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1 A v an t-prop os

Les livrables T3.2 et T5.4 de l'ANR P ARA son t dus au mois T0+36 et on t des ob jectifs très con v ergean ts:

�rapp ort d'analyse de p erformance des algorithmes de LQCD a v ec bibliothèques optimisées". Les group es

en c harge de ces livrables on t tra v aillé en étroite collab oration et on t ab outi à une publication comm une

�Sim ulation of the Lattice QCD and T ec hnological T rends in Computation". Cette publication étan t in-

terdisciplinaire en tre l'informatique et la ph ysique, nous a v ons v oulu qu'elle soit di�usée dans ces deux

milieux. Elle doit paraître dans �Springer's Lecture Notes in Computer Science format", elle a été présen-

tée à �14th In ternational W orkshop on Compilers for P arallel Computers", et en paralèlle elle a èté dé-

p osée sur l'arc hiv e sp écialisée dans la QCD sur réseau sous le n uméro arXiv:0808.0391, accessible sur le site

h ttp://arxiv.org/abs/0808 .03 91 .

Cette publication rép ond aux exigences du pro jet P ARA en ce qui concerne la QCD sur réseau (LQCD)

et elle v a même au delà dans la mesure où elle prèsen te une étude comparativ e détaillée du p ortage d'un

co de-t yp e de LQCD sur di�éren tes arc hitectures et, basé sur cette étude, l'equisse de ce que p ourrait être

l'arc hitecture p eta�opique p our la LQCD. Nous a v ons donc décidé de présen ter cette publication comme

livrable comm un T3.2 et T5.4, c'est à dire comme bilan détaillé de l'activité de P ARA dans le domaine de

la LQCD.

Abstract. Sim ulation of Lattice QCD is a c hallenging computational problem. Curren tly , tec hnological

trends in computation sho w m ultiple div ergen t mo dels of computation. W e are witnessing homogeneous

m ulti-core arc hitectures, the use of accelerator on-c hip or o�-c hip, in addition to the traditional arc hi-

tectural mo dels.

On the v erge of this tec hnological abundance, assessing the p erformance trade-o�s of computing no des

based on these tec hnologies is of crucial imp ortance to man y scien ti�c computing applications.

In this study , w e fo cus on assessing the e�ciency and the p erformance exp ected for the Lattice QCD

problem on represen tativ e arc hitectures and w e pro ject the exp ected impro v emen t on these arc hitec-

tures and their impact on p erformance for Lattice QCD. W e additionally try to pinp oin t the limiting

factors for p erformance on these arc hitectures.

2 In tro duction

Quan tum c hromo dynamic (QCD) is the theory of strong in teraction in the domain of subn uclear ph ysics.

Lattice QCD (LQCD) is a n umerical metho d based on QCD �rst principles, the only one able to compute
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reliably man y quan tities of high scien ti�c relev ance. It is based on a discretization of space time and a Mon te-

Carlo metho d. The system b eing an extremely complex one and the n um b er of degrees of freedom b eing of

the order of a billion to da y , a n um b er promised to increase in the future, LQCD needs hea vy , e�cien t and

c heap enough computing to ols (hardw are and soft w are).

The goal of the calculation is to pro duce, according to a giv en probabilit y la w resulting from the theory ,

a wide statistical sample of �gauge con�gurations,� eac h of whic h b eing a large �le of complex n um b ers.

Although using e�cien t algorithms whic h will b e describ ed in the next section, it requires a v ery large

amoun t of computing p o w er.

Sim ulation of this theory is one of the grand c hallenge problems in part b ecause of the small p ercen tage

of the computation load usually b eing observ ed on most computing arc hitectures. Assessing the p erformance

and e�ciency on new arc hitectures, and based on di�eren t algorithmic represen tation of this problem, is

imp ortan t to get closer to the computational p o w er needed for this problem. This computation tends to

ha v e lo w utilization and e�ciency on most general-purp ose computing facilities, leading to ine�cien t p o w er

consumption and unrealistic demands on the n um b er of required computational no des. So far building a

sp ecial mac hine for sim ulating the Lattice QCD problem has b een a widely used approac h [1 ,2,3 ]. The

motiv ation to build sp ecialized computing facilities, despite all the asso ciated o v erheads, is the enormous

computational p o w er needed in addition to the sp ecial c haracteristics of the computation of the Lattice

QCD.

F or this problem, an optimal computing no de should o�er supp ort for complex arithmetic instructions,

large register �le, SIMD instructions, soft w are con trolled cac he managemen t and balanced memory band-

width and comm unication bandwidth to the computational p o w er. Multiple successful balanced designs w ere

historically build for Lattice QCD [1,2,3 ], but the o v erhead of design and main tenance is usually high. Build-

ing out of commo dit y comp onen ts that b est �t the problem c haracteristics is a v ery attractiv e alternativ e, but

it requires a careful analysis of the problem, together with the analysis of the large sp ectrum of arc hitectural

alternativ es.

Curren tly , the driving forces for computer arc hitecture push m ultiple tec hnologies with no clear con v er-

gence to p erformance/p o w er o v erall winner. W e in tend to explore these tec hnologies, guided b y the com-

putational requiremen ts of the Lattice QCD. As it is extremely di�cult to exhaustiv ely exp erimen t all the

emerging tec hnologies, w e c ho ose to fo cus on t w o groups of tec hnologies:

� Gener al-purp ose homo gene ous no des: w e describ e our e�orts to assess the trade-o�s of implemen ting

the Lattice QCD computation on di�eren t arc hitectures. W e mainly fo cused on Itanium and P en tium

arc hitectures. These t w o arc hitectures represen t t w o ma jor design alternativ es in general purp ose com-

puting. The EPIC arc hitecture for Itanium pro cessor relies on the compiler in managing instruction

parallelism, while the sup erscalar arc hitecture for the P en tium pro cessor relies on hardw are managemen t

of instruction parallelism. Both arc hitectures are deplo y ed successfully to build highly scalable mac hines.

� Heter o gene ous c omputing no des: w e in v estigate the use of sp ecialized accelerators to impro v e the p erfor-

mance of a computing no de. The �rst alternativ e w e explored is the use of In tel Xeon pro cessor assisted

b y a G80 NVIDIA graphic card as an accelerator, a heterogeneous m ulti-c hip alternativ e. The second

alternativ e w e explored is based on in tegrating accelerators with the main pro cessor on c hip, pro viding

a heterogeneous system-on-c hip kind of arc hitectures. A go o d represen tativ e of this arc hitecture is the

IBM Cell broadband engine.

The ob jectiv e of this study is to compare future tec hnologies prosp ect for the sim ulation of Lattice QCD.

W e do not seek a generalized comparativ e study of all future arc hitectural trends; w e target the comparison

based on the requiremen ts for the sim ulation of the Lattice QCD computations.

Our study rev eals that the p erformance of the Lattice QCD computation can b e greatly impro v ed using

sp ecialized accelerators. More imp ortan tly , w e predict that the im balance of the computational p o w er to

comm unication bandwidth for the Lattice QCD will remain an obstacle for all the studied arc hitecture.

E�cien t usage of the computational p o w er will rely hea vily on the lev el of explicit resource managemen t

that a particular hardw are will o�er.
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The rest of this pap er is organized as follo ws: Section 3 in tro duces the Lattice QCD problem and its

ph ysical form ulation. Section 4 in tro duces analysis of the p erformance of single no de based on v arious ar-

c hitectural alternativ es. Section 5 discusses the needed impro v emen ts in the p erformance of the discussed

arc hitectures and con trast it with their exp ected or planned ev olution. Section 6 discusses the p erformance

impact of the comm unication arc hitecture for a large scale system. Section 7 concludes this w ork.

3 The Problem of LQCD

In Lattice QCD, the four-dimensional space-time con tin uum is sim ulated b y a four-dimensional lattice, of

length resp ectiv ely X; Y; Z; T in the four directions, with quark quan tum �elds on eac h lattice site and gluon

quan tum �elds represen ted b y SU(3) matrices on eac h link b et w een these sites. SU(3) refers to 3� 3 unitary

matrices of complex n um b ers of unit determinan t. The 3-dimensional space in whic h these matrices act is

referred to as the space of the three quark �colours". The spinors are represen ted b y four SU(3) v ectors,

eac h comp osed of three complex v ariables. The calculation aims at computing the a v erage v alues of ph ysical

quan tities, whic h are functions of these �elds, according to a probabilit y distribution also dep ending on the

�elds, and deriv ed b y a discretization pro cedure from the basic QCD Lagrangian. This a v erage is tak en o v er

the full space of all the p ossible v alues of the �elds. This space is kno wn as the �eld con�guration space.

The in tegration of quark �elds is done formally , leading to a complicated non-lo cal probabilit y distribution:

the determinan t of the v ery large �Dirac op erator� matrix, whic h dep ends only on the gluon �elds. The

probabilit y la w is describ ed b y a complicated expression dep ending only on the gluon �elds i.e. the SU(3)

matrices. W e call gauge con�guration a set of SU(3) matrice matrices de�ned on all links. The probabilit y

la w is th us de�ned in the space of gauge con�gurations.

F or large lattices the space of gauge con�gurations is a v ariet y with dimensionalit y of the order of

billions. Only a Mon te-Carlo metho d allo ws suc h a h uge calculation. T o estimate the a v erage v alues of the

ph ysical quan tities w e need represen tativ e samples of gauge con�gurations (sa y ab out 5000) for ev ery set of

parameters, generated according to the ab o v e-men tioned probabilit y la w. The Hybrid Mon te-Carlo (HMC)

algorithm [4], or v arian ts of it suc h as the P olynomial HMC (PHMC), the Rational HMC (RHMC), is used

to generate these samples. This is a v ery hea vy calculation. In the follo wing discussion, w e will consider an

HMC implemen tation ac hiev ed b y the ETMC collab oration [5 ,6].

The run is decomp osed in to �tra jectories,� whic h are indeed tra jectories of a complex dynamical system

dep ending on the SU(3) matrices. Eac h tra jectory leads from one gauge con�guration to the next one of our

sample. The Hamiltonian of this system is devised in suc h a w a y as to generate gauge con�gurations with

a large enough probabilit y . A t the end of the tra jectory a Metrop olis test ensures the correct probabilit y

la w. The tra jectory is divided in to steps. After ev ery step the gauge con�guration is up dated. During the

step, the gauge con�guration sta ys unc hanged. The algorithm manipulates ob jects named �Wilson spinors.�

One Wilson spinor is comp osed b y a spinor (12 dimensional complex v ector) on ev ery lattice site. During

the step, whic hev er v arian t of the algorithm b eing used, there is an iteration of the m ultiplication of a large

�Wilson spinor� b y the large matrix named �Dirac op erator� leading to an output �Wilson spinor�. This part

is linear algebra and it is the most time-consuming part of the algorithm.

The m ultiplication of the Wilson spinor b y the Dirac Op erator is mainly p erformed in the ETMC co de

b y a routine named �Hopping_Matrix�, whic h is con tributing ab out 90% of the total execution time [7].

Wilson spinors as w ell as the gauge con�gurations are v ery large arra ys. As w e shall see the ma jor problem

to pro duce e�cien t computations is to ensure fast enough data transfer to and from the computing units. It is

w orth noticing that the stabilit y of the gauge con�guration, during v ery man y iterations of the m ultiplication

of Wilson spinors b y the Dirac op erator, al lows a signi�c ant r e duction of the data to b e tr ansferr e d if one

manages to ke ep the SU(3) matric es in some kind of fast ac c ess memory close to the c omputing units . This

is not easy in general b ecause the gauge matrices constitute rather large arra ys.

The m ultiplication of the Wilson spinor b y the Dirac op erator is expressed in form ula (1): the actions

of the Dirac op erator in v olv es a sum o v er quark �spinors� (  (i ) ) m ultiplied b y a gluon �eld ( U� (i ) ) through

the spin pro jector.

� (i ) =
X

� = x;y;z;t

�
� � U� (i ) ( I � 
 � )  (i + �̂ ) + � �

� Uy
� (i � �̂ ) ( I + 
 � )  (i � �̂ )

	
(1)
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where � x = � y = � z = � and � t = � expi�=T , � is the "hopping parameter" and the phase expi�=T
expresses the an ti-p erio dic b oundary conditions in the time direction. The gluon �eld SU(3) matrices are

lab elled b y their starting site and the space-time direction of the link on whic h it is de�ned.

The co de w e consider con tains t w o v arian ts of the algorithm. The �rst one named �full-spinor� corresp onds

to the direct application of equation (1), while the second named �half-spinor� pro cesses via t w o phases whic h

can b e expressed b y the follo wing set of equations: First phase (K series):

� � (i; +) = � � U� (i ) ( I � 
 � )  (i + �̂ ) � � (i; � ) = ( I + 
 � )  (i � �̂ ) (2)

second phase (L series):

� (i ) =
X

� = x;y;z;t

� � (i; +) + � �
� Uy

� (i � �̂ )� � (i; � ): (3)

The pros and cons of b oth v arian ts dep end on the arc hitecture and will b e discussed later.

In the next sections w e will presen t studies on n umerous arc hitectures and lattice sizes. Our general goal

is the P eta�op as justi�ed in section 5. W orking on one no de w e ha v e in mind di�eren t sublattices according

to di�eren t p ossible decomp ositions of the full lattice. W e also v aried the lattice size in order to highligh t

the role of the di�eren t arc hitectural comp onen ts (e.g., cac he size, etc).

4 The P erformance of a Single Computing No de

The p erformance of lattice QCD on a m ultipro cessor mac hine relies hea vily on the p erformance of the indi-

vidual computing no des. In this section, w e will start b y outlining the arc hitecturally indep enden t attributes

of the Hopping_Matrix routine that will in teract with the arc hitectures under in v estigation. W e will then

discuss the p erformance based on these individual no des in separate sections.
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½ Compute 
Z-direction 

P
ar
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l l
oo

p

Outputs

Intermediate ,

Intermediate ,

Fig. 1. Computation sc hemes of the Hopping_Matrix routine based on the full-spinor and the half-spinor

v ersions.
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In the Hopping_Matrix routine, the computation of the spinor in v olv es 1608

8

�oating-p oin t op erations

p er lattice site touc hing 360 �oating-p oin t v ariables. W e fo cus on the t w o implemen tations already men tioned,

the full-spinor and the half-spinor ones. The full-spinor v ersion pulls all the data needed to compute an

output spinor from all surrounding sites. These data include the gauge �eld links and the spinors. In eac h

call of the Hopping_Matrix routine, the gauge links sho w non-redundan t regular access, while reads of the

surrounding spinors usually carry redundancy and irregularit y of access b ecause eac h input spinor app ears

in the computation of eigh t di�eren t output spinors. T o solv e this problem in accessing data, the half spinor

v ersion carries the computation in t w o phases. In the �rst phase, eac h input spinor is visited once and the

computations related to all the surrounding spinors are pushed to the surrounding spinors in in termediate

half-spinor structures. W riting of the output half-spinors is aligned to optimize the access pattern in the

second phase. In the second phase, the results of the �rst phase are used to compute the output spinors. The

access of the half-spinors in termediate structure is more regular. The adv an tage of the half-spinor v ersion is

that irregular pattern of access is asso ciated with the writes of the �rst phase and not with data reads. In

most general-purp ose arc hitectures, memory reads are more critical to p erformance. On the other hand, the

accessed data are increased b y ab out 7% for the half-spinor v ersion compared with the full-spinor v ersion.

Figure 1 sho ws four co de v arian ts of the co de explored in this study . The computation can b e decomp osed

in to t w o phases of computation, in the half-spinor v ersion. A dditionally , the computation can b e further

decomp osed based on the n um b er of space directions. Figure 2 depicts the t w o main phases of the half-

spinor computation that allo w friendlier cac he b eha vior on pro cessors with cac he hierarc h y .

 !"#$"!%&
'("&)*+'#$,-.*+!&/#*0&1&"2"+&!$'"!&3,4-"5&

'*&*66&!$'"!&3#"65&$!&)*07-'"6&8+6&
!'*#"6&$+'*&(84/9!7$+*#&68'8&

:!"#$"!%&
'("&)*+'#$,-.*+!&!'*#"6&

$+'*&1&(84/9!7$+*#!&
8#"&#"-!"6&

8+6&0"#;"6&
'*&,-$46&

<+84&!7$+*#&68'8&&

Fig. 2. Hopping_Matrix is splitted in to t w o phases, Kseries (phase one), then Lseries (phase t w o) with

almost balanced co de, data, CPU time.

F or pro cessors with normal cac hes, e.g. Itanium and P en tium, w e will fo cus on the half-spinor v ersion

b ecause of its p erformance adv an tage, for computing no des using accelerators w e will explore b oth tec hniques.

The most dominan t attribute of Hopping_Matrix computation that a�ects p erformance is the lo w compu-

tation to memory access ratio, as sho wn in Figure 3. This analysis assumes no temp oral lo calit y in in ter-calls

to the Hopping_Matrix routine. This assumption is v alid taking in to accoun t the large fo otprin t asso ciated

with reasonable lattice size, in addition to the alternations in the computation b et w een m ultiple input data

on consecutiv e calls to the routine.

This computation to memory access ratio do es not exceed 1.05 double precision �oating p oin t op erations

p er b yte. This ratio is usually as lo w as 0.56 FP/b yte if the lattice data is not cac hed. In con trast, reuse

of data is related to the data size for dense matrix-matrix m ultiplication, though it is partly exploited

8

This n um b er is larger than the commonly quoted 1320 �ops p er site, the di�erence b eing due to the m ultiplication

b y the factor � � in eq. (1).
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using blo c king due to limited cac he sizes. Cac hing the lattice data is di�cult to ac hiev e b ecause w e tend

to c ho ose bigger lattice to mitigate the cost of comm unication b et w een no des. The Lattice QCD problem

requires dividing the lattice among man y co op erating no des, whic h need to comm unicate results. T o o v ercome

the disparit y b et w een the comm unication bandwidth and the computational p o w er of the pro cessing no de,

w e tend to increase the sublattice size p er no de. The computation gro ws linearly with v olume while the

comm unication gro ws linearly with the surface. Figure 3 sho ws that impro ving (increasing) the computation

to comm unication ratio linearly requires exp onen tial gro wth in the required memory space.

Fig. 3. Summary of the attributes of the Hopping_Matrix routine in terms of memory requiremen ts, densit y

of computation to access and access pattern.

Another w orth noting attribute is that the gauge �eld constitutes ab out 75% of the data accessed (static

memory fo otprin t) compared with 12.5% for input spinors. A t run time for the full-spinor v ersion, the input

spinors v ector represen ts 55% of the dynamically accesses data with the least regular access pattern b ecause

of the spin-pro jection op erator. F or the half-spinor v ersion, most of the accessed data at run time b elongs to

the in termediate data structures carrying the half-spinor data.

In the follo wing subsections, w e presen t our study �rst on the use of homogenous computing no des

based on P en tium and Itanium pro cessors, then, on the use of heterogeneous no des where a general purp ose

pro cessor is assisted b y a sp ecial accelerator to sp eedup �oating p oin t computations. W e sp eci�cally presen t

our study on the use of Nvidia GPU assisting an In tel Xeon pro cessor and the use of the IBM Cell BE.

4.1 Baseline Co de - P en tium4

In order to ha v e a base of comparison, the p erformance of the HMC/ETMC co de is measured on an In tel

Xeon Prescott pro cessor at 3.2GHz with 16KB L1 and 1MB L2 (using one core).

The HMC/ETMC co de comes with an optimized v ersion for SSE SIMD instructions. These are v ector

instructions able to p erform 2 double precision op erations in one single instruction issue. As a matter of

fact the use of SIMD SSE P en tium instructions is explicit in the co de, b y the use of dedicated in trinsics. It

basically addresses the computations on the spinor v ectors (complex v ectors of size 3).

P erformance ha v e b een measured on t w o input data sets. The �rst one is a lattice of size 44
. The second

one is a lattice of size 163 � 32. P erformance results are describ ed in Figure 4 for t w o v ersions, with and

without SSE. First, based on the n um b er of �oating p oin t op erations at eac h lattice site (see Section 4) -

1608 op erations p er site -, the clo c k cycle coun ter and the frequency of the P en tium (3.2GHz), w e found

that the sp eed of the original co de is ab out 2.3 GFlops for the 44
lattice and 1.5 GFlops for the 163 � 32

lattice when using the SSE instructions. This means that the original co de P en tium v ersion is already highly

optimized (p eak p erformance is 6.4 GFlops in double precision). The b etter p erformance for the smaller

lattice is probably due to data reuse that cannot b e exploited so w ell with the large size.
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Fig. 4. P erformance in GFlops of Hopping_Matrix

on 3.2GHz P en tium4 Prescott, with and without

SSE and for di�eren t lattice sizes.
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Fig. 5. P erformance in GFlops of original Hop-

ping_Matrix and tiled v ersion on 1.6GHz Mon tv ale

Itanium2 for di�eren t lattice sizes.

4.2 Itanium Arc hitecture

W e ev aluate p erformance of the original HMC co de on an In tel Itanium Mon tv ale pro cessor at 1.67 GHz,

with 256KB L2 and 12MB L3 (on a single core).

In the original v ersion, Hopping_Matrix runs one lo op for eac h of the t w o half-spinor computation, one

lo op for all directions on the o dd sites, then one lo op for all directions on the ev en sites (Figure 1.B). The

original co de su�ers from t w o main de�ciencies on Itanium arc hitecture:

� Analysis of the compiler generated assem bly co de [8 ] sho ws that the compiler has di�cult y optimizing

the whole basic blo c k of the lo op. T o o man y instructions and a to o high register pressure prev en t the

compiler for instance to soft w are pip eline the lo op. This has a high impact on Itanium arc hitecture.

� While some data (in particular the gauge �elds) are reused through the computation, the size of the

v olume prev en ts data from sta ying in cac he b et w een t w o uses.

Note that there is no SIMD co de for Itanium, unlik e for P en tium, the co de considered is plain C co de.

This leads to t w o transformations: eac h lo op of the t w o phases is tiled so that data within a tile sta ys in

cac he, and the tiled lo op is split for all directions of computation in order to enhance the qualit y of compiled

co de. Figure 1.D sho ws the structure of the resulting co de: eac h of the t w o parallel lo ops are tiled and the

half-computations corresp onding to eac h direction within eac h of these lo ops are executed sequen tially .

Figure 5, on the left, sho ws p erformance of the t w o v ersions w.r.t. lattice sizes. F or a small lattice of

size 44
, all the data �t in L2 cac he, tiling only in tro duces o v erhead and p erformance reac hes 3:2 GFlops

(p eak p erformance is at 6.4 GFlops in double precision). F or a medium size lattice of size 83 � 16, the data

is still in L3 but no longer in L2. There is a ligh t p erformance impro v emen t of the tiled v ersion, that nearly

reac hes 3 GFlops. Finally , when the lattice is to o large ev en for L3 cac he, the tiled v ersion outp erforms the

original co de b y 60%. The e�ect of tiling reduces the impact of L3 cac he misses but as the reuse factor is lo w

(b et w een 2 and 3) and do es not gro w with the lattice v olume, memory accesses still driv e the p erformance

for large enough lattices.

The o v erall p erformance gain for the whole HMC co de reac hes 40% sp eed up for a 163 � 32 lattice. The b est

tile size for the arc hitecture has 128 iterations and corresp onds to a maxim um usage of the cac he hierarc h y .

4.3 Computing No de Based on CPU Assisted b y a GPU A ccelerator

The use of GPUs for scien ti�c computing is curren tly under in v estigation b y man y researc h groups and giv es

v ery promising results for man y scien ti�c applications [9 ]. W e in v estigated the use of NVIDIA G80 GTX
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graphic card GPU b oard hosted on a serv er of quad-pro cessor In tel Xeon pro cessor at 1.86GHz, 4MB L2

cac he. The NVIDIA G80 GTX GPU is comp osed of 16 m ultipro cessors that are in terconnected to bank ed

DRAMs through an impressiv e bandwidth of 78.6 GB/s. Figure 6 depicts the la y out of connecting a GPU

accelerator to a CPU through a PCI Express bus.

Fig. 6. Computing no de based on a CPU assisted b y a GPU accelerator.

The parallelization pro cess for GPUs is traditionally done based on v endor compiler. Expressing problem

is facilitated with the adv en t of general-purp ose programming tec hnology , suc h as CUD A [10 ] b y NVIDIA [11 ].

Ev en though parallelization is done through the compiler, the programmer carries the resp onsibilit y of

transforming the co de in a w a y that enables e�cien t parallelism. A m ust-do transformation is to remo v e

con trol-�o w instructions whenev er p ossible. F or con trol-�o w v ariables with limited outcomes, lo okup tables

can b e used or redundan t computation in conjunction with masking to in tro duce con trol-�o w free co de.

These tec hniques can pro v e e�ectiv e in assisting the generation of SIMD op erations.

In our implemen tation, w e explored the e�ect of w ork gran ularit y on p erformance. The gran ularit y one

thread impacts on the resources allo cated to this thread, in particular concerning the n um b er of registers

(8192 for NVIDIA 8800 GTX). Apparen tly , the Cuda compiler tries not to reduce the amoun t of parallelism

b elo w 64 threads, assigning at most 128 ph ysical registers p er thread. Among alternativ es explored, w e tried

the half-spinor v ersion and the full spinor v ersion. F or b oth v ersions, either eac h thread carries the resp onsi-

bilit y of the whole computation of an output spinor (coarse-grained implemen tation) or the computation is

divided among 16 threads of computation, based on the n um b er of the dimension of the space. Eac h thread

iterates through m ultiple sites of the output spinor arra y . The coarser the thread computation the more the

stress on the resources b ecause more resources are needed to reduce the pressure on memory . Giv en that the

memory access latency on GPU in the range of 400-600 cycles, it is necessary to reduce the memory access

frequency , esp ecially since the cac hing within the GPU is sev erely limited in size.

F or Hopping_Matrix computation, w e noticed the less the gran ularit y of the w ork assigned to the thread

the b etter the p erformance ac hiev ed. Figure 7 sho ws the e�ect of gran ularit y c hoice on p erformance. Num b er

of threads p er m ultipro cessor is set to 64 (higher n um b er fail to launc h for coarse-grained tasks b ecause of

the excessiv e resources required). W e exp erimen ted the t w o v ersions of the computation half-spinor and

full-spinor, discussed in Section 4.

F or coarse-grained v ersions, ev en with the increased memory pressure, the half-spinor v ersion (t w o threads

p er spinor computation) pro vides a b etter p erformance compared with the full-spinor (one thread p er spinor

computation). When the spinor computation are split among 16 threads (of �ne-gran ularit y) for b oth the

half-spinor and the full-spinor tec hniques, the full-spinor v ersion b ecome b etter than the half-spinor v ersion

b ecause the former has less frequency of accessing the memory .

The bandwidth of the host CPU memory to the GPU memory has critical impact on p erformance.

Although, the gauge �eld is constan t across iterations (need not to b e exc hanged), the input and the output
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spinors constitute 25% of the data accessed in the computation. Mo ving these spinors data bac k and forth

b et w een the GPU and the host pro cessor is of signi�can t cost on p erformance. The lo w densit y of computation

compared with exc hanged data causes the comm unication o v erhead b et w een the GPU and CPU to moun t

to 40% of the total execution time ev en for a large lattice size of 323 � 32.

T o impro v e the ratio of �oating p oin t op erations to data exc hanged, w e allo cated some of the arra ys that

are used to hold the in termediate spinor computation to the GPU memory . Using this tec hnique, w e reduced

the data exc hange frequency to one fourth and the con tribution of data comm unication to total execution

time is lo w ered to 11%. This tec hnique requires comm unicating the computed spinors less frequen tly in a

m ulti-no de implemen tation.

Figure 8 sho ws that increasing the sublattice size impro v es the p erformance up to a certain exten t. Using

in termediate spinor arra ys to do m ultiple step of the Hopping_Matrix reduces the spinor memory exc hange

o v erhead b et w een the CPU memory and the GPU memory . The p erformance ac hiev ed is ab out 6.2 G�ops

in single precision. The e�ciency of Lattice QCD computation on GPUs is in the range of 3-4% of the p eak

p erformance b ecause of the lo w reuse of data and the complexit y of the data access pattern that increases

con�icting accesses of the GPU memory banks.

4.4 Computing No de Based on the Cell BE

On the Cell BE, w e explored again b oth the half-spinor and the full-spinor implemen tations of the Wilson-

Dirac op erator. T w o data la y outs are considered: small lattices that can �t in the lo cal store and large lattices

that are stored in the main memory and DMA ed to the lo cal store in c h unks.

Cell broadband engine (BE) is a unique arc hitecture in in tegrating sp ecialized accelerator pro cessors,

called synergetic pro cessing elemen t SPE, to the main P o w erPC based pro cessor. Eac h SPE has a limited

memory , called lo cal store, large register �le of 128 16-b yte registers and a sp ecialized SIMD pro cessing

elemen t. The c hip in tegrates XDR memory con troller in addition to FlexIO con troller. This in tegration leads

to a bandwidth to the memory up to 25.6 GB/s. Figure 9 outlines the main comp onen ts of the Cell BE.

The Cell BE is kno wn for b eing di�cult to program partly b ecause of the detailed con trol it giv es to

the programmer o v er memory managemen t of the di�eren t address spaces of SPEs and the main memory .

Sp ecial DMA calls are usually required to con trol data transfers. T ransforming co de to p erform e�cien tly in

SIMD mo de is an additional traditional obstacle to exploit SPE pro cessors. Relying on compiler is an option

that is y et to mature for this kind of arc hitecture. The limited lo cal store size and its separate address space
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add an additional dimension to the complexit y of accessing the data. As the data assigned to a computing

no de will not �t in the lo cal store, subset of the data needs to b e brough t to the lo cal store for pro cessing.

Fig. 9. Computing No de based on accelerator on c hip, represen ted b y IBM Cell BE.

T w o options exist in bringing data: The �rst divides the sublattice assigned to the Cell BE in to further

smaller sublattices with the p ossible data exc hanges b et w een SPEs. The second option divides the compu-

tation in to frames of data, where SPEs do not need to comm unicate data. The �rst alternativ e, whic h will

b e presen ted with the half-spinor implemen tation in this w ork, ha v e the p oten tial of reducing the pressure

on the memory bandwidth. On the other hand, it requires frequen t comm unication b et w een the SPEs and

more sync hronization of p oin ts. The second alternativ e, whic h will b e presen ted with the full-spinor imple-

men tation, requires less sync hronization and data exc hange b et w een SPEs, but ma y su�er from some lost

opp ortunities in reusing data accessed b y the neigh b oring SPEs. The little reuse of the data in the Lattice

QCD computation encourages making this trade-o�.

Implemen tation based on Half-spinor v ersion All SU3 ob jects (v ectors, matrices) ha v e b een trans-

formed in to 4-w a y complex DP v ectors and 4x4 complex matrices to allo w for an easy SIMDization using

SPU in trinsics. This is costly in additional �ops (2656 instead of 1608) but allo ws, b ey ond direct measure-

men ts, a simple grasp on di�eren t scenarios dep ending on the size of the lo cal store. It is assumed that 4K

sites are lo cated on eac h SPU and 128K sites on eac h CELL. Double bu�ering is alw a ys used across these

scenarios. They are :

S1 : v ery small curren t lo cal store size, all of Wilson spinor, gauge matrix and half spinors ha v e to b e mo v ed

in or out to/from main memory for eac h site b et w een b oth phases ;

S2 : half spinor will b e k ept in the lo cal store memory (or v ery close to it) ;

S3 : the gauge matrix will b e k ept in to LS or around ;

S4 : b oth the half spinor and gauge matrix can b e allo cated in to lo cal store (the 'Golden Cell').

The outcome is that scenario S1 demands a bandwith v alue w ell ab o v e the a v ailable lo cal store to main

memory bandwidth (3.2 GB/sec/spu), leading to a degraded SPU p erformance (1.8 GFlop/sec/spu instead

of 2.4 for other scenarios). Scenario S3 is v ery in teresting, ev en if it do es require an extra e�ort ab out lo cal

store size increase : it is w orth reminding that the Gauge Matrices remain constan t o v er man y calls of the

Hopping_Matrix routine.

Implemen tation based on the full-spinor v ersion SIMDizing the co de requires aligning the data in a

w a y that can b e accessed with the least n um b er of data sh u�es. Eac h spinor is accessed in eigh t di�eren t

con texts (due to the spin pro jection op erator in Equation (1) dep ending on the space direction. Eac h access

in v olv es di�eren t op erations and memory access pattern for the real and imaginary part of ev ery complex
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Fig. 10. Site data �o ws inside of Hopping_Matrix within the 2 phases. The input (Kseries) and output

(Lseries) spinor indexes are di�eren t (di�eren t sites), hence the relev an t Gauge Matrices (site dep enden t)

are also di�eren t.

v ariable. Unfortunately , SPEs do not supp ort complex arithmetic instruction set. Dynamic memory accesses

of the input spinors constitute 55% of the data accessed as sho wn in Figure 3, while it represen ts only 12.5%

of the static data accessed. Unfortunately , w e cannot fuse these data statically b ecause the same spinor is

accessed in eigh t con texts with di�eren t surrounding spinors in eac h case.

T o o v ercome this di�cult y , w e devise a tec hnique, called run time fusion, that fuses the input data used

for the computation of m ultiple consecutiv e spinors. The real parts of these input data are fused in to single

register, and similarly for the imaginary part. F or instance a 16 b yte register requires fusing the computation

of t w o output spinors of double precision or four single precision output spinors. Figure 11 sho ws the la y out

of the run time data fusion tec hnique. Run time fusion merges the computation of unrolled lo op, th us grouping

the data of similar access pattern in to 16 b yte w ords. The result of the computation is then scattered bac k

in to m ultiple spinors results. Cell BE allo ws suc h tec hnique b ecause of the large register �le. Almost 6 KB

of data are touc hed during the computation of a group of t w o output spinors in double precision.

Fig. 11. Run time data fusion tec hnique for the full-

spinor v ersion on Cell BE.

Fig. 12. P erformance vs. used SPE for Hop-

ping_Matrix in single and double precision.

This tec hnique leads to p erforming the Hopping_Matrix routine with 80 G�ops of single precision com-

putation and 8.7 G�ops of double precision computation. Double precision is not optimized in the curren t
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generation of Cell BE, but P o w erX Cell 8i with eDP carries an optimized engine for the double precision that

is capable of 50 G�ops for the Hopping_Matrix routine.

Realistic lattice size needs to b e stored in the main memory and b e retriev ed in pieces for pro cessing.

The computational p o w er for single precision Hopping_Matrix w ould require 48 GB/s of the memory , far

b ey ond the 25.6 GB/s bandwidth a v ailable. The input spinor is redundan tly accessed 8 times during the

computation of the input spinor arra y . Bandwidth can b e sa v ed, if non-redundan t data are brough t to the

lo cal store memory from the external memory , then the redundan t part is constructed inside the SPE lo cal

store memory . The sa ving in bandwidth can b e 25% for a sublattice size of 163 � 16.

W e exploited ab o v e attributes, in the pattern of spinor access, to ac hiev e computation p erformance for

the Hopping_Matrix of 31.2 G�ops for single precision and 8.6 G�ops for double precision. Figure 12 sho ws

the p erformance ac hiev ed while c hanging the n um b er of the SPE used. F or single precision computation,

four SPE are able to deliv er the maxim um the c hip can a�ord. In fact the p erformance will slo w do wn b y

5% if all the SPEs are used. The demand of bandwidth of these 4 SPEs moun t to 23.5 GB/s, i.e. , almost

saturating the bandwidth to the external memory .

The same b eha vior is exp ected for the double precision with the new P o w erX Cell 8i with enhanced double

precision.

5 An ticipated F uture Ev olutions and Comparisons

In this section, w e will try to discuss the exp ected p erformance ev olution for the studied arc hitectures in

the future, for b oth homogeneous general-purp ose core and based on accelerators. Our study sho ws that the

use of accelerators can greatly help to b o ost the computational p erformance of the main k ernel routine for

Lattice QCD. W e will try to discuss the most imp ortan t criterion that will in�uence the c hoice b et w een the

studied accelerator arc hitectures, for Lattice QCD.

Exp ected adv ances for P en tium/Itanium F or the end of the y ear 2008, the next generation of Itanium

arc hitecture pro cessor, T ukwila, and Xeon pro cessor are exp ected to in tegrate a new memory con troller,

named Common System In terface. This con troller will o�er fast p oin t-to-p oin t pro cessor comm unication and

will ha v e a p eak in ter-pro cessor bandwidth of (up to) 96 GB/s and a p eak memory bandwidth of 34 GB/s

(�rst pro cessor are exp ected to ha v e only a bandwidth of around 24 GB/s). This w ould then b e comparable

to the curren t memory bandwidth of Cell BE and w ould impro v e p erformance for out-of-cac he lattices.

The b est p erformance obtained for Hopping_Matrix is when all the lattice �ts in cac he (L2 and L3). F or

Mon v ale pro cessor, this corresp onds to lattices up to the size of 83 � 16. T ukwila is planned to ha v e a 30MB

shared L3, for 4 cores. Without an y c hange in the micro-arc hitecture, a sustained 3 GFlops/core w ould then

b e obtained for lattices of 83 � 32. An y increase in the future of cac he sizes w ould help to main tain a high

lev el of p erformance.

Exp erimen tal results for a whole m ulti-core pro cessor, taking adv an tage of m ulti-core in teractions, are

still to b e obtained. E�ciency for P en tium/Itanium co de on one core is as high as 50% for smaller lattices

(only considering Hopping_Matrix ) but for the whole co de, it is 18%. The e�ciency on a m ulticore no de of

BlueGene/P is b y comparison of 16%, i.e. a sustained G�ops p erformance 2:2 G�ops/no de (4 core/no de).

F uture prosp ects of the Cell BE The double precision computation is impro v ed on the new generation

Cell EDP engine (P o w erX Cell 8i). Sim ulation exp erimen ts sho w that the Cell EDP is exp ected to deliv er 16

G�ops of double precision computation. Three to four SPE will also b e able to saturate the bandwidth for

double precision b ecause no impro v emen t to the bandwidth to the memory is in tro duced.

An increase in the lo cal store size can reduce the pressure on the bandwidth b y impro ving reuse of

the data brough t to the SPE. The un used SPEs can b e turned o� th us sa ving p o w er. The p erformance

of Lattice QCD co des on the Cell BE w ould impro v e if the bandwidth to the memory is impro v ed in the

future generations of the Cell. The k ernel routine implemen tation can saturate up to double the bandwidth

for single precision computation on curren t generation Cell BE. F or double precision implemen tation on

Cell EDP , the Hopping_matrix routine can saturate more than triple the curren t memory bandwidth (89
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GB/s are needed to observ e 50 G�ops of double precision computation on Cell EDP). If at one p oin t of

time these bandwidths are ac hiev ed, then complex arithmetic instructions w ould b e needed to ac hiev e more

p erformance.

Exp ected adv ances on the GPU So far, most GPUs lac k e�cien t supp ort for double precision compu-

tation. This is to b e recti�ed in the near future. Exception handling for �oating p oin t is also not supp orted.

The bandwidth of data exc hange b et w een the GPU and the memory is in the v erge of doubling. Because

of the dep endency of p erformance on this scarce bandwidth, w e do not exp ect that ha ving m ultiple GPU

connected to the same CPU north bridge will b e an e�ectiv e solution. The e�ciency of Lattice QCD compu-

tation on GPUs is in the range of 3-4% of the p eak p erformance b ecause of the lo w reuse of data and the

complexit y of the data access pattern that increases con�icting accesses of the GPU memory banks. These

issues ma y require further in v estigations for b etter data alignmen t.

Reliabilit y of the results obtained b y GPUs is a ma jor concern. GPUs historically serv ed graphic appli-

cations that require high p erformance but also can tolerate some errors at run time. Certainly , for scien ti�c

computing this unreliabilit y is di�cult to rectify at the algorithmic lev el. Soft w are solution to unreliabilit y

usually results in loss of p erformance.

Cell vs. GPU p erformance comparison Among the factors dominating the p erformance that can b e

ac hiev ed b y an y computing no de for Lattice QCD are the bandwidths to the memory system, and the pro-

grammabilit y of the computing no de. The b est bandwidth observ ed is curren tly asso ciated with in tegrating

the memory con troller on the die with the micropro cessor. The lo w computation to memory access ratio

mak es the p erformance hea vily relian t on the memory bandwidth, esp ecially for micropro cessor cores with

SIMD instruction set. The curren t bandwidth to memory winner is the Cell BE; that is wh y it deliv ers

promising p erformance n um b ers.

The GPU p erformance is b ounded b y the lo w ratio of computation to data transfer: a large v olume of

comm unicated data has to pass through the b ounded bandwidth b et w een the host memory and the GPU

memory . Another c hallenge is that the irregular pattern of accessing spinors cannot b e handled e�cien tly

when the job of SIMDization is handed to the compiler. The compute k ernel p erformance for Lattice QCD

usually relies on hand-co ded optimizations to ac hiev e the most out of the exp erimen ted arc hitecture. Ex-

pressing the problem in a w a y that allo ws e�cien t compiler SIMDization requires more study .

The lo w e�ciency of computation on GPUs mak es the W att/G�ops ratio as high as 28. In the P o w erX Cell

8i, Lattice QCD requires 3 W att/G�ops for single precision and ab out 6 W att/G�ops for double precision,

assuming none of the SPEs is turned o�.

Exp ected p erformance ev olution and the Lattice QCD problem The p erformance of a single no de

can increase in the future generation arc hitecture b ecause of the c hance of ha ving higher in tegration on a

single c hip. F or instance, the future generation Cell BE is exp ected to ha v e more SPEs p er Cell c hip and

more m ultipro cessor on the GPUs, and more cores p er c hip for m ulti-core systems.

Our study leads us to b eliev e that the e�ciency of utilizing the computational resources on an y of these

future arc hitectures will con tin ue to b e sub-optimal. The Lattice QCD reuse of data is less than a v erage

applications that most man ufacturers balance their design for.

Using/designing a computing facilit y based on commo dit y computing comp onen ts can b e used with

Lattice QCD giv en that enough resource managemen t is explicitly allo w ed. Explicit managemen t can allo w

using resources based on the balance needed for Lattice QCD, for instance b y switc h-o� computing resources

not used b ecause of the memory bandwidth b ottlenec k.

Balancing the resources for a computing no de, bandwidth to memory , and comm unication b et w een no des,

can b e ac hiev ed based on resource managemen t rather than sp ecial system designs.

Curren tly , for Lattice QCD, our study sho ws that w e cannot ac hiev e less than 3-6 W att/G�ops, meaning

m ulti mega w atts for P eta�ops capable mac hine. The needed p erformance for Lattice QCD requires general

tec hnological impro v emen t in p erformance and p o w er consumption as w ell as to facilitate micro-tuning to

increase the e�ciency of handling the sp eci�cs asso ciated with the Lattice QCD computation.
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6 Multi-no de Systems

The goal of lattice QCD in the coming y ears is to compute real QCD i.e. with ligh t quarks p ossessing the

mass they ha v e in nature. This means t ypically a pion t wice ligh ter than usual presen t computations whic h

implies a length t wice larger in ph ysical units. T o increase the accuracy of the con tin uum limit and to allo w

calculations with hea vy quarks a t ypical reduction of the lattice spacing b y a factor 2 will b e w elcome. This

leads to a m ultiplication b y 4 of the lengths in lattice units, i.e. a scaling factor of 256. Starting from a

lattice of 323 � 64 w e end up with a 1283 � 256. This is of course only a rough estimate. W e need to gain

more than t w o orders of magnitude whic h amoun ts indeed to a P eta�ops sustained p erformance. The presen t

state of the art, on Bluegene/P , with the baseline co de studied in this pap er, reac hes ab out 2.2 G�ops p er

quadri-core no de, i.e. 22 T era�ops for ten rac ks (10000 no des).

6.1 The E�ect of Comm unication Arc hitecture on P erformance

Sim ulating Lattice QCD with ph ysically meaningful size requires the use of a large n um b er of computing

no des. F or instance sim ulating a 1283 � 256 lattice requires 8192 no des eac h solving a 163 � 16 sublattice.

The comm unication b et w een the 8192 no des is of critical imp ortance to the p erformance, esp ecially when

the computing no de p erformance is impro v ed signi�can tly . Man y mac hines built for Lattice QCD used 3D

torus net w ork for connecting the computing no des [1,3 ]. A curren t pro ject for QCD sp ecialized mac hine,

QP A CE [12 ], con tin ues adopting this net w ork top ology with computing no des based on the P o w erX Cell 8i.

The comm unication of the Hopping_Matrix follo ws the nearest-neigh b ors comm unication pattern. With

the large v olume of con tiguous data comm unicated, this comm unication pattern relies mostly on the link

bandwidth to determine the comm unication latency . Assuming a simple mo del for comm unication latency

giv en b y the equation communication latency = setup time + data size =bandwidth .Then, the comm unication

latency can b e computed easily compared with the computation time. The comm unication latency dep ends

on the bandwidth, as a large setup time of 1 �s will con tribute less than 1% of the comm unication latency . In

Figure 13, w e presen t the comm unication as a p ercen tage of the computation time for the Hopping_Matrix

routine. W e did the computation assuming m ultiple p erformance estimates for the computing no des range

b et w een 1 G�ops to 16 G�ops. F or simplicit y , w e assumed that the computation p o w er will not v ary greatly

with the set of sublattice v olumes exp erimen ted (carrying 8K to 1M spinors). The sustained link bandwidth

is 250MB/s p er link, whic h is ab out the exp ected sustained bandwidth from Blue gene/P in terconnection

net w ork (at 55% of the p eak bandwidth).

W e ha v e three sublattice v olumes eac h with t w o structures. F or instance, the sublattice 43 � 128 is of

the same v olume as 83 � 8, similarly for sublattices 83 � 128 and 163 � 16, and sublattices 163 � 256 and

323 � 32. The computation to comm unication ratio is prop ortional to the v olume to surface ratio. The

equal edge sublattices are fa v ored b y the bigger computation to comm unication, but w ould require a 4D

in terconnection net w ork (16 unidirectional links of 250 MB/s sustained). Sublattices with di�eren t link size

are what w e usually ha v e to em b ed the four-dimensional lattice in to no des in terconnected with 3D top ology .

Assuming 3D in terconnection net w ork for a sublattice 43 � 128, Figure 13 sho ws that ha ving a no de of 16

G�ops will lead to a comm unication that is 1.9 times the compute time. Increasing the sublattice v olume is

one solution that leads to increase the requiremen t of the memory substan tially as sho wn earlier in Figure 3.

F or instance to decrease the comm unication to 50% of the compute time, w e need to increase the sublattice

to 163 � 256 (requiring to access to 805 MB in one Hopping_Matrix call). W e practically try to matc h the

ph ysical memory to the data accessed in a massiv ely parallel mac hine b ecause ha ving virtual memory m uc h

larger than the ph ysical memory is p enalized b y the exp ensiv e IO access, esp ecially for an application lik e

QCD that streams the data from the memory most of the time, with little reuse.

Most of the high p erformance no de, lik e Cell BE and P o w er6, em b ed a memory con trolled on the c hip and

can b e connected to a limited ph ysical memory (usually in the range 0.5 to 2 GBytes). The comm unication can

b e cut to half if w e adopt 4-dimensional in terconnection net w ork, assuming preserving the link bandwidth,

similar to that of the QCDSP [2 ,13 ], requiring 16 unidirectional links p er computing no de.
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Fig. 13. Comm unication as a p ercen tage of the compute time for di�eren t sublattice shap es and di�eren t

computation p o w er of no des. Sustained link bandwidth is assumed to b e 250MB/s p er direction.

7 Conclusion

In this study , w e presen ted the attributes c haracterizing the main k ernel routine for the Lattice QCD com-

putation. W e additionally studied optimizations and co de transformations needed for Lattice QCD on a

represen tativ e set of arc hitectures including general-purp ose pro cessors, lik e Itanium, and the use of com-

mo dit y �oating-p oin t accelerators, suc h as GPUs and the Cell BE.

Most of the optimizations presen ted in this w ork target b etter use of memory bandwidth, friendlier cac he

b eha vior and e�cien t use of v ector instructions, esp ecially on accelerators. The p erformance ranges v aried

widely , but the use of accelerators pro vided an app ealing p oten tial esp ecially with the Cell BE. There is also

a promising p oten tial with GPU accelerators if the ab o v e men tioned impro v emen ts are in tro duced. Neither

should one underestimate the p oten tialit y of homogeneous m ulti-core arc hitectures with more cores and large

cac hes. The prosp ects are op en and the foreseeable ev olution will b e v ery fast.

The computation to memory access ratio for the Lattice QCD computation is lo w er than what is a�orded

b y all the studied arc hitectures and this trend is exp ected to con tin ue in the future. Arc hitectures with explicit

resource managemen t can allo w more e�cien t use of the resources.

W e sho w that the increased p erformance of computing no des will increase the need for ha ving higher

p erformance in terconnection net w ork whic h w as traditionally easily ac hiev able for the Lattice QCD computa-

tion, but will b e the critical issue in the future. Algorithmic impro v emen ts suc h as domain decomp osition [14 ],

whic h increase the computation to remote data access ratio, will b e w elcome.
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