96, respectively) requires the
use of up to eight nodes (16 GPUs) to match the memory needs

• outlook: we will greatly profit from the larger memory of the Tesla K40
(fewer GPUs necessary to fit the problem).
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theorem (5.36) for each of the two flavors (compare also (5.54)). This step is
often referred to as fermion contraction.

The Dirac operators Du, Dd for u and d quark di�er only by the value
of the mass parameter (compare (5.51)). Often the small di�erence between
the u and the d quark masses is ignored and one uses Du = Dd, i.e., exact
isospin symmetry. It is, however, important to keep in mind that also in this
case, only Grassmann variables with equal flavor can be contracted with each
other.

The result in the last line of (6.12) has a simple interpretation: The propa-
gator D�1

u (n|m) propagates a u quark from space–time point m to the point n,
while the propagator D�1

d (m|n) transports a d quark in the opposite direc-
tion. Such a contribution is referred to as connected piece and is depicted in
the left-hand side plot of Fig. 6.1. We remark that each of the individual lines
in this figure symbolizes a collection of fermion lines (cf. Fig. 5.1).

In the correlator of an iso-singlet operator OS = (u�u + d�d)/
�

2, such
as (6.6), also another type of contribution appears. The fermion contractions
for this correlator are obtained by following the same steps as in (6.12),
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The first type of contribution are the connected pieces we have already dis-
cussed. However, one also gets propagators D�1

u (n|n), D�1

u (m|m) which trans-
port a u quark from a space time-point back to the same point. Such terms
are called disconnected pieces and are depicted in the right-hand side plot of
Fig. 6.1. Numerically these contributions need more computational e�ort and
higher statistics than the connected parts and many studies avoid considering
such mesons or drop the disconnected pieces.

We remark that the interpolator OT,Iz=0

= (u�u�d�d)/
�

2 for the Iz = 0
component of the iso-triplet di�ers from the singlet interpolator only by a
relative minus sign between the u and the d terms (compare (6.5) and (6.6)).
The corresponding correlator is like in (6.13), but with a minus sign in the
third term. In the case of exact isospin symmetry, Du = Dd, the disconnected
pieces cancel. The resulting correlator is the same as for the other members

• inclusion of disconnected quark loops in lattice QCD requires ab initio

the complete inversion of a rank � one million matrix

• clever algorithms lower this to 100-1000 solutions of linear equation sys-
tems per gaugefield configuration

• costs of the inversions still highly dominate the post gaugefield genera-
tion analysis

) adopt modern hardware to accelerate the inversions!

The Eurora cluster @ Cineca

.

• Eurora - Eurotech Aurora HPC 10-20

• Xeon E5-2687W 8C 3.100GHz

• Infiniband QDR

• 64 NVIDIA Tesla K20 (Kepler)

• 64 Intel Xeon Phi (MIC)

• Linpack Performance (R
max

): 100.9 TFlop/s [1]

• Theoretical Peak (R
peak

): 175.667 TFlop/s [1]

• No. 1 of the Green500 List in June 2013 [2]

Code package I: Quda

• “QCD on CUDA” [3, 4]
http://lattice.github.

com/quda

• Effort started at Boston University
in 2008, now in wide use as the
GPU solver backend for Chroma,
MILC, and various other codes.

• Various solvers for several dis-
cretizations, including multi-GPU
support and domain-decomposed
(Schwarz) preconditioners.

Code package II: cuLGT

• “CUDA Lattice Gauge Theory” [5]
http://www.cuLGT.com

• Evolved since 2010, developed in
Graz and Tübingen.

• Main focus lies on lattice gauge
fixing (Coulomb, Landau and
maximally Abelian gauge) but a
very general, object oriented in-
frastructure for lattice QCD calcu-
lations on GPUs is offered.
blablablablakhahd

Single GPU performance (Tesla K20)

• lattice size 324

• Quda: twisted mass conjugent gradient inverter (nondegenerate dou-
blet of quark flavours)

• cuLGT: Landau gauge fixing with the overrelaxation algorithm
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Figure 1: The different colors correspond to double precision (DP), mixed dou-
ble/single precision (DP/SP), single precision (SP) and mixed double/half precision
(DP/HP) (only Quda).

Comparison to IBM BlueGene/Q

• Fermi @ Cineca: BlueGene/Q (10.240 nodes with 16 cores each)

• Processor Type: IBM PowerA2, 1.6 GHz

• setup which is in production at Roma Tre:

– 323 ⇥ 64 lattice: twisted mass inverter with mixed double/single
precision and SSE vector instructions

– 128 Fermi nodes (2048 CPU cores)

• compare to:

– same lattice, equivalent inverter (Quda) with mixed double/half
precision

– one Eurora node (two GPUs)

• ratio of average time per inverter iteration:

t
Fermi

t
Eurora

=
0.009898s

0.017016s
= 0.58

Multi GPU performance

• Quda twisted mass inverter with one flavour of quarks

• double/half mixed precision and 12 parameter reconstruction
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Figure 2: Strong scaling for two different lattice sizes. On the left the total performance
and on the right the performance per GPU.

Conclusions

• GPUs can efficiently accelerate the main bulk of QCD simulations (large
matrix inversions)

• highly optimized software packages are available for many lattice QCD
problems (Quda, cuLGT, QDP-JIT and more)

• a single node of Eurora offers the same magnitude of performance as
128 nodes of the Fermi BlueGene/Q cluster for the inversions of lattice
sizes currently in production at Roma Tre

• weak point is the size of the memory: use as many nodes/GPUs as
necessary to accommodate the problem at hand

• our production setup (323 ⇥ 64 and 483 ⇥ 96, respectively) requires the
use of up to eight nodes (16 GPUs) to match the memory needs

• outlook: we will greatly profit from the larger memory of the Tesla K40
(fewer GPUs necessary to fit the problem).
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theorem (5.36) for each of the two flavors (compare also (5.54)). This step is
often referred to as fermion contraction.

The Dirac operators Du, Dd for u and d quark di�er only by the value
of the mass parameter (compare (5.51)). Often the small di�erence between
the u and the d quark masses is ignored and one uses Du = Dd, i.e., exact
isospin symmetry. It is, however, important to keep in mind that also in this
case, only Grassmann variables with equal flavor can be contracted with each
other.

The result in the last line of (6.12) has a simple interpretation: The propa-
gator D�1

u (n|m) propagates a u quark from space–time point m to the point n,
while the propagator D�1

d (m|n) transports a d quark in the opposite direc-
tion. Such a contribution is referred to as connected piece and is depicted in
the left-hand side plot of Fig. 6.1. We remark that each of the individual lines
in this figure symbolizes a collection of fermion lines (cf. Fig. 5.1).

In the correlator of an iso-singlet operator OS = (u�u + d�d)/
�

2, such
as (6.6), also another type of contribution appears. The fermion contractions
for this correlator are obtained by following the same steps as in (6.12),
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The first type of contribution are the connected pieces we have already dis-
cussed. However, one also gets propagators D�1

u (n|n), D�1

u (m|m) which trans-
port a u quark from a space time-point back to the same point. Such terms
are called disconnected pieces and are depicted in the right-hand side plot of
Fig. 6.1. Numerically these contributions need more computational e�ort and
higher statistics than the connected parts and many studies avoid considering
such mesons or drop the disconnected pieces.

We remark that the interpolator OT,Iz=0

= (u�u�d�d)/
�

2 for the Iz = 0
component of the iso-triplet di�ers from the singlet interpolator only by a
relative minus sign between the u and the d terms (compare (6.5) and (6.6)).
The corresponding correlator is like in (6.13), but with a minus sign in the
third term. In the case of exact isospin symmetry, Du = Dd, the disconnected
pieces cancel. The resulting correlator is the same as for the other members

• inclusion of disconnected quark loops in lattice QCD requires ab initio

the complete inversion of a rank � one million matrix

• clever algorithms lower this to 100-1000 solutions of linear equation sys-
tems per gaugefield configuration

• costs of the inversions still highly dominate the post gaugefield genera-
tion analysis

) adopt modern hardware to accelerate the inversions!

The Eurora cluster @ Cineca

.

• Eurora - Eurotech Aurora HPC 10-20

• Xeon E5-2687W 8C 3.100GHz

• Infiniband QDR

• 64 NVIDIA Tesla K20 (Kepler)

• 64 Intel Xeon Phi (MIC)

• Linpack Performance (R
max

): 100.9 TFlop/s [1]

• Theoretical Peak (R
peak

): 175.667 TFlop/s [1]

• No. 1 of the Green500 List in June 2013 [2]

Code package I: Quda

• “QCD on CUDA” [3, 4]
http://lattice.github.

com/quda

• Effort started at Boston University
in 2008, now in wide use as the
GPU solver backend for Chroma,
MILC, and various other codes.

• Various solvers for several dis-
cretizations, including multi-GPU
support and domain-decomposed
(Schwarz) preconditioners.

Code package II: cuLGT

• “CUDA Lattice Gauge Theory” [5]
http://www.cuLGT.com

• Evolved since 2010, developed in
Graz and Tübingen.

• Main focus lies on lattice gauge
fixing (Coulomb, Landau and
maximally Abelian gauge) but a
very general, object oriented in-
frastructure for lattice QCD calcu-
lations on GPUs is offered.
blablablablakhahd

Single GPU performance (Tesla K20)

• lattice size 324

• Quda: twisted mass conjugent gradient inverter (nondegenerate dou-
blet of quark flavours)

• cuLGT: Landau gauge fixing with the overrelaxation algorithm
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Figure 1: The different colors correspond to double precision (DP), mixed dou-
ble/single precision (DP/SP), single precision (SP) and mixed double/half precision
(DP/HP) (only Quda).

Comparison to IBM BlueGene/Q

• Fermi @ Cineca: BlueGene/Q (10.240 nodes with 16 cores each)

• Processor Type: IBM PowerA2, 1.6 GHz

• setup which is in production at Roma Tre:

– 323 ⇥ 64 lattice: twisted mass inverter with mixed double/single
precision and SSE vector instructions

– 128 Fermi nodes (2048 CPU cores)

• compare to:

– same lattice, equivalent inverter (Quda) with mixed double/half
precision

– one Eurora node (two GPUs)

• ratio of average time per inverter iteration:

t
Fermi

t
Eurora

=
0.009898s

0.017016s
= 0.58

Multi GPU performance

• Quda twisted mass inverter with one flavour of quarks

• double/half mixed precision and 12 parameter reconstruction
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Figure 2: Strong scaling for two different lattice sizes. On the left the total performance
and on the right the performance per GPU.

Conclusions

• GPUs can efficiently accelerate the main bulk of QCD simulations (large
matrix inversions)

• highly optimized software packages are available for many lattice QCD
problems (Quda, cuLGT, QDP-JIT and more)

• a single node of Eurora offers the same magnitude of performance as
128 nodes of the Fermi BlueGene/Q cluster for the inversions of lattice
sizes currently in production at Roma Tre

• weak point is the size of the memory: use as many nodes/GPUs as
necessary to accommodate the problem at hand

• our production setup (323 ⇥ 64 and 483 ⇥ 96, respectively) requires the
use of up to eight nodes (16 GPUs) to match the memory needs

• outlook: we will greatly profit from the larger memory of the Tesla K40
(fewer GPUs necessary to fit the problem).
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theorem (5.36) for each of the two flavors (compare also (5.54)). This step is
often referred to as fermion contraction.

The Dirac operators Du, Dd for u and d quark di�er only by the value
of the mass parameter (compare (5.51)). Often the small di�erence between
the u and the d quark masses is ignored and one uses Du = Dd, i.e., exact
isospin symmetry. It is, however, important to keep in mind that also in this
case, only Grassmann variables with equal flavor can be contracted with each
other.

The result in the last line of (6.12) has a simple interpretation: The propa-
gator D�1

u (n|m) propagates a u quark from space–time point m to the point n,
while the propagator D�1

d (m|n) transports a d quark in the opposite direc-
tion. Such a contribution is referred to as connected piece and is depicted in
the left-hand side plot of Fig. 6.1. We remark that each of the individual lines
in this figure symbolizes a collection of fermion lines (cf. Fig. 5.1).

In the correlator of an iso-singlet operator OS = (u�u + d�d)/
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2, such
as (6.6), also another type of contribution appears. The fermion contractions
for this correlator are obtained by following the same steps as in (6.12),
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The first type of contribution are the connected pieces we have already dis-
cussed. However, one also gets propagators D�1

u (n|n), D�1

u (m|m) which trans-
port a u quark from a space time-point back to the same point. Such terms
are called disconnected pieces and are depicted in the right-hand side plot of
Fig. 6.1. Numerically these contributions need more computational e�ort and
higher statistics than the connected parts and many studies avoid considering
such mesons or drop the disconnected pieces.

We remark that the interpolator OT,Iz=0

= (u�u�d�d)/
�

2 for the Iz = 0
component of the iso-triplet di�ers from the singlet interpolator only by a
relative minus sign between the u and the d terms (compare (6.5) and (6.6)).
The corresponding correlator is like in (6.13), but with a minus sign in the
third term. In the case of exact isospin symmetry, Du = Dd, the disconnected
pieces cancel. The resulting correlator is the same as for the other members

• inclusion of disconnected quark loops in lattice QCD requires ab initio

the complete inversion of a rank � one million matrix

• clever algorithms lower this to 100-1000 solutions of linear equation sys-
tems per gaugefield configuration

• costs of the inversions still highly dominate the post gaugefield genera-
tion analysis

) adopt modern hardware to accelerate the inversions!

The Eurora cluster @ Cineca

.

• Eurora - Eurotech Aurora HPC 10-20

• Xeon E5-2687W 8C 3.100GHz

• Infiniband QDR

• 64 NVIDIA Tesla K20 (Kepler)

• 64 Intel Xeon Phi (MIC)

• Linpack Performance (R
max

): 100.9 TFlop/s [1]

• Theoretical Peak (R
peak

): 175.667 TFlop/s [1]

• No. 1 of the Green500 List in June 2013 [2]

Code package I: Quda

• “QCD on CUDA” [3, 4]
http://lattice.github.

com/quda

• Effort started at Boston University
in 2008, now in wide use as the
GPU solver backend for Chroma,
MILC, and various other codes.

• Various solvers for several dis-
cretizations, including multi-GPU
support and domain-decomposed
(Schwarz) preconditioners.

Code package II: cuLGT

• “CUDA Lattice Gauge Theory” [5]
http://www.cuLGT.com

• Evolved since 2010, developed in
Graz and Tübingen.

• Main focus lies on lattice gauge
fixing (Coulomb, Landau and
maximally Abelian gauge) but a
very general, object oriented in-
frastructure for lattice QCD calcu-
lations on GPUs is offered.
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Single GPU performance (Tesla K20)

• lattice size 324

• Quda: twisted mass conjugent gradient inverter (nondegenerate dou-
blet of quark flavours)

• cuLGT: Landau gauge fixing with the overrelaxation algorithm
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Figure 1: The different colors correspond to double precision (DP), mixed dou-
ble/single precision (DP/SP), single precision (SP) and mixed double/half precision
(DP/HP) (only Quda).

Comparison to IBM BlueGene/Q

• Fermi @ Cineca: BlueGene/Q (10.240 nodes with 16 cores each)

• Processor Type: IBM PowerA2, 1.6 GHz

• setup which is in production at Roma Tre:

– 323 ⇥ 64 lattice: twisted mass inverter with mixed double/single
precision and SSE vector instructions

– 128 Fermi nodes (2048 CPU cores)

• compare to:

– same lattice, equivalent inverter (Quda) with mixed double/half
precision

– one Eurora node (two GPUs)

• ratio of average time per inverter iteration:

t
Fermi

t
Eurora

=
0.009898s

0.017016s
= 0.58

Multi GPU performance

• Quda twisted mass inverter with one flavour of quarks

• double/half mixed precision and 12 parameter reconstruction
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Figure 2: Strong scaling for two different lattice sizes. On the left the total performance
and on the right the performance per GPU.

Conclusions

• GPUs can efficiently accelerate the main bulk of QCD simulations (large
matrix inversions)

• highly optimized software packages are available for many lattice QCD
problems (Quda, cuLGT, QDP-JIT and more)

• a single node of Eurora offers the same magnitude of performance as
128 nodes of the Fermi BlueGene/Q cluster for the inversions of lattice
sizes currently in production at Roma Tre

• weak point is the size of the memory: use as many nodes/GPUs as
necessary to accommodate the problem at hand

• our production setup (323 ⇥ 64 and 483 ⇥ 96, respectively) requires the
use of up to eight nodes (16 GPUs) to match the memory needs

• outlook: we will greatly profit from the larger memory of the Tesla K40
(fewer GPUs necessary to fit the problem).
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on Eurora @ Cineca:  NVIDIA Tesla K20

better performance on large local volumes

(similar results on Galileo @ Cineca: 2 NVIDIA K80 per node)



LQCD on Intel MICs



Galileo @ Cineca

 516 Compute nodes:             
                                          

- 2 octa-core Intel(R) Xeon(R) CPU E5-2630 v3 @ 
2.40GHz per Compute node 

- 128 GB RAM per Compute node  

- 2 x 16GB Intel Xeon-Phi 7120P Accelerator per 
Compute node (on 384 nodes) 



LQCD MIC libs

Thomas Jefferson National Accelerator Facility

Introduction
• QPhiX Library implements 
- Wilson & Clover Dirac Operators

• D, A-1D   — “Dslash”

• A χ - b D ψ  — “aChiMBDPsi” -variant 

• Use these to assemble:   (1 - DD) or (A - DA-1D) Even-Odd Schur preconditioned 
operators

- Basic Solvers

• CG, BiCGStab, Iterative Refinement (for mixed precision)

• Written in C++
- Currently mostly geared to interfacing with QDP++/Chroma

• Additions from Alexei: Twisted Mass- support for IMCI, AVX, AVX2, AVX12, SSE and QPX instructions

- threads via openMP and multi-processing via MPI 

[Balint Joo (JLAB) & Intel]

tests of computing time needed for one “Dslash” inversion
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Figure 1: Twisted Mass 323 ⇥64 Xeon-Phi 7120P.
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Figure 2: Twisted Mass 323 ⇥64 Dual Socket Xeon Haswell E5-2630 2.4GHz AVX2.

performance to a run with a proxy [1] that has been made available to us by Parallel Computing
Lab, Intel Corporation. When running the code with the proxy, the latter will fully occupy one of
the compute cores. Loosing one of the 16 cores of the Dual Socket Xeon Haswell is too costly to
profit from optimized MPI communication (Fig. 4). On the Xeon-Phi (Fig. 3), on the other hand,
dedicating one of the 61 cores for communication pays off and weak scaling is better than without
proxy. The kernel reaches 18.2 Tflops on 64 devices.

4

Roma Tre & FNAL: arXiv 1510.08879

single node

strong scaling is OK for large local volumes

weak scaling is OK thanks to Intel’s MPI proxy 

performance ~ 60% of the Xeon-Phi

~ 80% of theor. peak bandwith

Accelerating Twisted Mass LQCD with QPhiX Mario Schröck
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Figure 5: Strong Scaling Twisted Mass Dslash SP Compression12 Dual Socket Xeon Haswell E5-2630
2.4GHz AVX2.
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Figure 6: Strong Scaling Twisted Mass Dslash HP Compression18 Dual Socket Xeon Haswell E5-2630
2.4GHz AVX2.
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Figure 3: Weak Scaling Twisted Mass Dslash SP 483 ⇥96 per device Xeon-Phi 7120P.

3.3 Strong scaling

In Figs. 5 and 6 we present the strong scaling behaviour of the Dslash kernel on Dual Socket
Xeon Haswell CPUs in single (SP) and half precision (HP), respectively, for a range of lattice
sizes (243 ⇥ 48, 323 ⇥ 64 and 483 ⇥ 96). While the strong scaling behaviour on the Xeon CPU
is resonable, the Xeon-Phis require a too large local volume (compared to today’s state of the art
lattice sizes) to reach high performance. On the largest lattice we reach 6.8 (14.1) Tflops in single
(half) precision on 64 nodes.

4. Summary

We have implemented Dslash and AChiMBDPsi kernels of the twisted mass fermion formu-
lation for the QPhiX library. The code passes the unit tests of the kernels, the full fermion matrix
(2.4) and the Conjugate Gradient algorithm. On the Xeon-Phi 7120P the Dslash kernel reaches
80% of the theoretical peak bandwidth and on a Dual Socket Xeon Haswell CPU with AVX2
generated code our QPhiX kernel outperforms the tmLQCD library by a factor of 4.9⇥ in single
precision (6.7⇥ when making use of half precision arithmetics). Thanks to Intel’s MPI proxy the
weak scaling behaviour is good not only on the Xeon CPUs but also on Xeon-Phis. While strong
scaling is good on the Xeon Haswell CPUs on our test machine, the Xeon-Phis require too large
local volumes for practical purposes at this stage.
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the SUMA project: post-docs

Several post-docs hired for (on average) 2 years

M. Brambilla (Parma, LGT)
E. Calore (Ferrara, LBE)
L. Scorzato (Trento, LGT)
A. Feo (Parma, Grav.)
G. Engel (Milano, LGT)
M. Schrock (Roma 3, LGT)
F. Negro (Pisa, LGT)
G. Caruso (Pisa, Programming)
F. Stellato (Roma 2, Q-Bio)
P. Vilaseca Mainar (Roma, LGT)
L. Riggio (Roma3, LGT)

The SUperMAssive (SUMA) INFN project for HPC

  

the SUMA project: access to HPC machines

An effort going into two different directions:

1) Agreements with large computing centres (CINECA)

Starting early 2010, access to 100 Mcore-hours / year on the CINECA 
Tier-0 machine (BG/Q) - (nicely matches  ~100 Mcore-hours / year 
from PRACE projects with INFN PIs)

SUMA has cofunded the CINECA Tier-1 Cluster (traditional multi-
core CPUs + GPUs + Intel/MIC, 1 Pflops peak)

Reserved use of  20% of the machine, i.e. ...
 (additional ~30 Mcore-hours BG/Q-equivalent)  

“progetto premiale” 2013-2015: ~ 1.5 ML euro

***** new INFN project, involving experiments and HPC, recently approved by CIPE *****

possible scenario

* 2-year project (2017-2018)

* ~ 3.5 - 4 ML euro for HPC machines

* ~ 0.9 ML euro for grants devoted to porting and optimization of parallelized codes

website: https://web2.infn.it/SUMA/

OUTLOOK

https://web2.infn.it/SUMA/
https://web2.infn.it/SUMA/
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Ecco il problema (1) + (limited) crystal ball

 - 

Dalla 

presentazione alla 

giunta ….             

GFlops

TFlops

PFlops

EFlops

Where we and the world have been, are and will be ...

courtesy of R. Tripiccione



  

 

Nel frattempo ….

 Al CINECA, upgrade da FERMI  MARCONI (from China with love)�

Giugno 2016:  2 Pflops (Cluster Intel Broadwell)

Settembre 2016: 2 Pflops (BW) + 11 Pflops (MIC[new gen])

Giugno 2017: 7 Pflops (Cluster) + 11 Pflops (MIC)

Warning: 4 Pflops “reserved” for Eurofusion

Money:  18 Pflops @ 26 M€  ~ 1.5 M€ / Pflops�
  [ +300 K€ /(Pflops year)  electricity bill] 

E dunque  �
 



Hardware comparison

[karlrupp.net]

http://www.karlrupp.net/wp-content/uploads/2013/06/gflops-sp.png
http://www.karlrupp.net/wp-content/uploads/2013/06/gflops-sp.png
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Most Recent Single Node Numbers
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• SP Clover Dslash on 2 GHz Sandy Bridge (S=8) with compression: 146 GF. Old Wilson Dslash was 35.8GF!
- NB: Old code used SSE, but was not memory friendly, nor did it employ compression.!

• DP on Xeon Phi ~ 0.5x SP as expected. !

• Results are competitive with GPUs.  

[Balint Joo (JLAB) & Intel]


