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Chapitre 1

Introduction

1.1 Contexte large

Le calcul paralléle, a I'origine domaine privilégié des super-calculateurs, est de plus en plus
réparti. Cette tendance est accompagnée d’une hétérogénéité grandissante des ressources
de stockage et calcul, mais également d’une grande variété de réseaux parmi lesquels nous
comptons désormais Internet.

Les intergiciels sont confrontés & de nouvelles contraintes inhérentes a 1’ouverture sur In-
ternet telles la volatilité des machines, les problémes de confidentialité. Ils doivent en outre
masquer ’hétérogénéité des ressources de calcul et des réseaux afin que les utilisateurs se
concentrent sur les aspects algorithmiques de leurs applications. Malgré les efforts réalisés
au niveau des intergiciels de calcul paralléle et réparti, un travail significatif doit étre fait
au niveau applicatif pour répartir efficacement des applications & I’échelle d’Internet.

1.2 Contexte de I’étude

Les recherches menées par le projet Grand Large de 'INRIA Futurs couvrent un vaste
spectre de I'informatique paralléle et répartie a grande échelle et se caractérisent par une
approche trés expérimentale. Au sein de ’équipe MAP, nous étudions le domaine applicatif
et proposons des solutions méthodologiques et algorithmiques pour adapter efficacement
des applications au contexte de calcul global. Les intergiciels actuels n’offrant pas encore
une totale abstraction de la complexité des plateformes de calcul, nous devons aussi étudier
des techniques de programmation spécifiques a des configurations logicielles et matérielles
données.
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Nous ne considérons pas les plateformes de calcul pair-a-pair ou les grilles de calcul comme
des outils concurrents des super-calculateurs. Nous les voyons plutot comme des outils
complémentaires s’adressant généralement a des catégories d’utilisateurs différentes. En
particulier, le calcul sur grille ou pair-a-pair ne prétend pas atteindre les plus hautes per-
formances, en terme de puissance de calcul, mais il dispose d’atouts nombreux expliquant
I’intérét que nous lui portons.

Dans le cadre de 1’équipe associée FJ-Grid du projet Grand Large de 'INRIA Futurs, nous
nous sommes rendus & plusieurs reprises au laboratoire HPCS de 1’Université de Tsukuba,
Japon. Nous avons été sensibilisés a la problématique du calcul haute performance a faible
consommation d’énergie, domaine dans lequel le laboratoire HPCS posséde une expertise
certaine. De plus, les recherches visant une réduction de la consommation énergétique
des super-calculateurs sont de plus en plus nombreuses a l'image des récents projets
de machines pétaflopiques. Par exemple, le RIKEN disposera en 2012 d’une machine
atteignant les 10 pétaflops et dont les spécifications imposent une réduction de 10% de la
consommation énergétique comparée a une machine de puissance identique mais composée
d’éléments standards. Nous avons souhaité introduire dans notre étude sur le calcul global
des considérations propres & la réduction de la consommation énergétique. A l'instar du
calcul haute performance, qui est souvent technologiquement en avance, nous pressentons
que cette thématique de recherche sera bientdét dynamique pour le calcul global.

1.3 Motivations

Principales motivations pour le calcul global

Bien que non quantifiées, les machines connectées a Internet nous laissent espérer répartir
a tres grande échelle des calculs nécessitant beaucoup de ressources telles ’espace disque,
la mémoire. Ces machines peuvent étre des ordinateurs standards appartenant & des par-
ticuliers et directement reliés & Internet, des grappes de PCs ou des réseaux de stations
de travail appartenant & des institutions ou des entreprises, etc. Les progreés matériels, les
gains de bande passante et le taux croissant de foyers équipés reliés a Internet sont des fac-
teurs accroissant notre intérét. Le principe du volontariat consistant & offrir ses ressources
de calcul, lorsqu’elles sont inutilisées ou sous-exploitées, est une condition nécessaire a la
viabilité du calcul global. Ce modéle est prometteur pour les personnes n’ayant pas accés a
des ressources de calcul conséquentes. Ce manque est généralement le fait d’un cotit élevé
des machines performantes mais aussi des accés extrémement restreints aux ressources
existantes. En théorie, le calcul global offre une disponibilité constante de ressources en
quantité suffisante. Ainsi, il est possible de résoudre une majorité de problémes dés que
le besoin se fait sentir. Occasionnellement, nous pensons que le calcul global peut com-
pléter les ressources d’un super-calculateur lorsque ce dernier doit répondre & une charge
imprévue de calcul ou de données & stocker. Cela évite un achat précipité voire inutile de
machine.
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Motivations pour le calcul global & faible consommation d’énergie

En régle générale, le client d’une plateforme de calcul global ne fait pas du temps d’exé-
cution de son application un critére de performance majeur. Il peut accepter une légére
hausse de ce temps de calcul afin qu'un mécanisme de réduction de la consommation
énergétique soit mis-en-ceuvre. En retour, suivant le modéle économique de la plateforme
de calcul, le client peut bénéficier d’'une compensation (ex. nombre de nceuds de calcul
plus élevé). La mise-en-ceuvre d’un systéme de réduction de la consommation énergétique
est également avantageuse pour les autres parties d’une plateforme de calcul global. Les
propriétaires des nceuds de calcul font des économies d’énergie (et donc financiéres). Ainsi,
parmi ’ensemble des plateformes de calcul global, ces derniers seront tentés de rejoindre
en priorité celles offrant de tels mécanismes. Nous voyons donc que le concepteur d’un
intergiciel de calcul global accroit les chances de succes de son logiciel si celui-ci permet
de réduire la consommation d’énergie.

La réduction de la consommation énergétique des machines n’est pas le seul bénéfice
que nous pouvons obtenir. En effet, celles-ci ont bien souvent une dissipation thermique
inférieure aux systémes traditionnels. Il est possible de ne pas installer de mécanisme de
refroidissement et donc de réaliser des économies. La faible dissipation thermique permet
de réduire le risque de panne des machines et donc d’assurer une continuité de service. Ce
point est essentiel pour les acteurs de ’e-économie. Enfin, la faible dissipation thermique
permet la mise-en-ceuvre de machines a forte densité en terme de F'LOPs/m3 GB/m3.
Cette diminution d’espace occupé, permise également par I’absence (ou le peu) de systéme
de refroidissement, engendre une réduction non négligeable du cotit d’exploitation.

Motivations pour I’étude de méthodes d’algébre linéaire

Les méthodes d’algébre linéaire requiérent généralement beaucoup de ressources de tous
types : cycles CPU, mémoire, espace disque. De plus, la distribution de ces méthodes
génére souvent beaucoup de communications. Les ressources réseaux a ’échelle d’Internet,
tout comme les ressources CPU, mémoire et disque des machines volontaires, sont des
données critiques car non dédiées et partagées. Il semble pertinent d’étudier comment
adapter efficacement ces méthodes numériques au contexte du calcul global. En outre,
les problémes d’algébre linéaire sont souvent le fondement d’applications plus complexes,
utiles au quotidien, voire dans l'industrie. Nous étudions plus précisément le probléme
de la recherche des valeurs propres d’une matrice réelle symétrique. Il concentre toutes
les motivations citées ci-dessus. De plus, il se décompose en plusieurs sous-problémes
que I'on peut retrouver au sein d’autres applications et il permet de manipuler plusieurs
paradigmes de programmation.
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1.4 Contributions

Nous avons étudié le paradigme du parallélisme paramétrique qui se distingue par une
quasi-absence de communications. Il semble le candidat idéal pour la répartition d’appli-
cations numériques sur Internet. Nous avons confronté au sein de la méme application
ce paradigme avec un parallélisme plus classique engendrant communications et points
de synchronisation. Ensuite, nous avons étudié le probléme de la gestion des données :
partage et placement au sein des ressources de calcul et stockage. Nous avons repoussé
le plus longtemps possible les considérations relatives aux langages de programmation
et aux intergiciels de calcul. En effet, nous souhaitons apporter une méthodologie et des
solutions aux contraintes du calcul global qui soient aisément reproductibles avec d’autres
problémes. De plus, notre algorithme peut ainsi étre porté sur de nombreuses plateformes
au moyen de changements mineurs. Nous avons montré que le produit matrice-vecteur est
un calcul trés intéressant a exploiter sur des plateformes & grande échelle et pour des ma-
trices de grandes dimensions. En effet, le mode d’accés aux données permet de multiples
répartitions possibles et évite le chargement total des données en mémoire. En revanche,
appliqué sans amélioration, le produit matrice-vecteur apporte de nombreuses et volu-
mineuses communications qui sont problématiques sur Internet. Nous proposons donc un
mécanisme de persistance de données qui réduit significativement le volume des communi-
cations. Nous proposons également des solutions réduisant I'usage de mémoire principale
afin d’exploiter un spectre plus large de machines sur Internet. Nous proposons de faire de
“I’out-of-core” et d’employer une version redémarrée de notre méthode numérique. Enfin,
une contribution importante est de proposer une mise-en-ceuvre de nos propositions, sans
simulation et dans des conditions expérimentales réelles, c’est-a-dire mettant en jeu des
ressources de calcul hétérogénes et des réseaux incluant Internet. L’objectif est double.
Nous montrons la viabilité du calcul global pour résoudre de tels problémes & condition
que la rapidité de calcul ne soit pas un critére de performance requis (sans quoi, il faut se
tourner vers le calcul haute performance). De plus, nous souhaitons encourager d’autres
chercheurs a mener des recherches similaires dans le domaine des méthodes numériques
sur les plateformes de calcul & grande échelle.

La programmation paralléle et répartie & grande échelle est une tache complexe. De plus, la
profusion d’intergiciels de calcul réparti tend a annihiler les espoirs fondés sur le nombre
de machines potentiellement exploitables car il est impossible de développer une ver-
sion de son application pour chaque interface de programmation. Ainsi, nous contribuons
au développement d’YML. YML offre un environnement de programmation paralléle et
répartie intuitif et masquant I’hétérogénéité des plateformes de calcul global. De cette
participation, nous distinguons deux aspects. Dans un premier temps, nous avons déve-
loppé plusieurs modules logiciels d”YML. Par exemple, nous avons mis-en-ceuvre le module
nécessaire & YML pour exploiter les plateformes de calcul reposant sur I’intergiciel Omni-
RPC. Le second aspect de notre travail concerne I'adaptation du probléme de recherche
des éléments propres d’une matrice. Nous mettons en valeur les différences méthodolo-
giques et d’'implémentation dues & un plus haut niveau d’abstraction par rapport a la
précédente étude. Nous montrons comment exploiter certaines possibilités offertes par le
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langage de graphe YvetteML et comment tirer profit de ’approche orientée composant
d’YML.

Enfin, nous apportons une premiére contribution a un théme de recherche nouveau qu’est
le calcul global a faible consommation énergétique. Nous avons montré comment tirer
profit de 'hétérogénéité des processeurs des nceuds de calcul afin de réduire les consom-
mations globale et locale sur chaque nceud. Nous avons évalué ces gains au moyen d’une
application complexe, recherchant les éléments propres d’'une matrice réelle symétrique,
afin de donner une crédibilité a cette contribution et pour montrer que de tels gains sont
possibles pour des applications utiles au quotidien.
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Chapitre 2

Recherche des éléments propres d’une
matrice réelle symétrique sur des
plateformes de calcul global

2.1 Le paradigme idéal : le parallélisme paramétrique

Nous étudions en premier lieu le parallélisme paramétrique, trés souvent appelé “task-
farming”. Ce paradigme de programmation paralléle consiste & soumettre plusieurs fois le
méme programme mais avec différents jeux de paramétres. L’intérét majeur du parallé-
lisme paramétrique pour le calcul global est le faible nombre de communications car les
taches sont indépendantes.

2.1.1 La recherche des éléments propres d’'une matrice réelle sy-
métrique tridiagonale

Soit 7" une matrice réelle symétrique tridiagonale, " € My (R). Nous cherchons les couples
(A\v) avec v € RV et A € R tels que T'v = Av. Nous choisissons la méthode de la Bisection
présentée en Partie IT Section 3.2.6. Son intérét majeur est de permettre la mise-en-ceuvre
d’un parallélisme paramétrique. Cette méthode est également intéressante car elle repose
sur une récurrence et non sur de cotiteuses opérations matricielles. Plus précisément, nous
utilisons la méthode de la Bisection Paralléle, et non la méthode de Multi-section, car de
précédents travaux dans le domaine du calcul haute performance I’estiment meilleure dans
le cas de systémes & mémoire répartie (voir en Partie IT Section 3.3.2). Le principe de la
Bisection Paralléle est simple. Nous faisons une partition de I'intervalle réel de recherche
des valeurs propres (notons le 7). Ensuite, nous soumettons a plusieurs nceuds de calcul le
méme programme réalisant une Bisection séquentielle avec différents sous-intervalles issus
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de la partition de I.

Il est important d’équilibrer au mieux le nombre de valeurs et vecteurs propres a calculer
parmi les noeuds de calcul. En particulier, nous devons prendre garde aux agglomérats
de valeurs propres. Nous proposons de tenir compte de la répartition des valeurs propres
dans I afin de calculer les sous-intervalles. Ainsi, nous considérons un paramétre seuil
s indiquant le nombre maximum de valeurs propres par sous-intervalle. Nous appliquons
I’algorithme séquentiel de la Bisection sur I et nous le stoppons dés que les sous-intervalles
trouvés respectent le seuil donné. Les Figures 2.1 et 2.2 illustrent, pour un intervalle
contenant deux amas de valeurs propres, une partition classique en sous-intervalles de
méme diamétre et notre proposition de partition. Actuellement, le seuil s est choisi de
facon empirique. Il a une forte influence sur l'efficacité de notre méthode paralléle. Une
trop grosse valeur peut ne pas éclater un agglomérat de valeurs propres. Une trop faible
valeur génére beaucoup trop de sous-intervalles. Il n’est pas conseillé de soumettre 1 sous-
intervalle par nceud de calcul car le ratio temps de calcul par temps de communication
(soumission et récupération des résultats) serait mauvais. Nous proposons de constituer
des paquets de sous-intervalles et de soumettre 1 paquet par nceud. Afin d’équilibrer la
charge de travail, les paquets sont constitués au moyen d’une distribution cyclique des
sous-intervalles calculés.

> fe— i< ——><fi

F1G. 2.2 — Exemple d’une partition équilibrée d’un intervalle contenant 28 valeurs propres
(seuil=4)

2.1.2 Conditions expérimentales

Nous utilisons les logiciels OmniRPC et XtremWeb évoqués dans la Partie II Chapitre
2. Chacun représente un modeéle dominant du calcul global. OmniRPC est un logiciel
de programmation par RPC dans le domaine du calcul sur grille d’ordinateurs. Xtrem-
Web symbolise le calcul pair-a-pair en exploitant les ressources inutilisées des ordinateurs
connectés a Internet au moyen du principe de vol de temps de cycle.

Les ressources de calcul utilisées sont un réseau de stations de travail a I’Université de Lille
1 (USTL), France, ainsi que deux grappes de PCs a I’Université de Tsukuba, Japon. Dans
le premier cas, les machines sont hétérogénes et non dédiées a nos expérimentations. Dans
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le second cas, les PCs sont homogénes, dédiés et plus puissants. Les réseaux empruntés
sont également hétérogénes. Que ce soit au Japon ou en France, la bande passante varie
de 10 & 100 MBits tandis que celle-ci est en moyenne de 1.74MBits sur Internet entre les
deux sites (au-dessus de TCP). La conjonction des ressources matérielles, réseaux et des
deux logiciels de calcul permet de construire les 6 plateformes données dans la Table 2.1.

| | Config. 1| Config. 2 | Config. 3 |
Intergiciel XtremWeb
Emplacement du client USTL
Emplacement du dispatcher USTL
Nombre et emplacements 50 50 Université 24 USTL
des workers USTL de Tsukuba | 26 Université de Tsukuba
‘ H Config. 4 ‘ Config. 5 ‘ Config. 6 ‘
Intergiciel OmniRPC
Emplacement du client USTL
Nombre et emplacements 2 USTL | 2 a Tsukuba 1 USTL
des serveurs OmniRPC 1 a Tsukuba
Nombre de workers par serveur 25
Nombre et emplacements 50 50 Université 25 USTL
des workers USTL de Tsukuba | 25 Université de Tsukuba

TAB. 2.1 — Platformes expérimentales pour ’étude du parallélisme paramétrique

Nous utilisons une matrice réelle tridiagonale dont les composantes de la diagonale valent
a € R et les composantes des sous- et sur-diagonales valent b € R. Nous connaissons a
I’avance les valeurs propres pour la vérification des résultats : \; = a+2b cos(NLJ’:l) avec j =
0,...,N —1. Nous prenons a = 2, b =1, N = 10°, et un seuil de s = 200 valeurs propres
maximum par sous-intervalle. L’intervalle initial est le domaine de Gerschgorin afin de
calculer toutes les valeurs propres. Nous construisons 100 paquets de sous-intervalles et

soumettons donc 100 taches indépendantes.

Dans cette premiére partie de I’étude, nous formulons deux hypothéses majeures qui sont
traitées dans la Partie I Section 2.2 : nous ne transférons pas la matrice qui est stockée au
préalable par les nceuds de calcul et nous calculons les vecteurs propres sans les stocker
sur le disque dur. Les besoins en mémoire sont modérés, au plus 162 MO ((96+8x s) x N)
et I'occupation d’espace disque est négligeable en raison de la deuxiéme hypothése.

Les temps obtenus lors des expérimentations sont exprimés en secondes. Chaque temps
horloge du client, Table 2.2, est une moyenne de 10 valeurs. La Table 2.3 présente les
temps moyens de calcul d’un nceud (moyennes de 100 valeurs) pour obtenir ses couples
de valeurs et vecteurs propres.
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H Config. 1 ‘ Config. 2 ‘ Config. 3
Temps de soumission 1 1 1
Temps d’attente 4074 2739 2735
Temps de retrait des résultats 2 2 1
‘ H Config. 4 ‘ Config. 5 Config. 6
Temps de soumission 1384 1607 1392
Temps d’attente 1165 1809 1463
et de retrait des résultats
Rappel des config. XtremWeb : 1-2-3,0mniRPC : 4-5-6
Lille : 1-4, Tsukuba : 2-5, Lille & Tsukuba : 3-6

TAB. 2.2 — Temps horloge du client pour obtenir les valeurs et vecteurs propres

H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘
Moyenne des temps || (213, 928) | (112, 755) (198, 980)
Temps minimum (142, 467) | (63, 250) (107, 491)

| Config. 4 | Config. 5 | Config. 6 |
Moyenne des temps || (192, 728) | (138, 930) (180, 801)
Temps minimum (140, 429) | (79, 325) (95, 311)

Rappel config.

XtremWeb : 1-2-3,0mniRPC : 4-5-6
Lille : 1-4, Tsukuba : 2-5, Lille & Tsukuba : 3-6

(a,b) = temps de calcul pour obtenir les
(valeurs propres, vecteurs propres)

TAB. 2.3 — Temps de calcul des nceuds pour trouver leurs éléments propres
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2.1.3 Reésumé des analyses

Les tests expriment tout l'intérét que nous devons porter au paradigme du parallélisme
paramétrique dans un contexte de calcul global. Nous pouvons exploiter des machines
connectées a Internet, quelque soit leur localisation, sans affecter de facon significative les
temps horloge du client. En effet, nous ne comptons que deux communications par sou-
mission. De plus, le volume de ces communications est modéré en raison de nos hypothéses
pour les expérimentations. En travaillant & 1’échelle d’Internet, et donc & I’échelle de la
planéte, nous pouvons en permanence tirer profit du décalage horaire afin d’exploiter des
machines oisives durant la nuit. Nos expérimentations ont également révélé I'importance
d’une configuration optimale du logiciel de calcul global. En effet, XtremWeb lance par
défaut 1 processus par processeur d’un multi-processeur. Si 'application requiert beau-
coup de mémoire, alors les temps de calcul peuvent étre décevants. Les valeurs propres de
la matrice utilisée pour les tests présentés dans ce document sont réparties uniformément.
Nous avons testé d’autres matrices ayant des agglomérats de valeurs propres telle la ma-
trice tridiagonale obtenue par tridiagonalisation de la matrice réelle symétrique Besstk25
issue de la collection Harwell-Boeing de “Matrix Market”. Nous avons constaté des temps
de calcul équilibrés entre les nceuds.

Dans le cadre du calcul global, les résultats obtenus montrent que notre probléme d’algebre
linéaire est résolu efficacement au moyen de la Bisection Paralléle. L’usage du parallélisme
paramétrique en est la principale explication. Ainsi, afin de résoudre des problémes plus
complexe, une démarche intéressante consiste en la recherche de sous-problémes permet-
tant la mise-en-ceuvre de ce paradigme. Dans la section suivante, nous présentons comment
paralléliser et répartir la recherche des valeurs et vecteurs propres d’'une matrice réelle sy-
métrique. En particulier, nous exploitons le travail de cette section en incluant la méthode
de la Bisection Paralléle.

2.2 Recherche des éléments propres d’une matrice réelle
symétrique dans un contexte de calcul global

Nous trouvons dans I’étude de ce probléme numérique de multiples intéréts. Il est souvent
utilisé au sein d’applications plus complexes. Sa distribution et sa parallélisation dans un
contexte de calcul global représentent un véritable challenge. En effet, il requiert beaucoup
de ressources (CPU, mémoire, espace disque, bande passante, etc). Il est également for-
tement communicant et posséde plusieurs points de synchronisation. Enfin, il est possible
de décomposer ce probléme en sous-problémes et d’utiliser pour 'un d’eux le paradigme
du parallélisme paramétrique.
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2.2.1 Meéthode numérique

Soit une matrice réelle symétrique A. Nous cherchons les couples (\,u) tels que Au = A\u
avec dim(A) = N x N, u € RY et A\ € R. Dans un premier temps, nous tridiagonalisons
la matrice A au moyen de la méthode de Lanczos décrite Partie II Section 3.2.5. Nous
obtenons alors une matrice tridiagonale symétrique 7" pour laquelle nous pouvons appli-
quer la méthode de la Bisection afin de trouver ses valeurs et vecteurs propres. Les valeurs
propres de T telles que T'v = Av sont également celles de A, dites valeurs propres de Ritz.
Enfin, nous calculons les vecteurs propres de Ritz u(= Quv) et vérifions I'exactitude des
résultats avec les normes euclidiennes des résidus ||Au — Au||,(< €).

Algorithm 1 Méthode de Lanczos pour la tridiagonalisation d’une matrice réelle symé-
trique
Require: A, ¢y (vecteur initial)

Qeandidate <— 40
€y — ||QCandidate”2
for k=1,...,N, pas=1 do
1) Nouvelle colonne de la base @

Qk «— 4candidate
€k—1

2) Colonne candidate pour la k + 17 jteration

Geandidate < AQIC

Gcandidate <~ Geandidate — Qk—1€k—1

3) Nouvel élément de la diagonale

dk A qz‘]candidate

qcandidate <~ Qcandidate — qkdk

4) Reorthogalisation (ex. reorthogalisation totale)
Gcandidate <~ Geandidate — QtQQCandidate

5) Nouvel élément de la sous-diagonale (fait si k # N)

€r = HCIcandidate”Q
end for

Notre motivation pour la méthode de Lanczos est principalement due a 1’accés aux données
de A et de Q au moyen de produits matrice-vecteur (@) est matrice formée par les vecteurs
de la base vectorielle du sous-espace de Krylov). En conséquence, A et ) ne sont pas
chargées intégralement en mémoire, ni méme les blocs de données lors de la parallélisation.
La méthode de Lanczos est constituée de nombreuses opérations linéaires trés simples
permettant ’emploi d’outils existant optimisés tels les BLAS. Enfin, il est intéressant de
constater que le nombre d’itérations de la méthode de Lanczos est connu.

2.2.2 Parallélisation et répartition

Au sein de la tridiagonalisation de Lanczos, le travail de parallélisation concerne essen-
tiellement les produits matrice-vecteur impliquant A et (). Nous proposons un découpage
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de A par blocs de lignes parmi les nceuds. Comme nous calculons progressivement () au
rythme d’une colonne par itération, nous faisons une distribution cyclique des colonnes.
Sachant que nous travaillons & 1’échelle d’Internet et que les performances de ce sup-
port sont faibles, nous ne pouvons envoyer a chaque produit matrice-vecteur les blocs de
données. Nous proposons donc de faire de la persistance de données afin que les noeuds
conservent les données qu’ils utilisent. Ainsi, A n’est distribuée qu’une seule fois & l'ini-
tialisation du probléme et () se construit peu & peu au fil des itérations. La répartition
des produits matrice-vecteur génére beaucoup de communications. De plus, les résultats
des produits étant exploités immédiatement, nous devons ajouter des points de synchro-
nisation. Ces deux caractéristiques sont défavorables dans un contexte de calcul global.
Il est conseillé de choisir un parallélisme & gros grain. Toutefois, nous devons prendre
garde aux ressources limitées des noeuds de calcul. En choisissant un grain trop impor-
tant, nous risquons de saturer la mémoire ou I'espace disque des nceuds. Nous proposons
de résoudre le probléme de limitation de mémoire en adoptant le principe de program-
mation “out-of-core”. Les données sont stockées sur le disque et sont chargées en mémoire
uniquement lorsqu’un calcul doit les utiliser. Nous faisons une programmation “out-of-
core” a gros grain, de Uordre de NV éléments (une ligne de matrice). Pour la recherche des
valeurs et vecteurs propres de la matrice tridiagonale 7", nous exploitons le parallélisme
paramétrique de la Bisection Paralléle. Si la matrice tridiagonale tient en mémoire sans
trop de difficulté, les vecteurs propres ne le peuvent. Ainsi, nous utilisons également une
technique “out-of-core” pour toute manipulation de ces vecteurs. Le calcul des vecteurs
propres de Ritz, puis le calcul des résidus, consistent en la parallélisation de produits
matrice-vecteur. Nous faisons donc usage de “I’out-of-core” lors des accés & A, ) et aux
vecteurs de Ritz. Nous bénéficions a nouveau de la persistance de données afin de limiter
le volume de données transférées. Ces deux phases terminales sont également cotiteuses
en terme de nombre de communications et sont suivies de points de synchronisation.

Les applications recherchant des couples de Ritz n’exploitent généralement qu'un nombre
trés limité k(< N) de ces couples. Il n’est donc pas nécessaire de calculer les N va-
leurs et vecteurs de Ritz. Ainsi, nous proposons d’utiliser un schéma redémarré de la
méthode numérique. Le Graphe 2.3 illustre son fonctionnement. Un nouveau paramétre
est la dimension du sous-espace de travail m lors de la tridiagonalisation de Lanczos (k <
m < N). Celle-ci ne posséde plus que m itérations. Nous avons également 7' € M,,(R)
et Q@ € M, n(R). La Bisection Paralléle permet alors de trouver m valeurs propres de
Ritz “candidates” parmi lesquelles nous sélectionnons les %k valeurs de plus grands mo-
dules. Nous pouvons ensuite calculer les k vecteurs propres de Ritz candidats et vérifier
la convergence au moyen des normes euclidiennes des résidus. Dés qu'un couple ne vérifie
pas la condition du test, nous redémarrons ’algorithme pour calculer d’autres couples
de Ritz candidats. Au moment du redémarrage, nous devons tenir compte des calculs
déja réalisés, sans quoi il est impossible de converger. Pour y parvenir, nous modifions le
vecteur initial de la tridiagonalisation de Lanczos : il est égal a la combinaison linéaire
des vecteurs de Ritz candidats dont les coefficients sont les valeurs propres de Ritz can-
didates. L’intérét majeur du schéma redémarré est de limiter considérablement le besoin
en mémoire. La tridiagonalisation de Lanczos est nettement moins pénalisée par la phase
de ré-orthogonalisation totale de @) (car la dimension de () est réduite). La réduction de
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la dimension de () répond en partie & nos craintes sur la saturation de I’espace disque
des neoeuds de calcul. En outre, comme la phase de Bisection Paralléle est appliquée a une
matrice de dimension m, les données et résultats du probléme peuvent tenir en mémoire
(si m est modéré). Le schéma redémarré ne garantie pas systématiquement un nombre
d’opérations inférieur au schéma classique étant donné que le nombre de redémarrage
peut étre important ; ce dernier dépendant de k, de A, du vecteur initial, etc.

<

Lanczos tridiagonalization

T=Q' AQy
Bisection
m candidate Compute new
eigenvalues of Tand A ¢ starting vectorr
Inverse lteration A
m candidate
eigenvectors of T ¢

Select k eigenvalues

k candidate
eigenvalues of A ¢

Compute k eigenvectors of A

k candidate
Ritz eigenpairs

Test of
convergence

/kRitz eigenpairs/

F1G. 2.3 — Graphe de taches illustrant I’algorithme redémarré pour la recherche des élé-
ments propres d’'une matrice réelle symétrique

2.2.3 Conditions expérimentales

Actuellement, les logiciels de calcul global pair-a-pair ne permettent pas de répartir ef-
ficacement des méthodes d’algébre linéaire trés communicantes. Ainsi, nous utilisons uni-
quement le logiciel de calcul sur grille OmniRPC. Celui-ci permet de mettre en ceuvre
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aisément le mécanisme de persistance de données. Notre solveur requiert 8 « m x N octets
en mémoire sur un nceud de calcul. La Table 2.4 donne le nombre de communications et
la Table 2.5 présente leur volume. Les paramétres sont expliqués dans la Table 2.6.

Nombre d’appels RPC Nombre de
asynchrones synchronisations

Distribution de A p [£]
Tridiagonalisation sim <p,i(m+mp+ W) i(2m — 1)
de Lanczos sip <m,i(m+2mp — @) i(2m — 1)
Bisection et 15 i
Itérations Inverses
Calculs des vecteurs ik * max(m,p) i
de Ritz
Tests de convergence si convergence, ikp 1

si échec du test aux j™* éléments propres, ijp i

TAB. 2.4 — Nombre d’appels RPC asynchrones et de synchronisations du schéma redémarré

| | Volume de données transferées (octets) |

Distribution de A 16pX
Lanczos sim <p, 8&N(m+2m + ”22—_1)
sip<m, 8N((2m + 3mp — @)
Bisection et Itérations Inverses 8m? + 24m (avec S = 1)
Calculs des vecteurs de Ritz 16ik * max(m,p) x N
Tests de convergence si convergence, 16ikpN
si échec du test aux j** éléments propres, 16ijpN

TAB. 2.5 — Volume des communications du schéma redémarré

Nous procédons & deux phases expérimentales bien distinctes. Une premiére série se fait
dans un contexte de calcul global & ’échelle d’Internet. Nous étudions I'influence de la
variation de certains parameétres tels m, k. Nous pouvons aussi évaluer en conditions
réelles le coiit des communications et de certaines phases de calcul de notre méthode.
Les ressources de calcul et les réseaux sont inchangés par rapport a la section précédente.
La seconde phase expérimentale exploite les ressources de Grille’5000. Grille’5000 ' est
un outil de calcul a grande échelle comprenant plusieurs grappes inter-connectées par un
réseau rapide dédié. Nous utilisons les machines de quatre centres de calcul a Orsay, Lille,
Sophia-Antipolis et Rennes. Ces machines sont des mono- ou bi-processeurs de la famille
AMD Opteron (de 2.0 & 2.6GHz) et ont de 2GO a 4GO de mémoire. Notre motivation
pour 'usage de Grille’5000 est double. Dans un premier temps, nous souhaitons isoler
notre application des perturbations extérieures pour affiner I’analyse faite lors des tests
sur des plateformes de calcul global. Dans un second temps, nous souhaitons accroitre la
dimension de la matrice et le nombre de noeuds exploités afin de tester, voire améliorer le
passage a I’échelle de notre solveur.

Thttp ://www.grid5000.fr
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Ordre de A

Dimension du sous-espace de Krylov

Nombre de couples de Ritz calculés

Nombre de nceuds de calcul

Nombre d’itérations du schéma redémarré
Nombre de composantes non nulles de A
Nombre maximum de fichiers ouverts en méme
temps lors de la distribution de A

Nombre de paquets de sous-intervalles

Sk T

V)

TAB. 2.6 — Rappel de paramétres

Pour les deux phases de tests nous utilisons la méme matrice réelle symétrique de dimen-
sion N = 47792. Le vecteur initial est r = (J_lﬁ”x/_lﬁ) avec dim(r) = N, ||r]2 = 1.
Nous faisons varier les paramétres m et k. Pour la premiére phase, dans un contexte de
calcul global, nous construisons quatre plateformes réparties sur 'USTL et I’Université
Tsukuba et décrites dans la Table 2.7. Sur Grille’5000, nous créons également quatre pla-
teformes similaires, ainsi qu’une cinquiéme pour affiner notre analyse (voir Table 2.8).
Pour tester le passage a I’échelle de notre solveur sur Grille’5000, nous avons utilisé deux
autres matrices réelles symétriques d’ordres N = 203116 et N = 430128 (respectivement
43 millions et 193 millions d’éléments non nuls). Les plateformes exploitées, présentées

Tables 2.9 et 2.10, possédent 206 et 412 noeuds de calcul.

| | Config. 1 | Config. 2| Config. 3 | Config. 4 |

Emplacement du client USTL

Nombre et emplacements 1 a Lille | 2 a Lille 1 a Lille 2 a Lille

des serveurs OmniRPC 1 & Tsukuba | 2 a Tsukuba

Nombre de workers par serveur 29 nceuds par serveur

Nombre total de workers 29 ‘ 58 58 ‘ 116

Emplacements des workers USTL USTL et Université de
Tsukuba

TAB. 2.7 — Plateformes internationales pour la matrice d’ordre N=47792

Les temps obtenus sont exprimés en secondes. Ces temps, relevés chez le client, sont des
temps horloge : ils incluent les temps de communication et les temps de calcul sur les
neceuds distants. En ce qui concerne la premiére phase dans un contexte de calcul global,
la Table 2.11 et la Figure 2.4 montrent les temps horloge pour trouver les k£ valeurs et
vecteurs de Ritz. La Table 2.12 donne le nombre de redémarrages avant de converger. La
Table 2.13 donne les ratios moyens de temps passé dans la phase de tridiagonalisation,
dans la phase de calcul des vecteurs de Ritz et dans les tests de convergence par rapport
aux temps totaux d’exécution. La Table 2.14 détaille les ratios moyens de temps passés
au sein de la tridiagonalisation de Lanczos. Au sujet des tests utilisant Grille’5000, la
Table 2.15 et la Figure 2.5 présentent les temps horloge pour résoudre le probléme avec la
matrice de dimension N = 47792. Les Tables 2.16, 2.17, 2.18 et 2.19 concernent les temps
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‘ H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘ Config. 4 ‘ Config. 5 ‘

Emplacement du client Orsay

Nombre et emplacements | 1 & Orsay | 1 & Orsay | 1 & Orsay | 2 4 Orsay | 2 a Orsay

des serveurs OmniRPC 1 a Lille | 1 a Sophia | 1 a Sophia
1 a Lille

Nombre de workers 29

par server

Nombre total de workers 29 ‘ 58 58 116 116

Emplacements Orsay Orsay Orsay Orsay

des workers Lille Sophia Sophia

Lille

TAB. 2.8 — Plateformes experimentales sur Grille’5000 pour la matrice d’ordre N=47792

H Config. pour N = 203116

Emplacement du client Orsay
Nombre et emplacements 4 & Orsay
des serveurs OmniRPC 2 a Sophia
1 a Lille
Nombre total de workers 206

TAB. 2.9 — Plateforme experimentale sur Grille’5000 pour la matrice d’ordre N=203116

| | Config. pour N = 430128 |

Emplacement du client Orsay
Nombre et emplacements | 5 & Orsay 8 & Orsay
des serveurs OmniRPC 1 & Sophia | 1 & Sophia
1 a Lille 1 a Lille
1 a Rennes
Nombre total de workers 206 412

TAB. 2.10 — Plateformes experimentales sur Grille’5000 pour la matrice d’ordre N=430128
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horloge des expérimentations a plus grande échelle. Nous évaluons enfin le temps requit
pour résoudre un unique produit matrice-vecteur dans les Tables 2.20 et 2.21.

‘ m, k H Config. 1 Config. 2 Config. 3 Config. 4 ‘
10, 1 1358 1289 2895 6824
10, 2 2624 2515 5566 13045
10, 3 5051 4847 11067 24957
10, 4 10356 9853 23533 52993
15,1 1248 1264 2795 6269
15, 2 2140 2155 4798 11137
15, 3 3068 2850 5866 13196
15, 4 8322 7765 17987 40558
20, 1 1190 1232 2556 5549
20, 2 1822 2112 4072 8529
20, 3 3065 2645 5557 11789
20, 4 6316 5875 13894 38339
25,1 1765 1711 3369 7068
25, 2 2008 1582 3413 7673
25, 3 3341 2617 5343 11221
25, 4 4831 4563 11915 23524
Rappel des config. OmniRPC : config. 1-2-3-4
Lille 29 workers : config. 1
Lille 58 workers : config. 2

Lille & Tsukuba 58 workers : config. 3

Lille & Tsukuba 116 workers : config. 4

TAB. 2.11 — Temps horloge pour calculer k couples de Ritz (en secondes) sur les plate-
formes internationales - N=47792

2.2.4 Résumé des analyses

Nous soulignons I'importance du choix de I'algorithme et du paradigme de programmation
paralléle employés pour résoudre notre probléme d’algebre linéaire. Les expérimentations
confrontent au sein de la méme application un modéle de parallélisme paramétrique et un
autre type de parallélisme classique trés communiquant avec des points de synchronisation.
Ce dernier modéle souffre de I'impact des communications sur Internet, voire au sein d’un
réseau local peu performant tel que celui de nos plateformes a 'USTL. La mise-en-ceuvre
d’un mécanisme de persistance de données pour réduire le volume des communications ne
suffit pas & y remédier. Nous notons également que I’algorithme redémarré tend & synchro-
niser d’avantage ’exécution du programme. Le mécanisme de redémarrage est toutefois
précieux si nous considérons le critére de passage a ’échelle car il réduit significativement
les besoins en mémoire vive. Les expérimentations sur Grille’5000 montrent que nous pou-
vons traiter des problémes d’ordres importants. Ce passage a I’échelle est également permis
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Temps horloge du client pour calculer k couples de Ritz

= 29 workersF —+—
o 58 workers F
- 58 workers (29 F, 29 JP) -~
Temps (secondes) o 116 workers (58 F, 58 JP) -
o * o R -
50000
40000
30000
20000 -
10000 -
0¥
10

Vaeursdem

F1G. 2.4 — Temps horloge pour calculer k couples de Ritz (en secondes) sur les plateformes
internationales - N=47792

m, k nombre de m, k nombre de
redémarrages redémarrages
25,1 2 15,1 3
25, 2 2 15, 2 5
25, 3 3 15, 3 6
25, 4 6 15, 4 18
20, 1 2 10, 1 5
20, 2 3 10, 2 9
20, 3 4 10, 3 17
20, 4 10 10, 4 36

TAB. 2.12 - Nombre de redémarrages pour calculer k couples de Ritz sur les plateformes
internationales - N=47792
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Config. 2
Recherche des k couples de Ritz = 100%
m, k || Tridiagonalisation de Lanczos ‘ Recherche des vecteurs de Ritz ‘ Tests de convergence
10, 1 90% 1% 7%
10, 2 87% 2% 9%
10, 3 86% 3% 10%
10, 4 86% 4% 8%
15,1 93% 1% 5%
15, 2 90% 2% 7%
15, 3 87% 2% 9%
15, 4 87% 4% 8%
20, 1 95% 1% 3%
20, 2 92% 1% 5%
20, 3 89% 2% 7%
20, 4 88% 4% 8%
25,1 95% 1% 2%
25, 2 93% 2% 4%
25, 3 91% 3% 5%
25, 4 88% 4% 7%

TAB. 2.13 — Proportion de temps écoulé (en %) dans la tridiagonalisation de Lanczos, le
calcul des vecteurs propres de Ritz et les tests de convergence par rapport au probléme
complet de recherche des couples de Ritz
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Config. 2
Tridiagonalisation de Lanczos = 100%
m, k || Produits Matrice-Vecteur ‘ Réorthogonolisations
10, 1 88% 10%
10, 2 88% 10%
10, 3 90% 8%
10, 4 88% 9%
15,1 86% 12%
15, 2 86% 12%
15,3 86% 12%
15,4 85% 13%
20, 1 80% 18%
20, 2 86% 12%
20, 3 83% 15%
20, 4 79% 18%
25, 1 78% 20%
25, 2 7% 20%
25, 3 76% 22%
25, 4 7% 22%

TAB. 2.14 — Proportion de temps écoulé (en %) dans les produits Matrice-Vecteur impli-
quant A et les ré-orthogonalisations par rapport a la tridiagonalisation de Lanczos

m, k H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘ Config. 4 ‘ Config. 5 ‘

10, 1 190 93 147 431 162
10, 2 320 167 241 706 266
10, 3 616 309 465 1376 012
10, 4 1477 761 1136 3501 1258
15,1 173 90 135 387 149
15, 2 298 148 233 661 260
15, 3 307 163 239 675 266
15, 4 1072 542 826 2500 922
20,1 157 81 122 344 142
20, 2 247 124 186 924 217
20, 3 253 125 188 238 217
20, 4 778 392 994 1770 672
25,1 196 102 157 437 181
25, 2 317 160 241 669 282
25,3 320 161 244 677 283
25, 4 664 329 206 1465 280

TAB. 2.15 — Temps horloge pour calculer k couples de Ritz (en secondes) sur les plate-
formes de Grille’5000 - N=47792
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Temps horloge du client pour calculer k couples de Ritz

29 workers GBK —+—
58 workers G5K
58 workers GBK  ----x---
Temps (secondes) 116 workers G5K B
116 workers G5K

4000
3500
3000
2500
2000
1500
1000

500 |-~
O S _

3
Valeursde k

Vaeursdem

F1G. 2.5 — Temps horloge pour calculer k couples de Ritz (en secondes) sur les plateformes
de Grille’5000 - N=47792

| (n,k) | Temps horloge avec 206 workers (3 sites) |

10, 1 2809
10, 2 2768
10, 3 4878
10, 4 6103

TAB. 2.16 — Temps horloge pour calculer k couples de Ritz (en secondes) sur Grille’5000
- N=203116

| Nombre de nceuds | Temps horloge pour (m,k)=(15,1) |

206 (3 sites) 10962
412 (4 sites) 13150

TAB. 2.17 — Temps horloge pour calculer k couples de Ritz (en secondes) sur Grille’5000
- N=430128
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| Détails des temps horloge des tests avec 206 nceuds sur 3 sites |

Total de la recherche des éléments propres 10962
Lanczos - distribution de la nouvelle colonne de Q 22
Lanczos - Produit Matrice-Vecteur impliquant A 10106
Lanczos - Ré-orthogonalisation 129
Bisection et Itérations Inverses 1
Calculs des vecteurs de Ritz 9
Controles des normes des résidus 691

TAB. 2.18 — Détails des temps horloge pour les expérimentations sur Grille’5000 -
N=430128 et 206 nceuds

‘ Détails des temps horloge des tests avec 412 nceuds ‘

Total de la recherche des éléments propres 13150
Lanczos - distribution de la nouvelle colonne de QQ 20
Lanczos - Produit Matrice-Vecteur impliquant A | 12311

Lanczos - Ré-orthogonalisation 159
Bisection et Itérations Inverses 9

Calculs des vecteurs de Ritz 11
Controles des normes des résidus 810

TAB. 2.19 — Détails des temps horloge pour les expérimentations sur Grille’5000 -
N=430128 et 412 noeuds

Nombre de Produits | Temps horloge
Matrice-Vecteur avec A | par produit
Lanczos - Produits Matrice-Vecteur 75 134
Controles des normes des résidus 5 138

TAB. 2.20 — Temps horloge (en secondes) pour un Produits Matrice-Vecteur impliquant
A - N=430128, 206 workers

Nombre de Produits | Temps horloge
Matrice-Vecteur avec A | par produit
Lanczos - Produits Matrice-Vecteur 75 164
Controles des normes des résidus ) 162

TAB. 2.21 — Temps horloge (en secondes) pour un Produits Matrice-Vecteur impliquant
A - N=430128, 412 workers
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en faisant de la programmation “out-of-core”. Nous constatons la nécessité de cette tech-
nique lors des produits matrice-vecteur. A l'instar du schéma redémarré, “I’out-of-core”
améliore le passage a 1’échelle mais pénalise fortement ’application en terme de rapidité
de calcul en raison des multiples accés aux disques. Par exemple, cette technique explique

en partie les temps de calcul relativement long des produits matrice-vecteur impliquant
A.

Selon la dimension de la matrice A et le nombre k& de valeurs et vecteurs de Ritz recherchés,
nous soulignons I'importance du choix de m (dimension du sous-espace de Krylov et de la
matrice T calculés par la tridiagonalisation de Lanczos). Une trop faible valeur de m par
rapport & k n’apporte pas assez d’informations et engendre de nombreux redémarrages.
Une trop forte valeur ajoute des opérations inutiles dans la phase de tridiagonalisation.
Les expérimentations révélent aussi 'impact du grain de parallélisme choisit et du choix de
la plateforme exploitée. En effet, en raison des faibles performances d’Internet, voire des
réseaux locaux, nous ne bénéficions pas automatiquement d’une réduction du temps total
d’exécution en diminuant le grain de parallélisme (et en partageant calculs et données entre
un plus grand nombre de nceuds). Méme en utilisant un réseau dédié relativement rapide
tel celui de Grille’5000, nous constatons qu’un grain de parallélisme trop fin engendre
trop de communications par rapport & des temps de calcul trés faibles. Enfin I'impact
de la configuration du logiciel de calcul global pour les ressources de la plateforme peut
étre considérable. Les tests soulignent en particulier les performances décevantes obtenues
avec les configurations utilisées lorsque OmniRPC utilise tous les processeurs d’un multi-
processeur.

Au terme de notre étude, nous constatons que le prochain facteur limitant, quand au
passage a l’échelle de notre solveur, est ’espace disque occupé par les fichiers de don-
nées (principalement pour A). Nous pourrions y remédier en utilisant un format compact
d’écriture de données dans les fichiers mais cela risquerait d’accroitre significativement
les temps de chargement de données. Un second point & améliorer serait la distribution
initiale de la matrice A parmi les nocuds de calcul.
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Chapitre 3

Vers la mise-en-ceuvre de plateformes
hétérogeénes a faible consommation
d’énergie

3.1 Proposition

Dans le domaine du calcul haute performance sur grappe de PCs, [104] propose d’exploi-
ter le “slack-time” de chaque nceud généré par un déséquilibre de la charge de travail en
faisant varier dynamiquement la fréquence des processeurs des noeuds. La variation de la
fréquence d’un processeur se fait en modifiant la tension d’alimentation de celui-ci, d’ou
la dénomination DVS (Dynamic Voltage Scaling). Le calcul global est également sujet
a bien d’autres sources de “slack-time” telles I'hétérogénéité des noeuds de calcul et les
communications au moyen de réseaux lents et non dédiés. Nous proposons d’évaluer les
bénéfices possibles si nous exploitons ’hétérogénéité des fréquences CPU des nceuds de
calcul au moyen d’un mécanisme de DVS. Comme support de notre étude, nous adaptons
notre application de recherche des éléments propres d’une matrice réelle symétrique afin
que nous puissions faire varier dynamiquement la fréquence des nceuds en divers points
de I’algorithme.

3.2 Plateforme expérimentale

Bien que nous visions I'usage de ces mécanismes a faible consommation d’énergie sur des
plateformes de calcul global, nous devons effectuer notre étude sur une grappe de PCs
au laboratoire HPCS de I’Université de Tsukuba. Il n’existe pas & notre connaissance de
plateforme & trés grande échelle permettant de faire du DVS et de mesurer avec précision la
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consommation énergétique de chaque noeud. Toutefois, il est concevable de se servir d’une
grappe de taille réduite pour notre étude. En effet, nous étudions uniquement le “slack-
time” résultant de I’hétérogénéité des nceuds, et non celui dii aux communications sur
les réseaux peu performants. De plus notre application recherchant les éléments propres
d’une matrice réelle symétrique a été adaptée dans 'optique d’un déploiement sur grille
de grappes.

Chaque machine de la grappe du laboratoire HPCS de I’Université de Tsukuba utilise
des composants [114] permettant de relever la puissance consommeée sans intrusion dans
I’architecture matérielle de la machine. Ainsi aucune influence extérieure ne perturbe les
mesures des puissances consommeées. La grappe posséde 16 noeuds dont les détails sont
donnés dans la Table 3.1. La modification de la fréquence d’un processeur est faite au
moyen des instructions PowerNow /. Les fréquences disponibles sont données Table 3.2.

CPU AMD Opteron
Horloge (max.) 2200MHz
Cache L1/L2 128KB/1MB
Memoire 1GB (DDR)
Réseau 1 GB Ethernet
OS Linux Red Hat, kernel 2.6.11
gce 4.1.2
MPI LAM/MPI v7.1.3

TAB. 3.1 — Caractéristiques des noeuds de la grappe

| Ratio (%) || Fréquence (MHz) |

100 2200
90 2000
80 1800
60 1600
40 1400
20 1200
0 1000

TAB. 3.2 — Table des fréquences

3.3 Un solveur pour la recherche des éléments propres
d’une matrice intégrant des mécanismes de DVS

Nous avons adapté le solveur précédemment développé pour le déploiement sur des pla-
teformes de calcul global. Il n’y a pas de modification notable d’un point de vue algo-
rithmique, ni pour le graphe d’exécution. La distribution des données est inchangée. Sur
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les 16 noeuds de la grappe, nous considérons 1 client et 15 nceuds de calcul pour lesquels
nous appliquons le DVS. A Tinitialisation du solveur, tous les nceuds initialisent la mesure
de puissance électrique et choisissent une fréquence “défaut”. Ensuite, a divers points du
graphe d’exécution, nous disposons des appels de fonctions PowerNow! pour modifier
la fréquence CPU. Ces appels sont placés en début et fin du solveur, en amont et en
aval des routines d’attente et de communications bloquantes (MPI_Wait, MPI Gather,
MPI_Bcast). Les valeurs des fréquences que nous passons en paramétres des fonctions
varient suivant les objectifs des recherches menées.

3.4 Expérimentations et analyses

3.4.1 Données numériques du probléme

Nous utilisons une matrice de dimension N = 32490 qui est un pavage de la matrice
besstk09 issue de la collection de matrices Harwell-Boeing du site Internet Matrix-Market!.
Elle a 16.5 millions de composantes non nulles, soit une moyenne de 510 éléments non nuls
par ligne. Le but de cette étude ne concernant pas I'impact des parameétres du solveur,
nous utilisons un unique couple (m, k) = (20,2). Autrement dit, nous calculons 2 couples
de Ritz et nous utilisons un sous-espace de Krylov de dimension 20 dans la phase de
tridiagonalisation de Lanczos.

3.4.2 Utilisation de mécanismes de DVS durant les communica-
tions bloquantes et les temps d’attente des processus

Nous étudions 'usage de mécanismes de DVS lors des communications et des temps
d’attente des processus. La Table 3.3 montre les fréquences initiales des processeurs pour
trois configurations d’hétérogénéité. Quand nous faisons appel aux routines de DVS, nous
abaissons la fréquence des processeurs des nceuds de calcul au niveau de la fréquence du
processeur le plus lent. (0% pour la configuration B, 40% pour la configuration C).

Fréq. CPU (%) | Fréq. CPU par défaut (%)
du client des 15 workers
Configuration A 100 15 4 100
Configuration B 100 52a100,1a80,2a60,2a40,1420,440
Configuration C 100 54 100,14 80,2460, 7a40

TAB. 3.3 — Configurations des plateformes hétérogenes

"http ://math.nist.gov/MatrixMarket /
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Les résultats sont donnés Table 3.4. Nous présentons les temps horloge et les consomma-
tions globales d’énergie (exprimés respectivement en secondes et joules). Nous donnons
aussi plusieurs ratios : comparaisons des données des configurations B puis C avec la
configuration A pour une stratégie de DVS donnée, comparaisons des données des tests
utilisant une stratégie de DVS avec les tests sans appel de routine DVS pour la méme confi-
guration. En observant les 5 premiéres colonnes, nous constatons que le temps horloge
d’exécution augmente significativement lorsque 1’hétérogénéité des ressources de calcul
augmente. En effet, notre solveur est trés sensible a I’hétérogénéité en raison du grand
nombre de communications et points de synchronisation. Ainsi, le temps horloge d’exécu-
tion est directement lié aux performances du nceud de calcul le plus lent. Plus le temps
de calcul est important, plus la consommation énergétique est grande. Les 2 derniéres
colonnes de la Table 3.4 montre que l'usage de mécanisme DVS uniquement lors des com-
munications et temps d’attente n’engendre pas une hausse significative du temps horloge
d’exécution mais n’entraine pas non plus une réduction de la consommation énergétique.
Une premiére explication concerne le choix de notre application. En effet, en raison de la
persistance de données sur les nceuds, le volume des communications est faible. De plus
le réseau local est dédié (bande passante et latence constantes) et notre application est
fortement synchronisée. Ainsi, il y a beaucoup de bréves communications entre des pro-
cessus relativement synchronisés et ayant peu de temps d’attente. De plus, le changement
de fréquence d’un processeur n’est pas instantané mais requiert par exemple 50us pour
passer du niveau 100% au niveau 10 % (cf. Table 3.2).

Configuration - Temps | Consommation || Temps | Energie | Temps | Energie
Stratégie de DVS | (sec) énergétique (%) (%) (%) (%)
(W.s) comparé comparé au non
a config. A usage de DVS
A - pas de DVS 490 773041 - - - -
B - pas de DVS 897 1176348 +83 +52 - -
C - pas de DVS 684 943448 +39 +22 - -
A - DVS et bcast 491 771671 - - +<1] —<1
B - DVS et bcast 897 1169854 +82 +51 +<1| —<1
C - DVS et bcast 682 936067 +38 +21 —-<1] =<1
A - DVS et gather 492 775315 - - +<1] +<1
B - DVS et gather 897 1174100 +82 +51 +<1| —<1
C - DVS et gather 681 936363 +38 +20 —-<1] =<1
A - DVS et wait 491 772396 - - +<1| —<1
B - DVS et wait 903 1173586 +83 +51 +<1| =<1
C - DVS et wait 688 942467 +40 +22 +<1| =<1

TAB. 3.4 — Plateformes hétérogénes et DVS durant les communications bloquantes et les
temps d’attente
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3.4.3 Impact de 'ajustement permanent des fréquences de tous
les processeurs a la fréquence du nceud le plus lent

Dans cette section, nous considérons que le client et 14 nceuds de calcul utilisent 100%
de leur fréquence CPU. Un seul nceud voit sa fréquence initiale abaissée. Nous avons
donc six configurations suivant que ce nceud ait sa fréquence initiale aux niveaux 0, 20,
40, 60, 80 ou 90%. Les Tables 3.5 et 3.6 présentent nos résultats. La premiére table
donne les temps horloge (secondes), la consommation globale d’énergie (Joules) et la
puissance moyenne consommeée par nceud (Watts). La seconde table présente divers ratios :
comparaison du temps horloge, de la consommation globale d’énergie et de la puissance
moyenne consommeée par nceud, avec la configuration ol tous les nceuds utilisent 100% du
CPU (premiére ligne) ; comparaison de ces mémes données entre les configurations ayant
un seul noeud a fréquence réduite et les configurations correspondantes ou tous les nceuds
ont une fréquence ajustée au niveau du nceud le plus lent.

Fréquences CPU (%) Temps | Consommation | Puissance consommée
des 15 workers (sec) | énergétique (W.s) par neeud (W)
15 4 100 490 773041 98

1 noeud lent & 90, 14 & 100 514 802524 97

154 90 528 796492 93

1 nceud lent & 80, 14 & 100 552 843519 95

15 a 80 568 818277 89

1 nceud lent & 60, 14 & 100 601 899867 93

15 4 60 619 853515 85

1 nceud lent & 40, 14 & 100 680 1000250 91

15 a 40 689 914133 82

1 nceud lent & 20, 14 & 100 758 1085626 89

15 a 20 776 992403 79

1 noeud lent & 0, 14 & 100 882 1227917 86
1540 903 1114730 76

TAB. 3.5 — Plateformes hétérogénes et DVS durant toute l’exécution

Tout d’abord, nous confirmons I’analyse précédente car un seul nceud hétérogéne suffit a
accroitre considérablement le temps horloge et donc la consommation énergétique (res-
pectivement jusqu’a +80% et +58% par rapport a la configuration homogeéne ot tous les
neeuds sont a 100%).

Lorsque nous nivelons toutes les fréquences des processeurs des noeuds de calcul au niveau
du nceud le plus lent dés le début de I’exécution et pour toute la durée des calculs,
le temps horloge ne croit que de 1 a 2% alors que la consommation globale d’énergie
diminue jusqu’a 9%. Les économies locales sont également trés intéressantes. En effet,
les puissances consommées par nceud indiquées dans la colonne 4 de la Table 3.5 sont
trompeuses car elles sont influencées par la consommation du nceud le plus lent. Ainsi,
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Freq. CPU (%) Variations Variations
des 15 workers temps | conso. puissance temps | conso. puissance
horloge | énergie | consommée || horloge | énergie | consommée
(%) (%) | par nceud (%) (%) (%) | par nceud (%)
par rapport a par rapport a
config. homogeéne a 100% config. avec un nceud lent
154 100 - - - - - -
1490, 14 a4 100 +4 +3 < -1 - - -
15 a 90 +7 +3 -5 +2 <1 —4
14 80,14 4100 +12 +9 -3 - - -
15 a 80 +15 +5 -9 +2 -3 —6
1460, 14 a 100 +22 +16 -5 - - -
15 a 60 +26 +10 —13 +2 -5 —8
1440, 14 a 100 +38 +29 -7 - - -
15 a 40 +40 +18 —16 +1 -8 -9
14 20,14 4100 +54 +40 -9 - - -
15 a 20 +58 +28 —19 +2 -8 —11
140,14 & 100 +80 +58 —12 - - -
15a0 +84 +44 —22 +2 -9 —11

TAB. 3.6 — Plateformes hétérogénes et DVS durant toute I’exécution

Baisse de la fréquence de 100% & || Réduction de la consommation
énergétique locale
90 2
80 6
60 10
40 15
20 17
0 20

TAB. 3.7 — Réduction de la consommation énergétique locale en nivelant les fréquences

CPU
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bien plus qu’une réduction de la puissance consommée allant de 4% a 11% a premiére vue,
nous obtenons en réalité une réduction variant de 5% a 22%. Puisque le temps horloge
est seulement augmenté de 1 ou 2%, la consommation énergétique locale des 14 nceuds
est fortement réduite. Par exemple, pour une exécution du solveur recherchant 2 couples
de Ritz, un nceud fonctionnant initialement & 100% de sa fréquence CPU économise 17%
d’énergie si I’on ajuste sa fréquence au niveau du nceud le plus lent fonctionnant a 20%. La
Table 3.7 présente les économies d’énergie qu'un noeud peut réaliser dans le cadre d’une
exécution du solveur avec les paramétres indiqués précédemment.

3.5 Conclusion et perspectives

Cette étude présente les bénéfices en terme d’économie d’énergie que l'on peut tirer si
I’on exploite I’hétérogénéité des fréquences CPU des nceuds de calcul. Nos résultats sont
fortement liés & 'application choisie et concernent en général les applications fortement
communicantes et synchronisées. Nous avons montré que I'usage de DVS uniquement
pendant les périodes de “slack-time” n’apporte pas de bénéfices significatifs. En revanche,
si 'on ajuste la fréquence des processeurs convenablement sur I’ensemble de I’exécution,
nous obtenons une réduction de 9% de la consommation énergétique globale et une ré-
duction jusqu’a 20% localement sur un nceud sans augmentation significative du temps
de résolution du probléme.

Il serait ensuite des plus intéressants d’étudier les gains énergétiques si nous exploitions
I’hétérogénéité d’autres composants telle la vitesse d’accés disque. Comme nous utilisons
un mécanisme “out-of-core”, ce facteur peut fortement influer. Nous souhaiterions étendre
ce travail en évaluant les possibles réductions de consommation si nous exploitions aussi
le “slack-time” résultant des faibles performances réseaux. L’usage d’un émulateur tel
Modelnet permettrait de réaliser cette étude sur la méme grappe d’ordinateur.
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Chapitre 4

YML, un environnement d’aide au
développement
d’applications a trés grande échelle

4.1 Présentation et objectifs d’YML

La conception d’une application paralléle et distribuée est une tache difficile qui est sou-
vent rendue plus ardue en raison de complications extérieures propres aux intergiciels,
aux ressources de calcul, aux réseaux, etc. L’objectif d”YML est de masquer toutes ces
difficultés additionnelles. De plus, de nombreux intergiciels ont été développés et se par-
tagent les ressources de calcul disponibles. Si le client d’une application souhaite exploiter
un nombre maximum de nceuds, il doit donc développer son application pour chacune
des interfaces de programmation des intergiciels. Ce travail est fastidieux, voire impos-
sible. YML fournit au client une unique interface YvetteML et utilise un mécanisme de
“back-end” pour exploiter différents intergiciels. Le langage YvetteML permet au client de
construire intuitivement un graphe de taches de calcul. Chaque tache de calcul est repré-
sentée sous forme d’un composant facilement réutilisable. L’approche composant aide le
client a clairement distinguer les communications des phases de calcul autonomes.

4.2 Contributions

YML est principalement développé au laboratoire PRiSM de 1’Université de Versailles
Saint-Quentin-en-Yvelines. Ma contribution & YML est double. En premier lieu, je déve-
loppe des modules du logiciel permettant d’améliorer ou étendre les possibilités d"YML.
Dans un second temps, j’adapte le probléme de recherche des valeurs et vecteurs propres
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pour YvetteML. Ce dernier point permet aussi de tester les derniéres versions d’YML et
d’apporter un avis d’utilisateur indispensable afin de signaler les problémes rencontrés
ou de proposer des fonctionnalités utiles. L’étude de ce probléme d’algébre linéaire per-
met également d’unifier mon travail de développement de modules d’YML avec celui des
sections précédentes.

4.3 Développement de modules d’YML

Notre travail a débuté avec le développement d’un “back-end” permettant & YML d’exploi-
ter les plateformes gérées par 'intergiciel OmniRPC. Ensuite, nous avons mis-en-ceuvre le
“Worker YML” et le serveur de données. Ce dernier conserve les paramétres initiaux, les
exécutables et les résultats. Le “Worker YML” gére I’exécution du programme sur le noeud
distant : téléchargement des parameétres et de ’exécutable auprés du serveur de données,
lancement de I'exécutable, dépot des résultats. La Figure 4.1 montre les principales in-
teractions entre ces trois modules. En réalité, le serveur de données gére un ensemble de
processus légers de maniére a supporter des requétes simultanées provenant de “Worker
YML”. Enfin, nous avons participé au développement du support multi “back-ends” qui
devra prochainement permettre a YML d’utiliser dynamiquement plusieurs “back-ends”.

Data-Repository Server Remote computing node

TCPServer -
1 1| DRServer '
1 ? E
1 Cohgect TCPClient
PoolThread Thread ! -
Get bii'1ary 1
1 ~_Get pdrameters
N . H )
DRServerThread [« T DRClient

Put résults

1

1

OmniRPC back-end

YmIWorker

4
Get 4§ task

Back-end scheduler

F1G. 4.1 — Intéractions entre le back-end OmniRPC, le worker YML et le DR Serveur
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4.4 Etude d’un probléme d’algébre linéaire pour YML

Le développement d’un premier algorithme relativement complexe pour YML a révélé le
manque de certaines fonctionnalités qui ont alors été apportées par Olivier Delannoy. En
particulier, YML accepte désormais des parameétres en entrée et en sortie sous forme de
fichiers. Cela nous est indispensable pour des données comme les matrices et vecteurs. En
outre, YML supporte maintenant les collections de données d’'un méme type, puis la mani-
pulation et 'indexation des éléments d’une collection a I'image des langages traditionnels
de programmation.

L’adaptation pour YvetteML du probléme de recherche des valeurs et vecteurs propres
d’une matrice réelle symétrique ne nécessite pas de changement majeur d’'un point de
vue algorithmique par rapport & notre travail directement sur OmniRPC. En revanche,
nous notons des différences significatives d’implémentations. En effet, la persistance de
données n’est pas encore gérée par le “back-end” OmniRPC, ni méme YvetteML. Il faut
donc a chaque fois envoyer l'intégralité des données nécessaires aux calculs. Ainsi, bien
que les hautes performances ne soient pas un objectif prioritaire d’YML, la distribution
d’un calcul sur Internet doit étre sérieusement étudiée en raison du coiit des communica-
tions. Si un nceud dispose des ressources matérielles et peut recevoir un volume important
de données pour traiter lui-méme séquentiellement une tache, alors il est siirement préfé-
rable de lui attribuer plutot que de la distribuer. Cette tache ne peut malheureusement
pas étre faite par le client car YvetteML ne supporte pas la moindre opération numérique.
Cette derniére limitation est également ’objet d’une réflexion. D’une part, nous pouvons
agglomérer un maximum d’opérations au sein d’'un méme composant afin de limiter le
nombre de composants et donc le nombre de communications. Mais ceci ce fait au détri-
ment du principe de ré-utilisabilité qui est un point essentiel d’YML. D’autre part, nous
pouvons attribuer un composant a chaque étape de calcul mais cela engendre un nombre
important de communications. Nous avons choisi cette derniére option afin de favoriser la
ré-utilisabilité de nos composants (ex. pour le développement de la méthode d’Arnoldi)
bien qu’elle ne soit pas optimale en terme de nombre et volume de communications sur
Internet.

Nous proposons deux graphes de taches orchestrant nos composants illustrés par les Fi-
gures 6.3 et 6.4 aux pages 138 et 139.

4.4.1 Conditions expérimentales

Les toutes premiéres expérimentations que nous avons menées, ont pour objectif d’observer
le surcotit de 'usage combiné d’YML et du “back-end” OmniRPC par rapport & une simple
exécution au moyen d’OmniRPC. Nous présentons les tests faits avec le graphe de taches
de la Figure 6.3 qui permet une comparaison avec les tests de la Partie I Section 2.2.
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Nous exploitons les ressources de calcul et les réseaux locaux de 1I’Université de Lille 1
au moyen d’'OmniRPC et du “back-end” d’YML associé. L’ordonnanceur d’'YML et le
serveur de données sont localisés au sein du méme LAN. Les détails sont donnés dans la
Table 4.1. La matrice d’ordre N = 47792 est identique a celle utilisée précédemment. Les
paramétres variables sont & nouveau m et k (respectivement la dimension du sous-espace
de Krylov et le nombre de couples de Ritz calculés).

‘ H Configuration 1 ‘ Configuration 2 ‘

Intergiciel OmniRPC

Emplacement du client Lille

Emplacement des serveurs OmniRPC Lille

Emplacement des workers Lille
Nombre de serveurs OmniRPC 1 2

Nombre de workers par serveur 29

Nombre total de workers 29 o8
Nombre de blocs de A 29 58

TAB. 4.1 — Platformes des tests préliminaires d”YML

4.4.2 Résumé des analyses

La Table 4.2 présente les temps horloges relevés chez le client pour résoudre le probléme.
La Table 4.3 est un rappel des valeurs obtenues avec des expérimentations similaires en
utilisant directement OmniRPC. Enfin, la Table 4.4 explicite les rapports des temps entre
les deux précédentes tables.

m, k H Configuration 1 ‘ Configuration 2 ‘

15, 1 221 209
15, 2 323 236
15, 3 462 296
20, 1 197 146
20, 2 321 232
20, 3 368 297
25, 1 257 176
25, 2 267 186
25, 3 281 195

TAB. 4.2 — Temps horloge du client pour obtenir k couples de Ritz avec YML (en minutes)

Les temps horloge relevés chez le client sont de 4 & 11 fois plus long en utilisant YML. Les
ressources de calcul et réseau sont relativement comparables (et les tests sont faits la nuit
dans les deux cas). De plus, le graphe YvetteML est trés proche du schéma d’exécution
directement avec OmniRPC. Nous distinguons plusieurs explications a un tel surcofit.
Tout d’abord, le client YML ne peut pas réaliser de simples calculs au sein du code
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‘ m, k H 29 workers a Lille ‘ 58 workers & Lille ‘

15, 1 20 21
15, 2 35 35
15, 3 51 47
20, 1 19 20
20, 2 30 35
20, 3 51 44
25, 1 29 28
25, 2 33 26
25, 3 55 43

TAB. 4.3 — Temps horloge du client pour obtenir k£ couples de Ritz directement avec
OmniRPC (en minutes)

‘ m, k H 29 workers a Lille ‘ 58 workers a Lille ‘

15, 1 11 9
15, 2 9 6
15, 3 9 6
20, 1 10 7
20, 2 10 6
20, 3 7 6
25, 1 8 6
25, 2 8 7
25, 3 5 4

TAB. 4.4 — Surcotit d’YML (avec le back-end OmniRPC) par rapport & un usage direct
d’OmniRPC
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YvetteML mais il doit les faire dans des composants qui sont répartis. Si le calcul est
trés rapide, le gain en temps de calcul est négligeable, voire nul, alors que le surcoiit en
temps de communication est évident. Ensuite, nous considérons le surcoiit directement
imputable au logiciel YML qui est la conjonction de plusieurs points. L’ordonnanceur
d’YML met un temps non négligeable pour sélectionner la tache suivante a exécuter. Le
procédé d’empaquetage/dépaquetage des paramétres est également trés cotiteux. Enfin,
la raison principale est le transfert systématique d’un binaire de composant vers un neceud
de calcul (i.e. & chaque invocation dans le graphe YvetteML). Au contraire, lors d’une
exécution directe sur une plateforme OmniRPC, les squelettes (RPC) sont pré-enregistrés
et plus aucun transfert n’est réalisé.

4.5 Conclusion et perspectives

YML est un logiciel encore jeune et développé par une équipe trés réduite. Il possede donc
les défauts de sa jeunesse & savoir qu’il ne masque pas encore totalement I’hétérogénéité
des plateformes de calcul car les “back-ends” ne peuvent pas encore étre tous exploités
dynamiquement ensemble. De plus, afin de réduire le surcotit d’YML, de nombreuses opti-
misations restent a apporter tel un mécanisme de cache pour les binaires de composants
sur les nceuds de calcul. Néanmoins, nous pouvons déja apprécier le langage de haut ni-
veau intuitif qu’est YvetteML afin de composer un graphe d’exécution en se concentrant
essentiellement sur des détails algorithmiques et de répartition. Nous avons également bé-
néficié du principe de programmation par composants en réutilisant plusieurs fois certains
d’entre eux.

A court terme, nous devrons réaliser de nombreux tests pour tester le passage a 1’échelle
d’YML. Nous augmenterons a la fois le nombre de nceuds exploités et la dimension de la
matrice. Nous devrons aussi tester ce méme graphe YML avec le “back-end” XtremWeb
puis réaliser des expérimentations similaires avec le graphe de la Figure 6.4.

Nous souhaiterions poursuivre notre contribution au développement d’YML, en particulier
pour la mise-en-ceuvre du support dynamique "multi back-ends”. Cela concerne ’ajout
d’un systéme de collecte et exploitation d’informations sur les ressources de calcul, les
réseaux et les exécutions passées, ainsi qu’un nouvel ordonnanceur capable d’exploiter ces
informations pour attribuer une tache au “back-end” adéquat.
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Chapitre 5

Conclusion générale

L’axe principal de cette thése de doctorat est I'é¢tude de paradigmes et techniques de
programmation pour la distribution et la parallélisation de méthodes numériques sur
les plateformes de calcul global. Nous insistons sur I'importance des choix numériques
permettant de choisir un paradigme de programmation optimal pour le support de calcul.
Par exemple, nous avons choisi la méthode de la Bissection permettant un parallélisme
paramétrique. Nous soulignons aussi 'impact de ces choix numériques sur le partage, le
placement et I'accés aux données qui sont des points cruciaux lorsque des communications
sur Internet entrent en jeu. L’utilisation de la méthode de Lanczos est un exemple de
choix numérique favorable au contexte de calcul global. Nous avons ensuite exposé les
contraintes dont nous devons tenir compte lorsque nous adaptons un probléme sur une
plateforme de calcul global. Pour certaines d’entre-elles, pour lesquelles le client peut agir
au niveau applicatif, nous avons proposé des solutions comme “I’out-of-core”, la persistance
de données, les méthodes redémarrées. Dans ’esprit du projet Grand Large de 'INRIA
Futurs, nous accordons une part primordiale a 1’aspect expérimental, donnant ainsi une
réelle crédibilité & notre mise-en-ceuvre. Ainsi, nous avons réalisé des expérimentations sur
plusieurs plateformes regroupant des ressources de calcul et des réseaux trés hétérogénes
a 'USTL, France, et & Tsukuba, Japon. L’usage de communications sur Internet est
notamment un facteur essentiel pour des évaluations pertinentes. Enfin, nous bénéficions
également de l'outil Grille’5000. Méme si un tel environnement n’est pas représentatif
du calcul global, nous montrons son utilité en testant le passage a 1’échelle de notre
application et en affinant les analyses faites dans un contexte de calcul global avec les
plateformes France-Japon.

A ce théme de recherche principal, nous avons ajouté une considération relative aux
mécanismes de réduction de consommation d’énergie. Ce théme de recherche est trés
dynamique dans le domaine du calcul haute performance. Le succés des super-calculateurs
de la famille Blue Gene et les spécifications de la future machine pétaflopique du RIKEN
en sont une parfaite illustration. De telles considérations énergétiques seront probablement
bient6t grandement étudiées pour le calcul distribué a trés grande échelle. Nous souhaitons
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que les réductions de consommation énergétique obtenues lors de nos expérimentations
encouragent d’autres chercheurs de la communauté du calcul global a persévérer dans
cette thématique. En effet, nous avons obtenu des baisses de la consommation énergétique
globale de 9% et locales de 20% pour une hausse du temps de calcul de seulement 2% au
maximum. Il existe de nombreux autres facteurs laissant espérer des gains énergétiques.
De telles recherches sont donc prometteuses.

Durant nos recherches nous avons constaté que la programmation et le déploiement
d’applications & I’échelle de I'Internet est une tache trés complexe. Aux difficultés algo-
rithmiques s’ajoutent d’autres contraintes telle 'hétérogénéité des intergiciels de calcul
global, la complexité des interfaces de communications, etc. Nous sommes donc impliqués
dans la conception du logiciel YML qui vise & masquer un grand nombre de difficultés
au développeur. Nous avons présenté les différents modules logiciels que nous avons dé-
veloppés et nous avons expliqué comment adapter notre application numérique a YML.
Un accent particulier a été mis sur les bénéfices d’une programmation orientée “workflow”
(i.e. par graphe de taches) et en utilisant une approche composant. Nous avons discuté des
avantages et inconvénients de différentes orchestrations possibles de composants en met-
tant en avant la distinction entre parallélisme et distribution lorsque nous travaillons avec
des logiciels de hauts niveaux, et en discutant de I'intérét de la distribution de certaines
taches en raison du coiit des communications.
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Dissertation
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Chapter 1

Introduction

1.1 Context

Main context related to Global Computing

Parallel computing, including High Performance Computing, is more and more distributed.
Significant work has been done on network and computers in order to build efficient
dedicated clusters and clusters of clusters. The hardware improvement has been done
in conjunction with the development of computing software to deploy applications and
reach very high performance. The current trend is exploring very large Grid Computing
and Peer-to-Peer Computing by harnessing available computing and storage resources
distributed over the Internet. This new track of distributed computing has required the
implementation of software dealing with new constraints such as safety, volatility of vo-
lunteer peers and confidentiality of data. Moving from dedicated platforms to very large
non-dedicated platforms requires also to modify the programming methodology of nu-
merical applications. We must adapt the distribution of those applications by taking into
account the new constraints. For instance, we choose the grain of parallelism of an ap-
plication (size and number of tasks) depending on the bandwidth of the network and the
limited storage space of the peers.

The INRIA Futurs Grand-Large project is a pioneer in very large heterogeneous com-
puting, globalization of data and resources distributed over the Internet. This project
particularly focuses on three research topics. It favours an experimental approach in or-
der to handle them. The first topic concerns the development and the experimentation
of a Peer-to-Peer Computing environment. It targets to hide to the end-users, the com-
plexity and the heterogeneity of networks and computing resources. The second one deals
with specific issues such as volatility and reliability. The last one focuses on the applica-
tion level. It aims at proposing a programming methodology suitable for very large scale
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numerical applications on Global Computing platforms. Global Computing is a generic
name for several models such as large Grid Computing, Peer-to-Peer Computing, Remote
Computing and so on. This topic of research requires a significant algorithmic work but
also an analysis of available tools, programming languages and software in order to adapt
efficiently the numerical applications to Global Computing.

The MAP team of the LIFL /CNRS laboratory of the USTL is focusing on the third point.
Nevertheless, its work is deeply linked to the first one. In fact, our research experiments
often use the tools developed by the Grand-Large project. Thus, The MAP team plays a
major role in the necessary testing step of computing software and, it provides a precious
user feed-back.

Context related to power-aware parallel computing

Power and energy consumption has become a tremendous topic in the communities of
micro-architecture and computer science. This first interest on low-power technologies
was mainly due to the development of embedded systems such as cellular phones which
generally run on batteries. The commercial success of those devices increased this trend.
In this case, improving the autonomy was the major requirement.

Energy conservation is now a major requirement in server-class systems and High Perfor-
mance Computing (HPC). The leading motivation is to save money. Indeed, low-power
technologies allow reducing the consumption of massively parallel supercomputers, high
performance clusters and web-server farms. Besides, the number of cooling systems can be
decreased (and their consumption too). As an example, the RIKEN has recently delivered
the specifications of its future 10-petaflop system in Japan (built by 2012). It specifies that
the energy consumption of this new system have to be only 1—10 of the energy consumption
of a supercomputer built with common components and giving similar performances. The
cost of electricity is not the only target. We must consider the Total Cost of Ownership
(TCO) composed of the cost of acquisition and the cost of operation. As explained in
[97], the latter cost is deeply linked with the reliability of the system. In fact, low-power
architectures have a bigger Mean Time Between Failure (MTBF) than classical systems.
So, the cost of maintenance is smaller and the availability is much better. In the case of
e-business, a poor availability means huge losses of money. Moreover, such architectures
also allow designing high-density packaging. It avoids using machine rooms which have
an expensive cost of acquisition and, after, an expensive cost of operation. Finally, we
must consider other motivations like environmental protection.
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1.2 Motivations

Motivations for research on Global Computing

In this section, we browse the main reasons which motivate the parallel and distributed
computing community to focus on Global Computing.

First, huge quantities of computing resources are connected to Internet. They can be
Personal Computers (PCs), Networks of Workstations (NOWs) of schools or universities,
clusters, and so on. Most of the time, those devices are switched on but remain idle.
Thus it is very attractive to harness their unused resources. On a computing device,
there are many kinds of resources and they can be used by a wide range of applications.
For instance, the storage Peer-to-Peer applications are precursor by sharing files among
peers. The memory and CPU cycle resources of peers can also motivate the distribution
of applications. Few years ago, this concept of very large computing was not conceivable
especially because of very slow Internet connections. Nowadays, more and more compu-
ters are connected to the Internet by means of xDSL technologies. Besides, the volume
of disk space of desktop PCs is increasing tremendously. Their main memory and the
CPU frequency are rising too. Thus, PCs become attractive candidates for distributed
computing.

Second, we consider that Global Computing can provide a solution to people that have no
access to significant computing tools. It concerns individual end-users, small companies
such as start-up, schools, etc. The problem of the access is generally explained by the cost
of efficient computing devices. Besides, the access to those machines is often restricted to
few users because of safety and confidentiality considerations.

Third, we point out the continuous availability of computing devices. It allows providing
an “on demand” access scheme to a large amount of resources. In other words, in the
ideal case, we can find immediately enough suitable resources to solve an application
without buying any expensive hardware. For instance, it can interest a common person
in order to perform multimedia applications which are generally greedy in term of CPU,
memory and disk space. Usual clients of supercomputers may also be attracted by this
facility. Indeed, in case of a sudden increase of computational need, the capabilities of their
supercomputer may be overcome. In this specific situation, Global Computing resources
can supplement supercomputers. It avoids buying in a hurry a new expensive computing
device. Besides, this kind of computing peak is supposed to be rare, thus a new bought
machine would be seldom used later. We can even imagine a national requisition scheme
of Global Computing resources for urgent and critical applications such as prediction of
typhoon routes, real-time tsunami prediction, etc.

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

1. INTRODUCTION 48

Motivations for research on power-aware Global Computing

It would be very interesting to use power-aware technologies in heterogeneous Grid Com-
puting, even in Peer-to-Peer Computing. In HPC, many argue that power-aware compu-
ting sacrifices performance too much. We must reconsider this argument in the context
of heterogeneous world-wide Grid Computing because the end-user does not, and cannot,
target the highest performance any more. Indeed the computing and network resources
are not dedicated. The client may agree to run his programs slower but cheaper provided
that the performance remains acceptable.

Both the end-user and the volunteer peer can take advantage of power-aware computing
platforms. The volunteer peer may be interested in saving energy while he is offering
his resources. Thus the developers of platforms of heterogeneous Grid Computing should
take into account power and energy consumption in order to attract volunteer peers and
to guaranty the success of their software. The client not only performs his computations
cheaper (or free of charge depending on the “economic model”), but he submits his tasks
to a power-aware platform which probably attracts more peers than the other traditional
platforms.

More and more private companies harness their own resources and perform Grid Compu-
ting. They can be interested in power-aware technologies. First, Grid Computing is only
a tool and not an objective. So, those companies do not want to spend too much money
on it. Reducing the cost of electricity is a first good point. Second, they often have a small
staff in charge of resources. Thus, the good reliability of power-aware platform is a great
benefit. Third, machines must fit in existing buildings and the space for cooling devices
is limited. Therefore, it is almost necessary to use high-density packaging providing high
values for metrics such as FLOPs/m?, GB/m?. Finally, employees may work in the same
building as PCs and they may appreciate cool and quiet devices.

1.3 Scope of the study

Scope of the study on Global Computing

Supercomputers and clusters are traditionally used for the sake of scientific numerical
problems because those applications generally need a lot of resources. For instance, a lot
of applications are based on linear algebra methods using expensive matrix computations.
Therefore, the study of those methods in order to adapt them on Global Computing
platforms is a relevant topic of research. In particular, we focus on the real symmetric
eigenproblem. This linear algebra problem is a good candidate for our study. Indeed,
it is the base of many scientific applications. Besides, it gathers most of difficulties an
end-user may face while distributing his application. An eigenproblem of large order
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requires a lot of disk space, many CPU cycles and a lot of main memory. It generates also
a lot of communications with significant volume of data. It poses the problem of data
distribution, and so on.

Actually, our main goal is not only to adapt a specific linear algebra method. The study of
the real symmetric eigenproblem is a pretext to focus on parallel and distributed program-
ming paradigms and to propose helpful solutions to adapt many linear algebra problems to
the context of Global Computing. We underline that we do not study Global Computing
in order to compete with High Performance Computing. In fact, large scale computing
over the Internet cannot reach the highest performances in term of speed of computa-
tions. We consider Global Computing as a complementary computing tool as explained
in the motivations section. This study is necessary in order to show the viability of Global
Computing, in particular for linear algebra methods.

Developing an efficient parallel and distributed application on a wide heterogeneous plat-
form is a difficult task. Besides, there exists much Global Computing software using
different interfaces. Thus, the end-user has to master the usage of several tools if he
targets to deploy widely his application. YML is a framework which intends to hide the
heterogeneity of hardware, software and provides a uniform access to the Global Com-
puting resources. As a user of Global Computing, we use several tools and we face the
difficulties that YML aims to hide. Therefore, we feel deeply concerned by the YML
project and we participate to its development.

Scope of the study on power-aware Global Computing

We can exploit many characteristics of heterogeneous world-wide Grid Computing in
order to save energy. For instance, on the volunteer peer’s side, we can often decrease the
CPU frequency without affecting the global performance because of the saturation of the
memory (or another component). In fact, a commercial trend is to sell desktop PCs with
a huge peak frequency whereas the other components are not scaled to the processor. The
exploitation of the memory saturation has already been studied in the context of High
Performance Computing and can be applied to heterogeneous Grid Computing. The CPU
frequency is modified by means of Dynamic Voltage Scaling called DVS.

In Cluster Computing and High Performance Computing, we can also take advantage
of the slack-time caused by an unbalanced distribution of work. The slack-time is the
idle time of some computing resources while the others are still working. Those waiting
resources can be run slower in order to save energy without increasing the execution
wall-clock time. At the same time, the power/time efficiency (in W.s™!) is improved!

In the context of heterogeneous world-wide Grid Computing, we consider two other sources
of slack-time. The first one is due slow communication. In fact, contrary to the computa-
tions on supercomputers, dedicated clusters or dedicated Grids such as Grid5000, hetero-
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geneous Grid Computing makes use of the Internet which has a low bandwidth and which
is composed of many heterogeneous networks. The second source of slack-time concerns
the heterogeneity of the computing nodes. Contrary to High Performance Computing and
Cluster Computing which are using homogeneous resources in order to reach the highest
performance, world-wide Grid Computing harnesses a wide range of heterogeneous vo-
lunteer devices. For instance, a powerful desktop PC may have twice more memory and
a twice faster CPU than a laptop. We expect such an heterogeneity of the resources of
the workers can generate a significant slack-time. To our knowledge, no previous work
clearly evaluates the potential energy savings we can get by using DVS for this kind of
slack-time. More generally, power-aware considerations have not yet been explored for
heterogeneous large Grid Computing.

1.4 Contributions

Contributions for Global Computing

We first focus on parallel and distributed programming paradigms on world-wide he-
terogeneous platforms. This computing environment is characterized by the impact of
communication over the Internet or low-bandwidth LAN. We stress the interest of the
parametric parallel paradigm (also called task-farming paradigm) in order to minimize
the number of communications. We oppose this paradigm to a classical parallelism using
many communications and synchronization points. In this last case, we show the cost of
communication and propose some solutions to minimize the volume of transferred data.
So, depending on the characteristics of the computing environment (HPC, cluster inside a
high-bandwidth LAN, Global Computing, etc.), the choice of the appropriate parallel
programming paradigm is essential. This choice is deeply linked with the numerical
method adopted to solve the problem. By means of the real symmetric eigenproblem as
an example, we underline that we must choose the good paradigms at the very beginning
of the application study. Besides, when the numerical method allows it, we underline that
it is conceivable to combine an optimal paradigm, to a non-optimal paradigm if we do
not find better solutions. In the particular case of the real symmetric eigenproblem, the
parametric parallelism of the Bisection and Inverse Iteration methods is wrapped into a
communicating algorithm based on the Lanczos tridiagonalization and a restarted stra-
tegy. With the restarted scheme, we confirm the importance of the choice of the numerical
methods depending on the context of computations. Indeed, by means of this strategy,
we can solve a very large problem while working in a little subspace. It is relevant since
resources of peers may be limited.

The methodology we use to develop a program suitable for the constraints of Global Com-
puting can be employed for many numerical applications. We delay as far as possible the
language and software considerations. For instance, after the choice of the programming
paradigms, linked with the choice of the numerical method, we propose to deal with data
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issues. Depending on the operations on data (i.e. the data access pattern), we can choose
the data structures, the data sharing and the data mapping. It appears that matrix-
vector products are very convenient operations due to their data-access scheme allowing
an easy distribution of data and of computations. The drawback is the number of com-
munications and synchronizations. Then we show the interest of techniques such as the
out-of-core and the data-persistence which can be used by most linear algebra problems.
By using out-of-core, we can solve very large problems and use a little amount of memory
on the remote computing nodes. Indeed, the resources of Global Computing can be very
heterogeneous and some nodes may have few memory. A simple evaluation of the memory
needs show the necessity to use it. The data persistence reduces significantly the volume
of transferred data. Although we can decide to use those 2 techniques before the choice of
a Global Computing software, their implementation deeply depends on software choices.
Next, we show the importance of a good usage of the Global Computing software in order
to build the experimental platform. Indeed, we give an example of bad configuration
which burdens drastically the performances: the wall-clock times to solve the problem are
doubled.

In addition to our contribution related to a Global Computing programming methodology,
an important contribution is to implement all propositions (no simulations) and to test
the programs on realistic world-wide heterogeneous platforms. The concrete results show
the feasibility and the viability of the Global Computing model for linear algebra problem
as long as the speed of the computations is not an important criterion of the client. In
this last case, High Performance Computing devices are the most appropriate tools.

We contribute to the development of the YML framework as explained in previous section.
Our contribution covers 2 points. The first one concerns the development of modules. In
particular, we have developed a back-end for the OmniRPC RPC programming software.
Thus, a client can currently submit the same YvetteML program to an OmniRPC platform
or an XtremWeb one. We have also focused on the Data Repository Server /Client module
and on the YML Worker module. The client does not interact directly with them but
they play a major role in YML. The first one manages the parameters and the binaries
upload /download requests. The second one executes the binary on the remote computing
nodes for any kind of back-end. The second kind of contribution related to YML concerns
the development of a real symmetric eigensolver using the same numerical method as
previously. It is not a simple work of implementation. We must reconsider our way to
develop the eigensolver by taking into account the component programming model of
YML and some constraints of the YvetteML graph language. Besides, as YML hides
all middleware considerations, some issues like data-persistence are problematic. We
propose to focus more on distribution than parallelization of tasks. We have proposed
many re-usable components and a workflow of execution in order to orchestrate them.
By means of the back-end mechanisms, the same components and graph can be deployed
on several computing platforms managed by different middleware. Besides, during the
experimental step, we have proposed to test the latest versions of YML. On the one
hand, we have contributed to improve the stability of YML. On the other hand, we have
provided a necessary user feedback and we have proposed new features in order to extend
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the capabilities of YML.

Contributions for power-aware Global Computing

In this work, a first contribution is to evaluate the impact on the energy consumption
of the heterogeneity of a cluster/Grid platform (from a CPU frequency point of view).
Then, we show how to take advantage of the slack-time caused by this heterogeneity in
order to save energy by using DVS, with no significant loss of performance. This work
may also contribute to motivate researchers of the community of heterogeneous large Grid
Computing to start working on this new promising topic. In order to give credibility to
our work, we have modified the eigensolver developed for our study of the real symmetric
eigenproblem and we get a DVS-capable eigensolver. In fact, the eigenproblem appears in
many daily and industrial applications. Therefore, this study shows that many potential
users are concerned by our work.

1.5 Outlines

An essential characteristic of our field of research is the interdisciplinarity which combines
computer science and linear algebra. We have to review related work in both domains.
Regarding linear algebra, we can limit this study to the real symmetric eigenproblem. The
computer science domain is much larger since it concerns parallel and distributed com-
puting. Chapter 2 presents a wide overview of Global Computing tools. Then, Chapter 3
gives a presentation of fundamental linear algebra methods for the real eigenproblem and
presents related works for its parallelization in the domain of High Performance Compu-
ting. The remainder of the dissertation is organized as follows. In Chapter 4, we introduce
the parametric parallelism and study it by means of the Bisection and Inverse Iteration
methods in order to solve the real symmetric tridiagonal eigenproblem. Then, in the same
chapter, we deal with a more general parallel and distributed paradigm and we handle
more constraints of Global Computing. Our case study is the real symmetric eigenpro-
blem. In particular, we use a restarted Lanczos tridiagonalization. Chapter 5 focuses on
low-power technologies for Global Computing. It is a new promising field of research in
our context although it is already a mature topic in High Performance Computing. For
a better comprehensibility of this dissertation, we intentionally provide a short related
work on low-power computing in this chapter instead of doing it with Chapters 2 and 3.
Next, in Chapter 6, we present our contributions to the development of the YML Global
Computing framework. We unify this work with the study of Chapter 4 by adapting the
real symmetric eigenproblem on YML. Finally, we conclude and present some perspectives
in Chapter 7.
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Chapter 2

Tools for Global Computing

We adopt a user approach and consider Global Computing software as tools. Indeed, our
main goal is not to create software but we use existing ones in order to propose some
solutions to solve large scale real symmetric eigenproblems. In order to find the relevant
tools for our study, we made a wide survey of existing software of Global Computing.
The most intuitive way to present them is to start with low-level ones and to finish with
high-level software. In fact high-level tools rely on low-level ones. This wide survey does
not target at providing an exhaustive list of tools. It intends to represent our point of
view of the distributed computing domain and it gathers the main software we met while
searching the suitable tools for our problem.

2.1 Communication models and tools for the Grid

The basis of parallel and distributed computing is the communication layer between the
computing units which compose a complex system. We generally consider distributed-
and shared-memory systems and each one has specific models and tools of communication.

2.1.1 Communication models and tools for distributed-memory
systems

2.1.1.1 Remote Procedure Calls

The Sun RPC implementation is widely-known. However, there exist other RPC libraries
dedicated to large scale distributed computing. We cite DCE-RPC [1|, DFN RPC |[2],
Peregrine RPC [3], MRPC [4] and RPC-V. DCE-RPC targets the interoperability of
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applications in an heterogeneous environment but it only provides synchronous RPC
over UDP. Nevertheless, we can emulate asynchronous RPC and call-back mechanisms by
means of a multi-threading capability. In order to transfer large volume of data, DCE-RPC
allows using non-blocking unidirectional data-pipes. DFN-RPC has 4 kinds of RPC over
TCP: synchronous RPC, asynchronous and buffered asynchronous RPC, parallel RPC.
Besides, it provides a call-back mechanism and a message-passing-like mode based on
RPC. In [1], DFN-RPC has better transfer rate and less delay than DCE-RPC, SUN-RPC
and PVM. The overhead over TCP is very low. Peregrine RPC optimizes this transfer
rate by using its own protocol over IP. MRPC has been integrated into Compositional
C-++. It relies on the Active Message model and support MPMD architectures. Active
Messages provide an efficient data control and data transfer. Finally, RPC-V intends to
be fault tolerant by means of several techniques of request replication.

2.1.1.2 Remote Method Invocations

The Java Sun RMI implementation is not adapted to large distributed computing. In [5],
its overhead is twice larger than the overhead of some RPC and MPI implementations.
The Manta [6] compiler builds a binary whose Sun RMI methods are replaced by opti-
mized routines based on an efficient communication protocol called PANDA. Manta is
able to deliver standard JAVA bytecode to remote computers that do not have a Manta
environment. Inversely, the Manta environment is able to handle standard Java bytecode.
A similar effort targets to optimize object serialization. Ibis [5] is a kind of middleware
dedicated to RMI. Indeed, the front-end supports the API of the Sun RMI, GMI [7],
RepMI and Satin. RepMI and Satin are software of the Albatross project [9]. GMI adds
collective communication to the RMI and RepMI focuses on object replication. Satin
enables parallel RMI and a replication mechanism by using slave threads. Finally, the

back-end of Ibis has many interfaces for communication protocols like TCP, UDP and
PANDA.

2.1.1.3 Message-passing communication

This paragraph refers to PVM [11|, MPI and IceT [12]. PVM virtualiazes the resources
of many heterogeneous computers connected to the same network. So, it provides to the
user the image of an unique supercomputer. PVM supports a lot of architectures, from
the simple desktop PC to the powerful vectorial machine. The messages are exchanged
between computing tasks that are distributed among computers depending on criteria
related to the architectures or to the requests of the user.

MPI-1 and MPI-2 are the specifications of a message-passing library and not an implemen-
tation. We notice the following implementations: MPICH, MPICH-G2 [10], PACX-MPI,
ScaMPI, MPI-Connect and LAM. MPICH-G2 links MPICH to the Globus toolkit (Sub-
section 2.4). PACX-MPI implements MPI-1 but only a part of MPI-2. It aims to optimize
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collective communication on large scale Grids and supports several protocols like TCP,
ATM, SSL. ScaMPI implements most of MPI-1 specifications and focuses on dynamic
process management and the MPI-IO (Input/Output) part of MPI-2. MPI-Connect pro-
vides the interoperability of many MPI implementations. Finally, MagPle [8] is based on
MPICH but it improves collective communication.

As PVM, the IceT message-passing library virtualizes the underlying network of compu-
ters. The IceT routines can be integrated into a standard Java code in order to benefit
from the bytecode portability on the Sun JVM. On the contrary, the user of PVM has to
provide as many binaries as harnessed architectures.

2.1.2 Communication models and tools for shared-memory sys-
tems

OpenMP is a specification of library routines, environment variables and directives that
are introduced in a sequential program in order to perform a shared memory parallel
execution. During the execution, each parallel section is performed by concurrent shared-
memory threads.

2.1.3 Tools suitable for shared-memory or distributed-memory
systems

We present High Performance Fortran (HPF) and P4. HPF is a programming language
suitable for SPMD parallelism. Data are distributed and mapped on computing nodes
depending on directives inserted into the program. The HPF compiler provides a dedi-
cated binary and optimizes communication for each architecture (shared- or distributed-
memory). The P4 library works on shared- or distributed-memory MIMD machines or
clusters of PCs. If the memory is shared, the user can define its own lock mechanisms.
In case of distributed-memory, the message-passing communication model offers point-to-
point and collective communication.

2.2 Workflow languages and tools

2.2.1 Web-services and workflow languages

Due to the emergence of the web-services, many dedicated languages have been created.
With WSFL [62] based on the XML language, IBM wants to compose web-services within
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an oriented graph. Microsoft has proposed XLANG [63]| which uses the description lan-
guage WSDL. The web-services are autonomous agents which interact between each other.
BPEL4AWS [64] uses the structured language XLANG and the oriented graph language
WSFL. It considers two kinds of process. The first one defines the exchanges between
the web-services and the second one specifies the execution graph. Finally, Sun, Intalio,
SAP and BEA propose WSCI. It has a similar approach as XLANG. In fact, WSCI is
a description language comparable to WSDL. It defines message flows between the web-
services.

2.2.2 Workflow languages for Grid services

Global Computing faces similar problems as web-services. So, the Open Grid Services
Architecture (OGSA) describes an architecture for a service-oriented Grid Computing
environment. It defines the interfaces of the main Grid services by means of the description
language WSDL. Then, the GSFL [66] language, based on XML Schema, allows specifying
interactions between those Grid services so as to build meta-services.

2.2.3 Workflow tools for the Grid

2.2.3.1 Software-aided workflow design

Software like PYRROS [67] and CASH [68] aim to generate a parallel code from a sequen-
tial one by using annotations written by the client. For instance, such annotations may
specify how to build independent tasks, how to distribute data and so on. OREGAMI
[69] does not parallelize a sequential program but it handles the mapping of data on the
computing resources. The user inserts into the parallel program instructions by means of
the LaRCS description language and the compiler generates the execution graph. The 3
previous tools provide a graphical representation of the execution graph.

2.2.3.2 User-designed workflows

Most of tools let the user make the execution graph. He has to manage data and tasks
dependences and sometimes the distribution of data on nodes. With the DAGman, Grid-
Ant [70] and YvetteML (cf. YML, Section 2.7), a text file defines the workflow. Many tools
provide a GUI in order to compose the workflow: FhRG, CODE 2.0 [71], HeNCE [72],
Paralex [73|, Symphony [74], TENT [75], TME, WebFlow [78], Triana [76], a component
of UNICORE [35], GridFlow and Ptolemy II. GridAnt, HeNCE and UNICORE offer
another GUI showing dynamically the execution of the parallel program.
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2.2.3.3 Focus on workflow models

[77] presents some workflow patterns used by the previous software. DAGman, UNI-
CORE, YvetteML, PYRROS and CASH rely on a direct acyclic graph (DAG). HeNCE
uses a modified DAG allowing making programs with unknown number of iterations.
OREGAMI proposes direct, acyclic and process-oriented graphs by means of the TCG
(Temporal Communication Graph) representation. |77| allows using many patterns like
DAG, TCG and ITG (Iterative Task Graph). An ITG is a non-oriented graph allowing
iterative programs with unknown number of iterations. FrHG chooses the Petri net repre-
sentation. Ptolemyll and Triana propose the most exhaustive lists of workflow patterns.
PtolemyllI offers 12 proprietary models. Triana has a proprietary or several usual models
like DAG, BPEL4WS pattern. Other software does not use a specific pattern. The ver-
tices of the graph often represent the tasks whereas the edges concern data dependences.
It is called data-flow diagram and is used by TME, WebFlow, Symphony and Paralex.
For TENT the edges only refer to task organization without any data specification: it is
called control-flow. Phred and GSFL combine data-flow and control-flow because they
consider data dependences and task organization may have different flows. Finally, we
notice that CODE 2.0, Paralex, BPEL4AWS, WSFL and WSCI allow making hierarchic
graphs. It consists in encapsulating and re-using existing graphs in order to compose a
new workflow.

2.3 Large scale resource management and scheduling

There exist a lot of scheduling and resource management local tools for computing plat-
forms (DQS, NQE, PBS, LoadLeveler, and so on). We here present similar software for
large scale computing which often forwards instructions to the local tools. First, some
tools focus on only one objective. They belong to a toolkit or a bigger project. For
instance, GRAM and ARMS are responsible for the resource management and AppLeS is
dedicated to global scheduling. Second, there are more complex tools like EZ-Grid [27],
Nimrod [25], Gallop [28] and SCIRun. They collect information related to the computing
and network resources and perform the scheduling. SCIRun is almost an autonomous
Global Computing software. It is interesting to focus on their computing paradigm. In
fact, Nimrod, SCIRun and APST [24] (extension of AppLeS) aim to do task-farming (cf.
Section 4.2.1). Gallop, with its local scheduler Prophet, performs Remote Computing.

2.4 Global Computing toolkit

Globus [19] is a toolkit for Global Computing software. It provides many tools like GRAM
for the resource management, Nexus in order to configure the network layer, MDS and

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

2. TooLs FOR GLOBAL COMPUTING 58

HBM for the information services, GSI and GSS for security considerations, GEM, GASS,
RIO, GridF TP and so on. Globus is becoming a standard de-facto. Indeed, a lot of Global
Computing software solutions target the interoperability with Globus-based platforms

2.5 Grid Computing software

2.5.1 Grid RPC programming software

Low level RPC programming is not user-friendly for most of scientists. So, we present
software whose API hides the complexity of the RPC. Ninf [13|[14] offers synchronous and
asynchronous calls. It can emulate parallel RPC and perform call-backs. OmniRPC [15]
is a thread-safe evolution of Ninf by means of OpenMP. Netsolve [30][31] is merely the
most known Grid RPC software. It allows synchronous, asynchronous and parallel RPC. It
manages data dependences by making a DAG and it has simple fault-tolerant mechanisms.
Instead of proposing another independent software, GridRPC is a specification which
aims to reach interoperability among existing RPC software. There are several available
GridRPC implementations: NinfG, Netsolve and DIET (we consider DIET as a higher
level tool).

2.5.2 High-level Grid Computing software

In this paragraph, we deal with MW |36|, Bond, EveryWare [37], Cactus [38], DIET and
GrADS [34]. They have often more features than previous RPC programming software
and they target to hide the complexity of many problems related to the Grid. MW
uses PVM. So it virtualizes the resources of the Grid. The scheduling is very simple
because it relies on static information and a FIFO queue. MW offers also a basic fault-
tolerance. Bond is an agent system based on the Java JADE framework and plans to use
Globus. The agents are able to communicate between each other. They solve the tasks
assigned by a scheduler which represents the application by means of a DAG. EveryWare
[37] contains APST (Section 2.3) and is based on the middleware Legion. It can also
rely on a Globus-based middleware or on Condor for lower scale platforms. It proposes
an interesting Gossip mechanism, coupled with NWS; in order to gather information and
maintain a global state of the platform. Cactus |38] has a highly modular and configurable
architecture. It contains a minimal core (the trunk) and the client can plug many modules
(the thorns) depending on his needs. Cactus provides several implementations of thorns.
For instance, regarding the communication layer, it offers thorns for PVM, OpenMP,
MPICH-G. DIET is built upon CORBA communication protocols and has chosen the
GridRPC API. It uses LDAP and some tools presented in this document like NWS,
FAST, etc. Since the scalability is a major consideration of DIET, the scheduling is
distributed. Finally, we consider GrADS which is built with many Globus tools (e.g.

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

2.6. REMOTE COMPUTING AND PEER-TO-PEER COMPUTING SOFTWARE 59

GRAM, NWS). It has an original approach. The client builds his distributed application
by means of configurable components and annotations. The annotations define the needs
of the application. The GrADS compiler configures the components depending on the
available computing resources and the requirements of the annotations.

2.5.3 Object-oriented Grid middleware

The CORBA standard is based on the Object Management Architecture defined by the
Object Management Group. We notice 5 main components: the Object Request Bro-
ker in charge of the transport of requests, the object services (system-oriented services),
the common facilities (user-oriented services), the application objects (domain-specific
objects) and the user application objects. The interface of each object is defined by a de-
scription language (IDL) and is clearly separated from the implementation of the object.
We notice that CORBA is deployable on the Internet with the IIOP implementation of
the communication protocol CORBA GIOP. CCM, also called CORBA3, is an evolution
of CORBA using the component programming paradigm. The Legion [22] middleware
is currently called Avaki. It considers the resources of the Grid as a unique virtual ma-
chine that we can widen by adding objects. An object is a resource or a service. The
objects are independent from each other in order to guaranty a good modularity. The
interface definition of an object by means of the CORBA IDL or the MPL language is
also clearly separated from the implementation. In Globe [18], all processes communicate
through shared distributed objects. Those objects are transparently physically distributed
following two techniques: shared or duplicated. The user-defined objects must contain
4 sub-objects: interface definition, replication policy, communication policy, replication
coherence control.

2.6 Remote Computing and Peer-to-Peer Computing
software

In this section, we distinguish 3 kinds of software targeting computations over the Internet.
First, there are stand-alone applications developed for a specific need of computations.
Second, we present tools which help scientists to build and deploy their own stand-alone
applications. Finally, we consider higher level software able to deploy (almost) any kind
of applications.
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2.6.1 Stand-alone applications

Those applications use the principle of “cycle stealing”. It consists in harnessing volunteer
resources connected to the Internet when they are idle. The parallel paradigm is the
parametric parallelism, also called task-farming (cf. Section 4.2.1). Famous applications
are Distributed.net, Seti@home and GIMPS. In bio-informatics, scientists seldom have
computing resources, so they currently make use of this tremendous computing facility
for projects like Genome@home, Folding@home.

2.6.2 Tools to develop and deploy stand-alone applications

Developing such stand-alone applications requires a significant knowledge in computer
science. Therefore, we present two tools that help people to develop them. The first is
Cosm. It provides a programming API called Mithral CS-SDK in order to parallelize
a sequential program. It offers also a communication library CPU/OS Layer hiding the
heterogeneity of volunteer nodes on the Internet. Cosm has been used for the EON project
and Genome@home. The second tool is BOINC [40]. It allows each volunteer node hosting
several applications and specifying how to share its resources. BOINC considers also
fault tolerance and security. For instance, we notice a redundancy mechanism and then
a consensus technique for multiple results. Currently, BOINC is the base of new versions
of Seti@home, Folding@home or new projects like Predictor@home, Einstein@home and
Climateprediction.net.

2.6.3 Polyvalent Remote and Peer-to-Peer Computing Software

Snipe [23] is restricted to the Remote Computing model. It is based on PVM and RDCS.
RDCS is in charge of data replication and replication coherence control, fault detection,
check-pointing and restarting. The following software solutions use the Peer-to-Peer Com-
puting model although un-symmetric relationships generally remain between the entities.
We cite XtremWeb [16][17], Javelin [41] and Javelin++ [42], Charlotte [33], Bayanihan
[44], Entropia [43] and finally ATLAS. The Java language is generally used because of
its portability since many platforms can run a standard JVM. Besides, for safety consi-
derations, Javelin, Bayanihan and Charlotte rely on the isolation of Java applets in the
web-browser. Javelin4++ and XtremWeb rely on the JVM sandboxing capability since the
Sun JDK 1.2. Entropia uses a proprietary sandboxing mechanism. Another interest of
Java is the wide range of communication tools. Javelin++ is based on RMI and Bayanihan
uses the ORB HORB implemented in Java. The dominant programming paradigm is the
parametric parallelism. Nevertheless, Entropia aims to handle data-parallelism and Char-
lotte distributes parallel sections of a program. The scheduling policy is usually simple
but we notice the interesting “work stealing” mechanism used by ATLAS and Javelin+-+
which has been introduced by the multi-threaded language Cilk [45]. We finally focus on
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fault tolerant mechanisms. They are essential in such large and volatile environments.
By allowing only task-farming, XtremWeb can implement a simple mechanism of fault
detection by means of heart-beat stimulations and re-scheduling of the entire lost task.
As Charlotte, Javelin++ and Bayanihan tackle data dependence, and the fault tolerance
is more complex. They use the “distributed eager scheduling” mechanism explained in
[42]. Bayanihan adds also the task replication, the consensus of multiple results and uses
a blacklisting policy. Javelin++ intends to use a consensus in order to distinguish node
failures from network ones.

2.7 Global Computing framework

In Section 2.6.3, we have presented software solutions that enable deploying an application
over the Internet. Global Computing frameworks target the same goal but they provide
more features like workflow design module, monitoring and profiling, debugging and so on.
We here consider UNICORE |[35], YML [48], Gateway [39] and P-GRADE (MTA SZTAKI
company). We first focus on the front-end properties. UNICORE, Gateway and P-
GRADE provide a GUI with a workflow composition tool and a monitoring environment.
Actually, P-GRADE seems to be dedicated to Cluster Computing and it offers many
additional features like debugging, post-mortem analysis. YML does not propose a GUI
and the workflow design is done by means of the workflow language YvetteML in a text file.
The 4 frameworks require the client to divide his application into independent tasks. Each
YML task is an XML component: it makes easy the re-use and the composition of tasks.
The UNICORE and Gateway tasks have embedded information like security requirements.
Then we look at the back-ends of those frameworks. Gateway is based on the Globus
toolkit. UNICORE relies on local resource management tools and local schedulers like
PBS, LoadLeveler. Actually, UNICORE is a framework dedicated to Remote Computing.
The GRIP project intends to extend the capabilities of UNICORE by using Globus and the
web-services. YML allows using several back-ends. There currently exist two back-ends
for OmniRPC and XtremWeb. Finally, P-GRADE relies on MPICH-G2 or Condor-G.

2.8 Grid Portals

In |79], a portal is defined as a web-server application able to communicate with a Grid
software. [80] considers 3 kinds of portals. We first have the “user portals”. They are
simple web-server applications accessing to Global Computing platforms in order to sub-
mit and monitor some tasks. Sometimes, it is also possible to select the computing
resources. Ninf [79], Legion [85], Nimrod-G [84] and UNICORE have their own portal.
NPACI HotPage [81] and GRB [83] offer a solution to Grid built with the Globus toolkit.
WebSubmit [82] only gives access to local schedulers (LoadLeveler, NQS, LSF). Then,
we consider “Science Portals”. They are dedicated to specific and complex applications
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that can hardly be deployed through a conventional “user portal”. [80] presents XCAT-SP
and gives 2 examples of applications. Finally, the “portal construction kits” like GridPort
|86] and GPDK allow building portals. For instance, Visportal [87] is built by means of
GPDK. The Computing Portals Organization! maintains a list of existing projects related
to portals.

2.9 Profiling, prediction, simulation and emulation tools
for parallel and distributed applications

2.9.1 Profiling tools

We present AIMS [88], VAMPIR & VAMPIRtrace [89] (Intel), Pablo [90], VT (IBM), MPE
& Nupshot and Paradyn [91]. [92] compares some of those tools. Except for Paradyn,
they use collected data in order to perform a post-mortem analysis. Paradyn is limited
to a runtime analysis. So, it is adapted for long applications. VT also allows dynamic
profiling of IBM AIX kernels. It is interesting to see how intrusive the tool is. Paradyn
does not need any modification of the program. The default profiling modes of VAMPIR,
MPE and VT do not need any modification too, but we can improve/extend collected
data by adding routines to the source code of the application. With AIMS, we have to add
routines through a text editor or a GUI. Pablo also requires some routines and, sometimes,
we have to substitute standard functions by the Pablo ones (e.g. profiling of I/O). We
focus now on the communication layers handled by those profiling tools. All of them
support MPI. AIMS and Paradyn also handle PVM whereas NX is tackled by AIMS
and Pablo. Regarding the programming API, C and Fortran are commonly accepted.
VT adds C++. HPF is handled by VT, AIMS and VAMPIR. We notice that MPE is
language-independent. Finally, we look at supported platforms. AIMS, VAMPIR, Pablo
and Paradyn can work on many configurations. MPE & Nupshot only requires TCL/TK
libraries. On the contrary, VT exclusively works on IBM RS6000 and IBM SP.

2.9.2 Prediction tools

NWS [20][21] performs measurements related to the different entities of the Grid (e.g.
network bandwidth and latency, disk space). The collected information is then gathered
in order to perform short-term predictions that can be used for the scheduling. PACE
[94] aims to predict the computing and communication times of a distributed application.
The user has to model his application and to provide information about the computing
resources and the network. PACE also estimates the variation of those times by modifying
some parameters of the application or the configuration of the Grid. Then, in order to

Thttp:/ /www.computingportals.org
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predict the performances of distributed applications, FAST [93] uses NWS and evaluates
the needs of the routines (memory and computing times). This last point relies on tests
done during the initial installation of FAST on the computing nodes.

2.9.3 Simulation and emulation tools

A simulation consists in reproducing the behaviour of a system by means of an analytic
model (e.g. execution of an application on a Global Computing platform). The emulation
allows testing in real time the behaviour of the developed system. It uses an experimental
environment reproducing the targeted environment. An interesting review is done in [96].
It presents some simulation tools like Brick , SimGrid, SimGrid2, GridSim, GangSim and
OptorSim. It also compares grid emulation tools such as MicroGrid and Grid eXplorer.
Emulators like ModelNet and NetBed are dedicated to the reproduction of communication
over the Internet.

2.10 Chosen tools

We choose two Global Computing software in order to build several experimental plat-
forms and deploy a parallel and distributed eigensolver. On the one hand, we use the
Grid Computing software OmniRPC based on the RPC programming paradigm. On the
other hand, we choose the XtremWeb Peer-to-Peer Computing software. We motivate
those choices in Chapter 4 Section 4.2.2.3. XtremWeb proposes a web portal but its usage
is strictly limited to pure task-farming. So we prefer using the Java API of XtremWeb.
Then, we adapt the same eigensolver to the YvetteML workflow language of the YML
framework which has 2 back-ends for OmniRPC and XtremWeb. The motivations for
using the YML framework are given in Chapter 6 Section 6.1.1. Next, we also use some
MPI implementations such as MPICH or LAM. The main motivation is that Dynamic
Voltage Scaling routines of the experimental low-power cluster are available only for an
MPI API (see details in Chapter 5).
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Chapter 3

Overview of numerical methods for the
real eigenproblem

In this section, we first focus on important numerical methods allowing computing the real
eigenproblem. Then, we present interesting works on parallel real symmetric eigensolver.

3.1 Short definitions reminder

| Ae My(R) | A e My(C) |
A invertible « JA™! AA™L = A7'A =1, | A invertible « JA™Y, AAT = A7tA =1,
A symmetric <« A' = A A hermitian «— A* = A
A normal < AA' = A'A A normal < AA* = A*A
A orthogonal «— AA' = A'A =1, A unitary «— AA*=A*A=1,

The real eigenproblem of a real matrix A consists in finding some eigenpairs (A,u) such
that Au = \u where A € My(R), v € RY and )\ € R.

Two matrices A and A’ are similar if there exists an invertible matrix P such that A’ =
P7'AP. A is diagonalisable is A if similar to a diagonal matrix. Two similar matrices
have the same eigenvalues.
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3.2 Important numerical methods for the real eigen-
problem

3.2.1 Power Iteration method

Hypothesis: A is a real diagonalisable matrix, A € My(R). We note \i,... , Ay the
eigenvalues of A with the following condition: |Ay| > |Ay_1] > [An_2| > -+ > [\
Uy, Us, . .. ,uy are the associated eigenvectors.

The Power Iteration method computes Ay, the largest eigenvalue of A in magnitude. We
consider an initial vector xy such that ro = aju; + asus + ... + ayuy and the sequence
Tpy1 = Az, We get:

T = Mragug + MoFasus + ... + AvFanuy
Ay F AP
Ty = )\Nk[aNUN +... + (—2) QoUg + (—1) Qi
AN AN
Besides:
AP
fori < N, 1i ) =0
ort ’kigloo<)\N>

(LS
el 2

So when k is large: x;, ~ M\ anuy and [Ay| ~ Uy ~ T

Algorithm 2 Algorithm of the Power Iteration method
Require: A, g, €
Ensure: \y

Leour < Lo

>\prec —1

>‘cou7" — O

while |Aour — Aprec| > € do

)\prec — )\COUT‘

Zcour

T —
normal Zeour]]

Leour < ALnormal
t
)\cour — T normal Leour

end while

If A is invertible we can find the lowest eigenvalue (in magnitude) by means of the Inverse
Iteration method. Indeed, the eigenvalues of A~! are the invert on those of A. The
condition on the eigenvalues becomes [Ay| > [An_1] > [An_a| > -+ > | A2 > |A\1]. This
method does not require to know A~! but requires to solve linear systems Az = B.
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3.2.2 Deflation method

Hypothesis: A is a real diagonalisable matrix, A € My (R). Its eigenvalues are ordered
as follows: |Ay| > [An_1| > |An_2| = -+ > |A\|. We note uy,us,... ,uy the associated
eigenvectors.

If we want to compute more than one eigenvalue, the Power Method is not sufficient.
The Deflation method gets the second largest eigenvalue (in magnitude). If the method
is repeated and if all the eigenvalues are distinct (i.e. in the previous condition, all the >
become >), then we can find all the eigenvalues. However, the accumulation of rounding-
off errors and approximations leads to a degradation of the results.

The Deflation method consists in finding a matrix B whose eigenvalues are 0, Ay_1, Ay_o,
..., A\1. Then, the Power Method is applied to B. There exists a basis (vq, va, ..., vy) such
that V(i, j)viu; = d;; (Kronecker’s delta). If we note B = A—Ayuyvl then Vi =1,... N:
Bu; = Au; — Ayun(vhu;) = \u; — Ayundy;. We see that the eigenvalues of B are 0,
>\N—17 )\N_Q, cee )\1.

3.2.3 Jacobi method and Givens rotations

Hypothesis: A is a real symmetric matrix, A € My (R).

The Jacobi technique is also an iterative method. At each iteration k, we compute a new
matrix A similar to A such that A, = QI;IAQk where () is a real orthogonal matrix
(Q'=Q™"). If A is diagonally dominant (Vi, ., |a;| < |ai|), Ay converges to a real
diagonal matrix D which has the same eigenvalues as A. If the condition is not respected,
A usually converges but not always. In case of convergence, the eigenvalues of A are
the elements of D and its eigenvectors are the columns of the matrix Q) = Q1Qs ... Q.
The @) matrices are called Givens rotation matrices (see Figure 3.1). The elements of

Api1 = Q" AQy, are:

((ifi#p,qand j #p,q aj; " = aij
ifi=pandj#p.q ak;rl = cosfay; — sinfal;
ifi=qand j#p g = sinfaf; + cos faf;
ifi=j7=np ab = cos? fal, + sin® faf, — sin 20ak,
ifi=7j=gq act = sin®fay, + cos? faf, + sin 20ak,
ifi=p,j=q art! = cos 20a;, + SngH(a’;p —ap)

| the other components are found by symmetry
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Figure 3.1: Givens rotation matrix

In order to converge to a diagonal matrix, for each iteration k£, we must nullify an element

(not null) a’;q so that a’;jl = 0. To reach this goal, we can choose 6 such that cos20 =
ko k
%, — 7 <0 < 7. The algorithm is given in Algorithm 3.

Algorithm 3 Algorithm of the Classical Jacobi method
Require: ¢, A
Ensure: D (in case of convergence)
Ay — A )
while Y7, af;"'” < e do
Choose the a}, having the highest magnitude, af, # 0,p # ¢
Compute @y, according aj,
Compute Agi1 «— QL ALQx
end while

3.2.4 QR method and Householder reflections

Hypothesis: A is a real matrix, A € My(R). We note Ay,... , Ay its eigenvalues such
that |)\N| > |)\N—1| > |)\N—2| > > |)\1|

QR method by means of Householder reflections

Let us consider a vector v € RY, v not nul. The Householder matrix associated to v is
H,=1- 2%. This matrix is symmetric and orthogonal.

Now we consider a vector x € RY, = dyv + d1a1 + dsas + -+ - + dy_1an_1 where
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(ay,...,an_1) is an orthogonal basis of the hyperplane span{v}" and §; € R*Vi =
1,...,N. We have: H,x = —0gv + 01a1 + dsas + --+ + dy_1any_1. It means that x
and H,r have the same projection on spcm{v}l but opposite projections on v. Therefore,
by choosing v = z % ||z|,e; where e; is the unit vector (1,0,...,0), we get a method to
nullify all the elements of = except the first one (i.e. H,z = ye;, v € R¥).

Algorithm 4 Algorithm of the QR decomposition method
Require: A
Ensure: (QR decomposition of A
AO — A
for:=1,...,N — 1, step=1 do
1) Compute H; with v = ¢; £ ||¢;||,€1
¢; is the vector composed of the N — i + 1 last elements of the i** column of A;_;
2) Compute A; «— H;A; 4
end for

[ ] [ ]
0 o e
00 e °
A, = 0O 0 ° 7
0 °
0 ° °
7

(L, 0
H"‘( 0 HZ-)

At the end of the algorithm described in Algorithm 4, (Hx_;...HyH;) is orthogonal
(and thus invertible) because it is the product of orthogonal matrices. We get a QR
decomposition by choosing R = Ay_; and Q = (Hy_1 ... Hng)_l. We have also ) =
(Hy_1 .. .Hng)t because () is orthogonal. Then, since each H; is symmetric, we get
Q = H{H,...HY = HHy... Hy_1. The QR decomposition requires %N?’ elementary
operations. The computations are much faster if we previously transform A into an
Hessenberg matrix.

Finally, it is proved that the sequence k¥ = 1,...,N — 1,A,,1 = Q' A.Q: converges
to an upper triangular matrix 7" whose eigenvalues are the diagonal elements. As () is
orthogonal, A and T are similar matrices and have the same eigenvalues.
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QR method by means of Givens rotations

The Householder reflexions allow nullifying all the components under the diagonal. When
A is a sparse matrix, it is much more interesting to nullify only non-nul elements by means
of the Givens rotations (explained for the Jacobi method).

3.2.5 Tridiagonalization of a real symmetric matrix

Many methods aim to compute the eigenvalues of a real symmetric tridiagonal matrix
T. The tridiagonalization can be performed by means of the Householder reflections or
the Givens rotations. It consists in nullifying all the components of the upper/lower
triangular sub-matrix except the diagonal and the first sub-diagonal. Then we get a
symmetric Hessenberg matrix. It generally needs %N 3 floating point operations in order
to tridiagonalize a dense matrix.

Hypothesis: A is a real symmetric matrix, A € My(R).

We can use also the Lanczos tridiagonalization method explained in Algorithm 6. It is
the symmetric case of the Arnoldi method. We first have to choose an initial vector
qo- The method contains N iterations. It builds an orthogonal basis () of the Krylov
subspace K" (qo, A) = {qo, Aqo, A%qo, ..., AN "1qy} such that Q*AQ ~ T. Let us note d
and e the diagonal and sub-diagonal of T'. For &k = 1,..., N, each iteration k£ computes
a new vector ¢, of @, di and e the new elements of T (if £ = N ey is not computed).
The Lanczos method suffers from a loss of orthogonality among the vectors g, due to the
rounding-off errors of the floating-point arithmetic. Therefore, we have to reorthogonalize
the basis (). We notice three techniques. The first one performs a full reorthogonalization
of ) at each iteration. The second one makes a full-reorthogonalization only if a test is
validated. It maintains a sufficient semi-orthogonality among the ¢, (orthogonal to half
the machine precision). The third one does a local reorthogonalization at each iteration
but it generates spurious eigenvalues.

3.2.6 Bisection method

Hypothesis: 7" is a real symmetric tridiagonal matrix, 7" € My(R).

The Bisection method is also called Givens method or Sturm sequence method. It com-
putes all the eigenvalues of a real symmetric tridiagonal matrix 7" which are contained in
a given interval. If this interval is the Gerschgorin domain, then all the eigenvalues are
computed. The Gerschgorin theorem says that each eigenvalue of a matrix A € My(R)
respects the criterion |\; — a;| < E;V:L#@- la;;|, for 1 <4 < N. Thus all the eigenvalues
are in the interval [minj<;,<ny(a; — 1), maxi<;<ny(ay; + 7))
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Algorithm 5 Algorithm of the Lanczos tridiagonalization method
Require: A, ¢ (initial vector)

Geandidate <— 40
€y — HQCandidateH2
for k=1,..., N, step=1 do
1) New column of the basis @

Qk — dcandidate
€k—1

2) Candidate column for the k + 1" iteration

Geandidate < ACIk:

Gcandidate < Yeandidate — Qk—1€k—1

3) New element of the diagonal

dk — QIthCandidate

Geandidate < Qcandidate — qkdk

4) Reorthogalization (e.g. full)

Geandidate < Qcandidate — Qthcandidate

5) New element of the sub-diagonal (done if k& # N)

€L = ”(.IcandidateHQ
end for

The inertia of a real matrix A is the triplet of integers (v(A), ((A),m(A)) which depicts:
the number of negative eigenvalues, the number eigenvalues that are zero and the number
of positive eigenvalues. Let \; > Ay > --- > Ay be the eigenvalues of A. Vo € R,
m(A — o) represents the number of eigenvalues of A upper than o. Thus, 7(A —ol) =1
means that )\1 Z 2/\1 ZUZ/\i—i—l Z Z)\n

By choosing suitable values of o, we can gradually share the starting interval in order to
isolate each eigenvalue into a sub-interval whose diameter is the precision of the bisection
algorithm (so, we compute approximated eigenvalues).

In order to compute 7(A—ol), we use the inertia low of Sylvester: if A is a real symmetric
matrix and X a real non-singular matrix, then A and X AX" have the same inertia. In
other words, v(A) = v(XAX"), ((A) = ((XAX?Y), 7(A) = 7(XAX"). If A is real
symmetric, (A — o) too. Besides a real symmetric matrix is orthogonally diagonalizable.
It means that we can do the decomposition A = PDP* where D is a diagonal matrix
and P an orthogonal lower triangular matrix. Therefore, there exist D and P such that
(A—ol)=PDP'. (A—ol)and D have the same eigenvalues and due to the Sylvester
law, m(A — o) is exactly the number of positive eigenvalues. Those eigenvalues are the
elements of D. If we consider that A is actually the real tridiagonal symmetric matrix 7,
we get:
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ap— 0o o5 0 e 0
fi a—o [ :
T —o0l = 0 52 a3 — 0o . 0
3.
0 e 0 Op1 ap—0

The numerical translation of (T'— o) = PDP" gives the following recurrence:

dleél—O'
fori=1,...,n—1

2
diyr = (Oéz'+1 - U) - %

The Bisection method requires O(Nk) floating point operations with & the number of
eigenvalues in the starting interval. If we want to compute the eigenvectors, we have to
use the Inverse Iteration method and it also adds O(Nk) floating point operations.

3.2.7 Cuppens or Divide & Conquer method

Hypothesis: T is a real symmetric tridiagonal matrix, 7' € My (R).

This method consists in finding the decomposition T = QD@Q' where D is a diagonal
matrix and ) an orthogonal matrix. This method differs from the others since it is
recursive. The “divide” step recursively shares the decomposition problem into 2 sub-
problems of smaller orders. The “conquer” step gathers the two sub-results and computes
the result of the full decomposition. In [58], the authors explain it in details. It is one of
the fastest method. It needs O(N?) floating point operations (%N 3 are also required for
the tridiagonalization).

3.3 Parallelization of the real eigenproblem

The parallelization of the real eigenproblem has generally been studied for High Perfor-
mance Computing on supercomputers and dedicated clusters. We first focus on the House-
holder reductions and the Givens rotations which are used in many situations (QR fac-
torization, Jacobi method, tridiagonalization, etc). Thus, there is a significant related
work on those methods. Then, we look at the parallel tridiagonal eigenproblem. It has
been also heavily studied, in particular the Bisection method. Thirdly, we notice a re-
cent dynamic topic of research consisting of parallelizing the Krylov subspace methods
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for large scale eigenproblems. We conclude this section with work on the real eigensolver
for platforms of Global Computing.

3.3.1 Parallelization of the Householder reflections and the Givens
rotations

Parallel QR factorization by means of the Givens rotations

In [55], the authors parallelize the QR method by means of the Givens rotations. They
target sparse matrices and design their algorithm so as to minimize the storage space
needs. The algorithm uses the PVM message passing model on the distributed memory
Cray T3D supercomputer. [56] also focuses on the QR parallelization. Instead of the
traditional Givens method, the authors use the fast-Givens one. It consists in keeping
the current matrix in a factored form DA where D is a diagonal matrix. The targeted
experimental environment is also dedicated to high performance since it uses PVM and
the BLACS (communication library for the BLAS) on a dedicated cluster of workstations.
Experimentations were planed on a supercomputer too (Meiki CS-2).

Parallel tridiagonalization by means of Householder reductions

By using the Householder reflections, [54] aims to parallelize the tridiagonalization of dense
matrices. The main effort concerns the data mapping on the processors following a square-
torus topology. The targeted platform is composed of an Intel Paragorn supercomputer
with the SUNMOS operating system (dedicated to massively parallel-distributed memory
systems). In [53], the authors also perform a parallel tridiagonalization by means of the
Householder reflections. Actually, the goal of the authors is to do a QL diagonalization
in order to find all the eigenvectors (we have previously presented the Bisection and the
Divide & Conquer methods for the tridiagonal eigenproblem). The MPI message passing
model is used on the IBM SP2 supercomputer.

3.3.2 Parallelization of the tridiagonal eigenproblem

Parallelizing the Bisection method

[52] handles the tridiagonal eigenproblem by means of the Bisection method. The au-
thors choose to use the multi-section strategy in order to isolate each eigenvalue and then
their extraction is done using the parallel bisection. The Inverse Iteration method allows
computing the eigenvectors. For the experimentations, we notice the usage of two su-
percomputers: Alliant FX/8 and Cray X-MP/48. In [51], the authors study in details
the parallel bisection and the multi-section performances for the hypercube multiproces-
sors Intel iPSC-2. They show that choosing between one of those strategies depends on
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some parameters: order of the problem, number of processors, ratio of arithmetic costs to
communication costs.

Parallel Divide & Conquer methods

[58] presents the parallelization of the Divide & Conquer Cuppens method. Paralleli-
zing this recursive method is much more challenging for distributed than shared memory
systems. The authors performed a two dimensional block cyclic distribution of data. A
drawback of their implementation is the high memory usage (2n?). The experimentations
are done on an IBM SP2 and also a dedicated cluster of workstations.

3.3.3 Parallelization of the Krylov subspace methods

In [57], the authors present the PLANSO package which is based on the sequential LANSO
implementation. It uses the MPI message passing model and is tested on a supercom-
puter Cray T3E or on a cluster of multiprocessors (28 UltraSPARC workstations). We
notice also the Parallel ARPACK package. It is the parallel version of ARPACK! which
implements the implicit restarted LANCZOS and ARNOLDI method (IRAM). It uses
the BLASC and MPI and, works on many parallel-vectorial supercomputers (Cray-C90,
Cray T3D, Intel Delta, CM-200 and CM-5) and clusters of workstations. [59] presents
the Multiple Explicitly Restarted Arnoldi Method (MERAM) which is based on the Ex-
plicitly Restarted Arnoldi Method (ERAM). It proposes also an asynchronous version of
MERAM. A comparison is done with other methods like IRAM. The experimentations
combine a cluster of workstations and a CM5 parallel machine.

3.4 Parallel eigensolver for Global Computing

In [59], the authors underline that the asynchronous MERAM is a good candidate method
for Global Computing. In [60], this method is distributed by means of the RPC program-
ming software Netsolve on two geographic sites interconnected by Internet. To our know-
ledge it is one of the rare studies of the eigenproblem on a Global Computing platform.
However, we benefit from a significant work on the matrix-vector product (MVP) in [61].
The authors focus on several block partitioning strategies. They simulate data persistence
and study the benefit of an out-of-core mechanism. In this work, the matrices are not
transferred but generated on each computing node. It is a strong hypothesis because the
cost of communication over the Internet is a major issue in Global Computing.

Thttp:/ /www.caam.rice.edu/software/ ARPACK /
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3.5 Chosen numerical methods

In order to solve the real symmetric eigenproblem, we choose a numerical method com-
posed of two main steps. We first tridiagonalize the real symmetric matrix A by means
of the Lanczos tridiagonalization method. Secondly, we solve the tridiagonal symmetric
eigenproblem of the matrix 7" with the Bisection method. The Inverse Iteration method
is used to compute the eigenvectors of 7" which are necessary in order to find those of A.
Our motivations for those numerical methods are given in Chapter 4.

In order to distribute the Lanczos method, we take into account the study of the large
scale distributed MVP in [61]. For the distribution of the Bisection method, followed by
the Inverse Iteration, we focus on the parallel Bisection. In addition, we use as far as
possible the optimized BLAS and LAPACK libraries.
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Chapter 4

The Real Symmetric Eigenproblem on
Global Computing Platforms

4.1 Scope of the study

Global Computing does not compete High Performance Computing. We must consider
it as a complementary scientific tool. The choice between Global and High Performance
Computing depends on several factors and also on the targeted criterion of performance.
Currently, supercomputers and powerful clusters are much better in order to reach high
Flop/s. They are also relevant for all applications requiring confidentiality, reliability or
real-time constraints.

Considering the huge number of computers connected to Internet, Global Computing may
provide a solution to the applications needing a large amount of storage space. This point
can be a critical factor for High Performance Computing devices. Next, very large nume-
rical problems are often memory- or CPU-intensive. They can also be distributed among
volunteer machines of a Global Computing platform. Nevertheless, the computing time
must not be a criterion of the user. The most promising aspect of Global Computing is
the availability of the volunteer machines. This availability provides several advantages.
First, it offers a significant amount of resources to people who have no access to high
performance devices. This problem of access is explained by the expensive cost of de-
dicated machines and also simply by the limited and restricted usage of supercomputers.
Second, Global Computing provides a continuous availability of computing resources. It
is an “on demand” access scheme. In other words, people use volunteer machines only
when needed. Thus, for punctual use, it avoids buying some devices that would not be
used again later. Even owners of high performance computers may be concerned by this
last point.
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In this thesis, our precise goal regarding Global Computing is to solve very large numeri-
cal problems. In particular we focus on the real symmetric eigenproblem. This choice is
mainly due to the importance of this numerical problem in many industrial applications.
The page ranking method of the Google web-search engine is a famous example of eigen-
problem usage. The eigenproblem is also a resource-demanding problem. It requires CPU
cycles, main memory, disk space and it generally generates much communication. Thus, it
is a good choice of study because it emphasizes the main challenges that we must handle
in order to use Global Computing for large computations. We propose some solutions
to most of those challenges. We underline also few problems that should be optimized.
The overall contribution is to propose a Global Computing programming methodology
for complex linear algebra problems, not restricted to the real symmetric eigenproblem.
In short term, we would like to encourage researchers to perform similar studies. In
long term, many companies may use Global Computing platforms for solving their large
applications.

4.2 Parametric-parallel applications

We first present the parametric-parallel paradigm which is the simplest one for Global
Computing. This paradigm is usually called task-farming. It can be advantageously used
in order to solve the real symmetric tridiagonal eigenproblem.

4.2.1 Definition and interests of the parametric-parallelism

A parametric-parallel application is composed of a single sequential source code and se-
veral sets of parameters. Distributing such an application consists in sending to each
volunteer node the same program but a different input set of parameters. Each volunteer
node computes a specific output result without any communication with the other nodes.
By gathering all the output results, we get the global solution.

By nature, the parametric-parallelism respects a distributing computing model. The
distributed model allows sharing the CPU and memory workload and also the disk space
usage. The parametric-parallelism uses a parallel computing model only if several tasks are
sent, to volunteer nodes and then solved in parallel. This point must be clearly underlined
although it seems obvious afterwards. The parallel model provides faster computations.
We notice some specific points of interest of the task-farming model for Global Computing.
First, the absence of communication between the tasks is fundamental because world-wide
computing uses the Internet network which has poor performances and is not reliable. The
less we use it, the better. Second, the volunteer peers do not need to know each other. It
greatly simplifies the scheduling management of the deployment Global Computing tool.
The data management is also very easy since pieces of data associated to the tasks are
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independent. Finally, from the user point of view, developing this kind of application is
relatively easy because of the absence of task- and data-flow.

Many parametric-parallel and distributed applications are famous because they were pre-
cursor in Global Computing and related to dynamic or popular topics of research (such
as bio-informatics). Section 2.6.1 gives some examples.

4.2.2 The real tridiagonal symmetric eigenproblem

This linear algebra problem consists in computing the eigenpairs (A,v) of a real symmetric
tridiagonal matrix 7" such that Tv = \v where T' € My (R), v € RY and ) € R.

4.2.2.1 The Bisection method

In Section 3.2.6, we have presented the sequential Bisection method. Many points moti-
vate the choice of the Bisection method among all the existing techniques. First, it is a
fast method. It needs O(Nk) floating point operations in order to compute k eigenvalues
in the starting interval. Besides, we must add O(Nk) floating point operations for the
Inverse Iteration method in order to compute the eigenvectors. The Bisection method
differs from the other ones since it relies on a recurrence and not on expensive matrix
computations such as matrix-vector products. Then, the Bisection is mainly a CPU-
intensive method and is not very memory-intensive. This property is very interesting in
the context of Global Computing using standard PCs. In fact, the commercial trend of
the last decade associates fast CPU with small amount of memory. Last but not least,
the Bisection is naturally a good candidate to task-farming since it shares the starting
interval into subintervals and each subinterval can be handled independently.

4.2.2.2 Propositions to adapt the Bisection method to Global Computing

The natural parametric-parallelism of the Bisection

In Section 3.3.2, we cite some work done in High Performance Computing in order to
parallelize the Bisection. They have shown the effectiveness of the Parallel Bisection on
a distributed-memory system whereas multi-section is better for shared-memory systems.
Thus we target to adapt Parallel Bisection to Global Computing.

The Parallel Bisection is a typical parametric-parallel application. Indeed, let us consider
the sequential Bisection and Inverse Iteration programs, and [, a starting interval of
research containing the targeted eigenvalues. Then, let us make a strict partition of [
such as I = UI;, 0 =nNl;, j =0...p —1. We can build p independent tasks composed
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of the sequential program and one of the subinterval /;. Each task can be handled by
a computing node which computes without any communication the eigenvalues (and the
associated eigenvectors) contained in its assigned subinterval.

A solution to optimize the load balancing

Once we propose using the Parallel Bisection, the following important issue is how to share
the starting interval. In fact, it has a great impact on the workload balancing among the
computing nodes. In particular, if a matrix has a cluster of eigenvalues in one interval
of the partition, only one computing node has a significant work to perform. Figure 4.1

gives an example of a naive partition (I; = [¢;,¢; + ”‘7‘1[ where I = [a,b], ¢ = a and
Cp—1 + b;% = b) in presence of clustered eigenvalues.

e ——

I 0 | 0 | 17 l 1 | 0 | 0 I 10 |

Figure 4.1: Naive partition of an interval with 28 eigenvalues

Therefore, we propose to take into account the distribution of the eigenvalues in order to
build a suitable partition. It is done by means of the Bisection recurrence itself combined
with a given threshold. This threshold specifies the maximum number of eigenvalues per
subinterval. We apply the sequential Bisection algorithm on the starting interval but stop
it as soon as each subinterval contains less eigenvalues than the threshold. Figure 4.2
illustrates this process in presence of the same clustered eigenvalues as Figure 4.1.

> fe— i< ——><fi

0 17 1
Figure 4.2: Balanced partition of an interval with 28 eigenvalues, threshold=4

If the partition does not respect the mathematical definition, we can loose eigenvalues or
compute some eigenvalues several times. In [50]|, the authors stress the problem of the
non-monotonicity of the function which computes the Bisection recurrence. It motivated
us to centralize the computation of the partition on the client node.

The threshold is an important parameter and it could be an additional topic of study.
A too big value does not divide clusters of eigenvalues. A too tiny value generates a
huge number of subintervals and then too many tasks. We currently make an empirical
choice and typical values are between 200 and 500. We do not recommend assigning one
subinterval per computing node. Indeed, if the number of subintervals is large, it may
give poor ratios between the computing times and the communication times (in order to
submit the tasks and get the results). Thus, we consider a second parameter which is the
number of requests sent to the nodes. We perform a cyclic distribution of the subintervals
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among the requests in order to balance the workload (giving connected subintervals to
the same request would annihilate our effort to divide clusters of eigenvalues).

4.2.2.3 Experimentations on world-wide grids with OmniRPC and XtremWeb

Software of Global Computing

We present in Chapter 2 many tools designed to distribute and parallelize applications.
Among all of them, we focus on OmniRPC and XtremWeb. Several reasons motivate
those choices. XtremWeb targets Peer-to-Peer Computing by means of the work-stealing
model and OmniRPC focuses on Grid Computing with the RPC programming model.
The two computing models are dominant in Global Computing and it is interesting to
deploy the same application on them. XtremWeb and OmniRPC greatly differ and each
one proposes interesting features:

e According to the peer-to-peer principle, the relationship between a client and all
the volunteers is anonymous and can be reversed. Nevertheless, it remains a cen-
tral authority with a third entity: the dispatcher. The dispatcher collects requests
from the client, schedules the requests when a volunteer asks for a job and it gets
the results from the volunteers. With OmniRPC, there is an obvious unidirectional
relationship between the client and the workers. OmniRPC proposes two configu-
rations: “SSH” and “Cluster”. The “SSH” configuration requires the client to know
each worker.

e XtremWeb uses connection-less protocols, is fault-tolerant and uses a sandboxing
technique whereas OmniRPC relies on connected communication and is not fault-
tolerant.

e OmniRPC offers data persistence, proposes to choose between several kinds of sche-
dulers (e.g. round robin, PBS) and several invocation methods (e.g. RSH, SSH).
XtremWeb lacks data persistence and the scheduling is very simple.

e A major difference is the way to handle the parameters at the client API level. Due
to the low level RPC programming mechanism, the client of OmniRPC loads the
input and output parameters in main memory. On the contrary with XtremWeb,
the client stores the parameters in files. The files are zipped, serialized (XtremWeb
uses Java RMI) and sent.

e The way to reach parallelism is very different between OmniRPC and XtremWeb.
OmniRPC enables parallel computing by means of direct asynchronous RPC calls
on computing nodes. The XtremWeb client also performs asynchronous submissions
of tasks but the requests are kept by the dispatcher. Parallelism is reached only if
several volunteers ask for a job in parallel. If they ask in a sequential way, the
application is only distributed. We underline that OmniRPC proposes a second
kind of parallelism because it is thread-safe and allows running OpenMP jobs.
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In spite of all those differences, we notice a similar interesting property. XtremWeb
handles firewalls by using the “pull model”. It means that communication is initiated
by the volunteer nodes and the client, and never by the dispatcher. OmniRPC can also
harness nodes on a protected site as long as SSH connections are allowed on a relay server
(“cluster configuration”).

Finally, our choice for these software solutions is motivated by their support in case of
technical questions or requests for improvement. Indeed XtremWeb is developed by a team
of the INRIA Grand Large project. OmniRPC is designed at the HPCS laboratory of the
University of Tsukuba where I stayed 10 months thanks to the French-Japanese Doctoral
Consortium (CDFJ) and the FJ-Grid associated team of the Grand Large project.

Computing and network resources

We harness heterogeneous computational nodes on two different geographic sites at the
USTL, France, and at the University of Tsukuba, Japan. Details are given in Table 4.1.

Number CPU 2"cache /proc | Memory
of PCs (KB) (MB)
Network of workstations at the USTL
14 | Pentium 3, 450MHz 512 128
14 Pentium 4, 3.2GHz 1024 1024
22 Celeron, 2.4GHz 128 512
14 Celeron, 2.4GHz 128 1024
28 Celeron, 2.2GHz 128 512
8 Celeron, 2GHz 128 512
8 Celeron, 1.4GHz 256 256
OS Debian 4.0.2/3.3.6, kernel 2.6.13/2.6.11, gcc 3.3.5/3.3.6
Clusters at the University of Tsukuba
16 Dual Xeon, 3GHz 512 1024
8 Dual Xeon, 3GHz 2048 1024
2 Dual Xeon, 3.6GHz 1024 4096
OS Linux, kernel 2.6.9, gcc 3.3.5

Table 4.1: Computational resources at the USTL and at Tsukuba

Our experimental platforms use different kinds of networks like Local Area Networks
(LAN) and the Internet. At the USTL, we have a Network Of Workstations (NOW). The
bandwidth varies from 10 to 100 MBits in our laboratory and it is 1GBits in the USTL. At
the University of Tsukuba, the nodes are organized within two clusters. The bandwidth
is 100 MBits or 1 GBits between the nodes and the switches. It is 1 GBits between the
local switches and the Tsukuba WAN. Table 4.2 shows the average of 50 measurements
of bandwidth over TCP and UDP with the tool Netperf between Lille and Tsukuba. The
measurements are done at different times of the day. The two targeted Global Computing
middleware for the experimentations use communication over TCP.
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‘ H Over TCP ‘ Over UDP ‘
| Average of 50 measurements (MBits) |  1.74 | 877 |

Table 4.2: Bandwidth between the USTL and Tsukuba

The experimental computing and network resources are realistic. In other words, they
are representative of Global Computing resources. In fact, the computational resources
are greatly heterogeneous. The architectures of the two LAN are also different and we
use communication through the Internet. Third, the conditions of usage differ between
the two sites. At Tsukuba, a reservation policy is set up and the nodes are dedicated
to computational science. It guaranties a constant amount of resources, availability and
stability of nodes. On the other hand, the USTL does not use a reservation policy and
the machines are shared with students. So, network bandwidth, available memory and
CPU cycles may vary greatly. Machines are also often switched off.

Experimental platforms

Table 4.3 presents the six experimental platforms that we build by means of OmniRPC or
XtremWeb and, the computing and network resources. We use the “cluster configuration”
of OmniRPC. Each OmniRPC relay server uses a simple round robin scheduler, SSH
invocations and multiplexes all communications into only one.

‘ H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘
Middleware XtremWeb
Location of client Lille
Location of dispatcher Lille
Nb and location 50 50 University 24 USTL
of workers USTL of Tsukuba | 26 University of Tsukuba
| | Config. 4| Config. 5 | Config. 6 |
Middleware OmniRPC
Location of client Lille
Nb and location of 2 at Lille | 2 at Tsukuba 1 at Lille
OmniRPC servers 1 at Tsukuba
Nb workers per server 25
Nb and location 50 50 University 25 USTL
of workers USTL of Tsukuba | 25 University of Tsukuba

Table 4.3: Experimental platforms for the study of the parametric-parallelism

Parameters and hypothesis

We use the tridiagonal matrix 7" described in Figure 4.3 whose eigenvalues are \; =

a+ 2bcos(]gil) where j = 0,...,N — 1. We choose a = 2, b = 1, N = 10°, a threshold

of 200 eigenvalues maximum per subinterval. We build 100 independent tasks (i.e. 100
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sets of subintervals). With OmniRPC, we directly submit one task per worker. With
XtremWeb, all the tasks are given to the dispatcher and the volunteer nodes have to
collect them (in parallel or not).

a b 0 0
a b 0
T_ 0 a
0 b 0
b
0 0 b a

Figure 4.3: Matrix for the study of the parametric-parallelism - N=100000, a=2, b=1

For this study on the parametric-parallelism paradigm, we have two major assumptions.
First, the matrix is centralized on each computational node. We do not yet deal with
matrix transfers. They are handled in Section 4.3. Second, the eigenvectors are computed
but not yet retrieved by the client. This problem is also handled in Section 4.3. The
computational nodes can use the eigenvectors to perform additional computations and
then to return results monopolizing limited network bandwidth. For instance, we currently
compute the Euclidean norm of the residuals.

Evaluation of the memory and disk needs

Our program requires at the most 162 M B ((96+8xthreshold)* N) of memory in order to
solve one task. The storage need is not significant in this section. In fact, the tridiagonal
matrix and the IV eigenvalues easily fit in memory and, we do not store the eigenvectors
(see the previous hypothesis).

4.2.2.4 Results and analysis

Results

For each configuration, the times are given in seconds. Each time is computed by means
of 10 runs. So, each wall-clock time of the client in Table 4.5 is an average of 10 mea-
surements. Each computing time of the remote nodes in Table 4.4 is the average of 1000
measurements (10 runs of 100 tasks).

In Table 4.4, we give couples of computing times. A couple (a,b) means that a (resp. b)
is the computing time for the eigenvalues (resp. eigenvectors) by means of the Bisection
method (resp. Inverse Iteration). We also provide the minimal remote computing times
of each configuration for the eigenvalues and eigenvectors computations. It emphasizes
the heterogeneity of the nodes.
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‘ H Config. 1 ‘ Config. 2 ‘ Config. 3
Average time (213, 928) | (112, 755) (198, 980)

Minimal time (142, 467) | (63, 250) (107, 491)

‘ H Config. 4 ‘ Config. 5 ‘ Config. 6
Average time (192, 728) | (138, 930) (180, 801)

Minimal time (140, 429) | (79, 325) (95, 311)

Config. reminder XtremWeb: 1-2-3,0mniRPC: 4-5-6

Lille: 1-4, Tsukuba: 2-5, Lille & Tsukuba: 3-6
(a,b) = (time for eigenvalues, time for eigenvectors)

Table 4.4: Computing times of the remote nodes to find their eigenpairs (in seconds)

‘ H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘
Times of submission 1 1 1
Times of wait 4074 2739 2735
Times to retrieve results 2 2 1
‘ H Config. 4 ‘ Config. 5 ‘ Config. 6 ‘
Times of submission 1384 1607 1392
Times of wait and to get results 1165 1809 1463
Config. reminder XtremWeb: 1-2-3,0mniRPC: 4-5-6
Lille: 1-4, Tsukuba: 2-5, Lille & Tsukuba: 3-6

Table 4.5: Wall-clock times of the client to get the eigenvalues (in seconds)
Analysis

First, we focus on the computing times of the remote nodes depending on the Global
Computing software. With XtremWeb, the eigenvalues and the eigenvectors are com-
puted faster when we increase the number of workers at the University of Tsukuba and
decrease this number at the same time at Lille (on dual-processor computers at Tsukuba,
there is one XtremWeb worker per processor). In fact, the computers at Tsukuba are more
powerful than at Lille. With OmniRPC, this conclusion is also true for the computations
of the eigenvalues. On the contrary, the computations of the eigenvectors with OmniRPC
take much more time at Tsukuba than at Lille. We harness dual-processor computers
at Tsukuba and each one has two OmniRPC workers (one per processor). Thus, the
main memory has to be shared. On those machines at Tsukuba, may be the Java Virtual
Machine manages well memory for two XtremWeb workers, whereas the two OmniRPC
workers compete in order to get some memory. The other shared resources like the hard
disk or the bandwidth cannot explain this behaviour for our program. As the Bisection
is mainly a CPU-intensive application, it does not suffer from this problem.
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Second, we still consider the computing times of the remote nodes but we fix the loca-
tion of the workers. At Lille, the OmniRPC nodes compute faster than the XtremWeb
workers. We explain this difference of performance by the overhead of the Java-based
workers of XtremWeb whereas the OmniRPC nodes are simply invoked by RPC calls.
At the University of Tsukuba, we observe the opposite situation: the XtremWeb workers
perform better than the OmniRPC ones. As previously, on a dual-processor system, the

management of memory among two workers is probably more efficient by means of the
JVM.

Third, we focus on the times of the client. They are wall-clock times because they include
communication times and remote computing times. We observe a major difference of
behaviour between OmniRPC and XtremWeb which is due to the connected /disconnected
strategies. On the one hand, XtremWeb uses a disconnected model. The client submits
its 100 tasks to the dispatcher and it immediately starts waiting for the results. On the
other hand, OmniRPC relies on a connected model. The client submits as many tasks
as there are available nodes (asynchronous RPC calls) and then it starts an active wait.
The remaining tasks are gradually submitted as soon as some workers are available.

Finally, if we do not consider the heterogeneity of computational nodes, the location
of workers has not a significant impact on the results since we implement parametric-
parallelism. We only need to send input parameters and get the results at the end.
Besides, the volume of communication is low. Nevertheless, without the two assumptions
formulated in Section 4.2.2.3, the client would have to send the matrix (1.5 M B) and,
above all, it would have to get the eigenvectors (a total of 74.5 GB). Such data transfers
would have a considerable impact on tests.

4.2.2.5 Conclusion and perspectives

In this first part of the chapter, we show the interest of the parametric-parallelism. It
is a suitable paradigm for Global Computing involving computing nodes connected by
the Internet. In fact, there are only two communications per task: the volunteer node
gets its task and then it sends the results. So, if the volume of data for those two
communications is moderate, the location of the computing nodes almost does not matter.
The client can harness all over the world the most suitable nodes for his application. He
can also take advantage of the time difference between the countries in order to find more
idle computers. Depending on the Global Computing software and its configuration,
some volunteer nodes are not suitable. For instance, two OmniRPC workers do not give
optimal performances on a dual-processor computer. However, the performances remain
acceptable for our experimental application because it does not require a lot of memory.
The client can avoid this problem because it configures himself the OmniRPC platform.
By default, XtremWeb launches one worker per processor. The results are good on a
dual-processor system for the Bisection and the Inverse Iteration method. Nevertheless,
with a memory intensive application, we have to be cautious for multiprocessors whose
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main memory is not scaled to the number of processors. Besides, we have no reference on
the behaviour of that Global Computing software on shared-cache multi-core systems.

From the eigenproblem point of view, this section shows that Parallel Bisection can be
efficiently used for Global Computing as it was previously done for High Performance
Computing. A natural perspective is to use the Parallel Bisection as a sub-problem of
the real symmetric eigenproblem. It consists in dividing the main problem in two steps:
tridiagonalization and tridiagonal symmetric eigenproblem. Work of this section is useful
for the second step. We have also stressed the existence of clusters of eigenvalues and we
propose a solution which divides them and balances the workload among the workers.

From a methodological point of view, in order to distribute and parallelize an application
over the Internet, a good approach would consist in searching task-farming capabilities
into sub-problems in order to get a parallel application with a minimum of communica-
tion. This preliminary analysis does not depend on any Global Computing software since
most of them can perform parametric-parallelism. Unfortunately, very few linear algebra
methods allow using this parallel paradigm. Second, a parametric-parallel sub-problem
is interesting only if the client designs workload-balanced tasks (not necessary true if the
workers are too heterogeneous). Otherwise, the parametric-parallel program lasts as long
as the sequential one and it adds communication. Then, once the client has designed the
parametric-parallel subprograms, it is important to evaluate the memory requirements of
the independent tasks and the volume of data for the input and output communications.
Indeed, if the Global Computing software can take into account such information (or if the
client builds his platform), it can select the most suitable volunteer workers (architecture,
location).

4.3 The real symmetric eigenproblem on Global Com-
puting platforms

The parametric-parallelism is a very specific paradigm which can be applied to very
few linear algebra problems. Most of complicated applications have data dependencies
which generate much communication and synchronization points. Moreover, the previ-
ous Bisection and Inverse Iteration methods only concern the real symmetric tridiagonal
eigenproblem. Therefore, in this section we present our study on the real symmetric
eigenproblem of a real symmetric matrix A. It consists in finding some eigenpairs (A,u)
such that Au = A\u where A € My(R), v € RY and A € R. We proceed in two steps.
We first tridiagonalize the matrix A and then we take advantage of the task-farming ca-
pabilities of the Bisection in order to find the eigenvalues of A. This study is challenging
for Global Computing because several sub-problems are CPU and memory intensive and
sometimes, they bring up the question of data storage. They also generate communication
and synchronizations.
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4.3.1 Numerical method

4.3.1.1 Tridiagonalization with the Lanczos method

In Section 3.2.5, we explained the principle of the Lanczos tridiagonalization. It computes
an orthonormal basis whose vectors compose a matrix (), and a real symmetric tridiagonal
matrix 7" such that T = Q'AQ, where A is a real symmetric matrix, A € My(R).

Algorithm 6 Reminder of the algorithm of the Lanczos tridiagonalization method
Require: A, ¢q (initial vector)
Qeandidate <— 40
€o < ||QCandidate||2
for k=1,..., N, step=1 do
1) New column of the basis ()

Qk «— dcandidate
€k—1

2) Candidate column for the k + 1” iteration
Geandidate < AQIC

Gcandidate <~ Geandidate — Qk—1€k—1

3) New element of the diagonal

dk — qz‘]candidate

Gcandidate < Qcandidate — dek

4) Reorthogalization (e.g. full-reorthogalization)
qcandidate <~ Qcandidate — QtQQCandidate

5) New element of the sub-diagonal (done if k # N)

€r = HCIcandidate”Q
end for

The main motivation for Lanczos concerns the data access pattern. In fact, the matrix A
is accessed through matrix-vector products (MVP). @ is also accessed by means of MVP
during the full-reorthogonalization. Thus, we do not have to load the full matrices or block
of matrices in memory and we can load the components by using many simple strategies.
Besides, the other operations of the Lanczos method are basic and we can use existing
optimized libraries like BLAS. Last but not least, the Lanczos tridiagonalization has a
known by advance number of iterations. Among all the reorthogonalization methods,
we choose the full-reorthogonalization, at each Lanczos iteration, in order to maintain
a full orthogonality among the vectors of the Krylov basis. It adds many floating-point
operations but it is very important to maintain a good stability of the numerical results
and the systematic full-reorthogonalization is the best way to ensure it. Besides, the
workload and the data storage can be distributed among volunteer nodes.
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4.3.1.2 Numerical method of the real symmetric eigensolver

The sequential numerical method that we study in order to solve the real symmetric
eigenproblem actually contains five steps. We first tridiagonalize A as explained in Section
4.3.1.1. Once we have computed the tridiagonal matrix 7', we can apply the Bisection on
it in order to find the eigenvalues of T' (and A). The eigenvalues of A are often called the
Ritz eigenvalues. Then, we use the Inverse Iteration method to compute the eigenvectors
of T. Each Ritz eigenvector u of A is computed with the product u = Qu, where () is the
orthogonal Krylov basis found by Lanczos, v an eigenvector of T" such that Au = Au and
Tv = M. Finally, we check the accuracy of the computations by means of the Euclidean
norm of the residuals ||Au — Aul|,(< ¢€).

4.3.2 Proposed distributed and parallel real symmetric eigen-
solver

In this section and the following ones, we present the distributed and parallel real sym-
metric eigensolver based on the previous numerical method. We first make global propo-
sitions which are middleware- and programming language-independent: they mainly con-
cern the parallel paradigms, the data structures and the distribution of data. Second,
we consider some constraints of Global Computing like volume of communication, nodes
with limited resources, matrix distribution and so on. We first find some middleware-
independent solutions. Then, we also glance at useful features of the Global Computing
software that we can use.

Step 1: distributing the Lanczos tridiagonalization

We have previously explained that a motivation for the Lanczos tridiagonalization is that
the matrices are accessed through matrix-vector products (MVP). Each one of the N
Lanczos iterations performs one MVP involving A and a full-reorthogonalization composed
of MVP involving (). The distribution of the computations of the MVP depends on the
matrix storage management. At the beginning, A must be stored by the client in a
compact format since it is impossible for him to store N x N elements of A. () is gradually
built during the tridiagonalization: one column per iteration.

We propose to send A only one time at the beginning of the problem. Indeed, at each
Lanczos iteration, the same matrix A is used and sending such data is a very expensive
task. Thus, the workers must keep data of A. As A is not necessary a sparse matrix,
using a compact format during the computations would give high access time. So for
the computations, the workers save data of A in a file with a non-compact format. We
choose the binary format of file, instead of text, in order to save disk space (statement
true for this kind of data, not in general) and to load quickly in memory matrix lines. We
give details in part 4.3.3.3. We do not send the full matrix A to each volunteer worker
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involved in the MVP. Indeed, each worker only needs selected data of A. Besides, a worker
can hardly store the full matrix A in a non-compact format when N is large. Therefore,
data of A is shared by blocks of contiguous rows among the computing nodes. Regarding
the matrix (), the client can also hardly store it and it is not acceptable to send () to
the computational nodes at each iteration. So, we propose a cyclic distribution of the
columns of () among the nodes as they are gradually computed and each worker has to
keep its columns. Distributing the data storage of A and () stresses the problem of data
persistence that we handle in part 4.3.3.3.

For each MVP, the client only sends to each node the vector that is multiplied to the
matrix. Each node performs the computations related to the data of its block (of A or Q)
and returns a piece of the result. As the result of the MVP is always used immediately (for
scalar-vector or vector-vector operations), the client must wait that all the nodes have
completed their task. As a consequence, the parallelism scheme of the Lanczos tridia-
gonalization is highly-communicating and very synchronized. This kind of parallelism is
challenging for a world-wide computing environment. It means that we have to choose
a coarse-grain parallelism by increasing the block size of matrices and by decreasing the
number of nodes. Nevertheless, we must not increase the grain of parallelism too much
because the computational nodes have limited resources (CPU, memory, disk space, etc).
We propose some solutions later.

Steps 2 and 3: Distributing the tridiagonal symmetric eigenproblem

The second and third steps of the method concern the Bisection and Inverse Iteration
methods. We employ the distribution and parallelization proposed in Section 4.2. The
matrix 1" consists of 2N — 1 elements. It fits in memory and can be sent to the remote
nodes. However, if N becomes very large, it may generate significant communication
times. A restarted scheme is proposed in Section 4.3.3.2 and it annihilates most of memory
limitations during the Bisection and Inverse Iteration methods. In fact, the order of the
working subspace is much smaller than N. Each node computes some Ritz eigenvalues
and some eigenvectors. The client is able to get in memory the Ritz eigenvalues. For
the associated eigenvectors, it can hardly get them in memory at the same time (N
vectors). We cannot assume it will get them by means of a file because such hypothesis
is middleware-dependant. Therefore, we introduce a static parameter which indicates the
authorized memory usage. The client allocates this amount of memory and gradually
performs the Bisection and Inverse Iteration submissions by sets of tasks depending on
the remaining free memory. We recall that each set contains several tasks, and each task
contains an interval of research (cf. Section 4.2.2.2). When a set of tasks has been solved,
the client writes in a binary file the current eigenvectors and frees the memory for the
following set of tasks. Even though this process seems complicated, it is necessary if we
target to solve the full eigenproblem (i.e. in the space of order N). The restarted scheme
proposed in Section 4.3.3.2 generally reduces this process to only one set of tasks.
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Steps 4 and 5: distributed computations of the Ritz eigenvectors and the residuals

In the fourth step and the fifth step, we must distribute the computations of the Ritz
eigenvectors and we compute the Euclidean norm of the residuals. It consists in paral-
lelizing the MVP u = Qu for each eigenvector v found by the Inverse Iteration. Those
MVP are performed one after the other. The matrix () is already distributed on the
computational nodes. An optimization would consist in duplicating ) on other nodes
and performing all the MVP in parallel. However, this solution requires much voluminous
communication for the duplication. It is not suitable to Global Computing environment.
Besides, depending on the middleware, it can cause memory problems for the client in
order to get all the Ritz eigenvector at the same time. After having chosen a restarted
scheme in 4.3.3.2, the duplication of () is definitely not interesting because () changes at
each restart. Thus, it would generate much voluminous communication.

Before computing all the residuals Au—Au (or less if one residual fails) and their Euclidean
norm, the client must wait for the completion of the previous distributed computations.
It adds a synchronization point. Like for the computations of the Ritz eigenvectors, the
norms of the residuals are sequentially computed. We only parallelize the computation of
each residual. Contrary to the computations of the Ritz eigenvectors which are using @),
we here use A which does not change in case of restarted scheme (the duplication would
only be done at the very beginning of the eigenproblem). However A is large and it would
be too expensive to duplicate it. Besides, with the restarted scheme, we compute only
few eigenpairs, the cost of duplication would be probably high compared to sequential
computations. Finally, all the norms of the residuals are computed only for the last loop
when we converge (see Figure 4.4). Otherwise, we stop computing the norms as soon as
one does not respect the test of convergence. For each computation of a residual, we have
to distribute the MVP Au. The client must respect a synchronization point before the
remaining vector-vector and norm computations. He performs himself those calculations
because distributing them would probably generates expensive communication regarding
to the sequential execution time (one can use efficient BLAS routines).

Summary

In this general proposition for the distribution of the real symmetric eigenproblem, it
is interesting to underline the combination of two paradigms. On the one hand, we
have an usual distributed and parallel paradigm which generates communication and
needs synchronization points. On the other hand, we employ the communication-less
parametric-parallel paradigm. In the context of Global Computing, the data management
is very important. It must be done so as to minimize the volume of communication (and
the number of communications if possible). We must also weight the pros and cons before
distributing a computation because the communication costs may annihilate the benefits
of the parallelism (i.e. they hide the reduction of the remote computing times). This
general proposition reveals some constraints of Global Computing that we detail and
solve in the following sections.
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4.3.3 Constraints of Global Computing and propositions

4.3.3.1 Main constraints of Global Computing

The computing nodes of a Global Computing platform can be very heterogeneous. It
concerns mainly the peak CPU frequency, the total amount of main memory and the
volume of disk space. Besides, those nodes may be shared with other users without any
sharing policy. Thus, those three resources are not constant. A solution can be provided
by the middleware of Global Computing. It requires a scheduling policy and a data
distribution policy which use collected pieces of information that are regularly updated.
Data distribution can be achieved by means of a dedicated peer-to-peer storage platform.
At the application level, we can handle some constraints but it seems difficult to deal with
the variation of the resources. Distributing a program is by nature a solution in order to
share the CPU, memory and disk usage. Harnessing more computational nodes may be
not sufficient. In Section 4.3.3.2, we propose solutions to limit the memory usage.

Network resources are also a critical aspect of Global Computing. They can be hetero-
geneous and not constant. In particular, the cost of communication over Internet has a
considerable impact on the performances of the applications. At the application level, we
can act upon the number of communications and the volume of transferred data as shown
in Section 4.3.3.3.

Node and network resources are common constraints in most of parallel and distributed
computing environments. Global Computing emphasizes them and adds communication
over the Internet. This last factor generates many other constraints that are specific to
Global Computing. First, we must consider the volatility of some volunteer nodes. It is
due either to a network failure, a node failure or a voluntary behaviour (the machine is
switched off or disconnected from the Internet). Solutions can be found at the middleware
level with fault tolerance mechanisms. Some systems try to detect a failure and submit
again the same task (e.g. XtremWeb). It is also possible to duplicate the same task and
to submit it to many peers (e.g. Seti@home). A good solution would be to detect the
failure and to recover the task but it is very challenging to implement such mechanisms for
Global Computing (it is much easier for Cluster Computing or dedicated grid platforms).
Another simple track, which is not fault tolerant, is to create a black-list of unstable nodes.
We consider that the application level does not have to tackle this problem. Second, we
can face malicious nodes. We estimate it has to be handled at the middleware level. It
concerns the integrity of the computations because a node may return bad results. Also,
the client can be malicious by submitting malware (malicious software) to the volunteer
nodes. To avoid such problems, Global Computing software can propose authentication
protocols and sandboxing techniques. Similar points inherent to activities over Internet
are the confidentiality of data and the denial of service. While the first can be solved by
encryption, the second one can hardly be solved.
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4.3.3.2 Reduction of the memory and disk needs

Qut-of-core

As we target to solve large eigenproblems, we obviously cannot load in memory the full
matrices A and @ (€ My(R)). If p is the number of computing nodes, each one stores %
elements of A (A is not necessary sparse) and the same quantity for Q. It still represents
a significant volume of data and p must be rather high if no other solution is proposed.
Therefore, for A and Q, we propose an out-of-core technique by loading data gradually
when they are needed for computations. We do not use a compact format because we
want to do fast accesses to data in files. Since the matrices are accessed by means of
MVP and, as we do not choose a compact format of storage, the accesses to the relevant
data are easy and not too long. We choose a coarse grain out-of-core by loading data
row-by-row (obviously, it does not concern the tridiagonal matrix 7). We do not target
to optimize our out-of-core solution at the cache level.

Restarted scheme

Loading in memory the N Ritz eigenvalues is rather easy but doing so with the Ritz
eigenvectors is impossible for the client (there are also the eigenvectors of 7" which are
necessary in order to compute the Ritz eigenvectors). For small values of N, the client
can store them on the hard-disk but if N is large it can hardly do it. Of course, it is
possible to share such data on the hard-disk of the volunteer nodes but it is not really
convenient for the analysis of results. Besides, it would add much communication. This
is something to avoid in the context of Global Computing.

The applications using the eigenproblem usually need few eigenpairs. They typically ask
for the eigenpairs whose eigenvalues have the highest norms (or lowest). Therefore, it is
not useful to save the N eigenpairs and we can limit their number to k < N. Storing k
Ritz eigenvectors in memory can still be difficult but the client is able to store them on
his own hard-disk. It gets data of the eigenvectors gradually by means of out-of-core.

Since we do not keep the N eigenpairs, we can choose a restarted scheme. It has been
proposed for eigensolvers on High Performance Computing platforms (see Section 3.3.3).
Figure 4.4 presents the flowchart of the restarted scheme. It consists of only m iterations
in the Lanczos tridiagonalization instead of N, where £ < m < N. Thus, we get a
matrix 7" of order m and a matrix () whose dimension is m * N. The reduction of the
dimension of () is a major advantage of the restarted scheme. It provides an answer to
the problem of disk space but it does not solve it entirely for very large matrices. It
also reduces significantly the cost of the full-reorthogonalization at each iteration of the
Lanczos tridiagonalization. The Bisection and the Inverse Iteration methods compute m
approximated candidate Ritz eigenvalues of A. Then, we select the k£ eigenvalues that
have the highest norms and compute the k£ approximated candidate Ritz eigenvectors.
The following step consists in checking the accuracy of the candidate Ritz eigenpairs with
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the euclidean norms of the residuals. If all eigenpairs successfully pass the test, we have
found the right Ritz eigenpairs. Otherwise, as soon as one candidate eigenpair fails to the
convergence test, we restart the whole process and compute new candidate eigenpairs. In
order to converge, we must take into account information given by the previous wrong
candidate eigenpairs. It is done by computing a new initial vector which is a linear
combination of the wrong candidate eigenvectors (the coefficient of an eigenvector is the
associated eigenvalue).

We underline that choosing a restarted scheme does not necessary reduce the global

number of operations because we can restart many times. The main interest is to use
much less memory and save a significant amount of disk space.

<

Lanczos tridiagonalization

T=Q' AQy
Bisection
m candidate Compute new
eigenvalues of T and A ¢ starting vectorr
Inverse lteration A
m candidate
eigenvectors of T ¢

Select k eigenvalues

k candidate
eigenvalues of A ¢

Compute k eigenvectors of A
k candidate

Ritz eigenpairs

Test of
convergence

/kRitz eigenpairs/

Figure 4.4: Flowchart of the restarted real symmetric eigensolver
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4.3.3.3 Reduction of the communication costs

The network bandwidth is a critical resource of Global Computing and we must reduce
as much as possible the volume and the number of communications.

Distribution of the matrix A

Distributing the blocks of the matrix A among the computing nodes is a difficult issue. We
assume data of the matrix are originally stored by the client in a compact format into a text
or binary file (for instance, we are used to handle the Matrix Market format in a text file).
We assume also that this compact file provides half of the non-zero matrix components
because A is symmetric (actually, a bit more than the half since some elements are on the
diagonal). Each component is given with the associated column and row numbers. If A is
large, it is impossible for a common desktop computer to store in memory X components
and 2X numbers of row and column. For instance if we consider that X = 200.105, a
component uses 88 and a number of row/column takes 4B, it represents 3GB of data.
So we must load and send data of A by steps. Even if the client could load in memory all
data, it would saturate the network bandwidth to send it entirely at the same time.

Then, we must choose between sending the whole matrix to all the nodes or to send only
the relevant pieces of data to each node. With the first possibility, the client performs
several sending of data of A. Each node gradually gets data, analyses it and keeps
the relevant components. It is interesting to distribute the work of the data selection.
Regarding the communication point of view, the first interest of this first possibility deeply
depends on the Global Computing middleware. Indeed, if it does not provide a broadcast
routine, it would give very poor performances: in the case of a distribution among p nodes,
it would consist in sending p times X components and 2X numbers of rows and columns.
Even if the software provides a broadcast routine, we have to consider its implementation.
There exist efficient implementations of broadcast routines based on a tree structure but
they concern Cluster Computing. In the context of Peer-to-Peer Computing, the volunteer
nodes are usually anonymous. Besides, in the context of large Grid Computing, the nodes
seldom communicate between each other. Thus, a broadcast routine may simply hide a
loop with a send routine. We do not choose this solution because it depends too much
on the implementation of the broadcasting. With the second solution, the analysis of
data of A is done by the client. It parses the data file, selects relevant data and sends
it to the good node. Each node gets relevant data and stores it immediately. Contrary
to the previous solution, the work of the data selection is not distributed. We have seen
that data can be too voluminous to fit in the memory of the client. Thus, the client
cannot parse the file only one time so as to load all data in memory in order to do the
selection by means of memory accesses. However, the client must parse the data file only
one time or very few times because it may contain a lot of components and the text file
accesses are expensive. An easy solution would consist in parsing the original file only one
time, and to send progressively the components to the relevant peers. However, it would
generate X communications of very small volume (X components and 2X numbers of
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rows and columns). This number of communications is too large if we consider the cost of
communication and also the overhead of most of middleware at the communication layer.

Our proposition consists in breaking up the original file into p smaller files (i.e. one per
node). In other words, the client parses the original file once, analyzes each piece of data
and saves it in the files of the good nodes (generally two nodes or one if the component is
on the diagonal). Then each file is loaded in memory and sent to the associated node. We
recommend binary file for faster memory loading. The total number of communications
is p << X and, in total, we send X components and 2.X numbers of rows and columns.
Generally, an operating system allows opening a limited number of files, so, if the number
of nodes is rather important, it can be necessary to do the same work a small number
of times for different groups of nodes. The client can choose a parameter f which is the
maximum number of files opened at the same time (i.e. maximum number of nodes which
get data of A at the same time). The total volume of data and number of communications
are unchanged; the original file is just parsed a few times more.

The distribution of A is a challenging problem. We have proposed a solution for large
matrices using few memory, with few communication and the matrix file is parsed once

(or very few times). However, we acknowledge it should be improved in future work.

Data-persistence

The numerical method contains several MVP involving A and (). Those MVP are dis-
tributed among the computing nodes. Voluminous data of A and () must not be trans-
ferred on the network for each MVP. The transferred data are only the two vectors of
the MVP (result and multiplied vectors). So, each node gets its block of A at the very
beginning of the execution as explained previously. It gets data of ) progressively during
the Lanczos tridiagonalization. At each Lanczos iteration, one column of () is given to
a computing node (cyclic distribution). Each node keeps an handle on its blocks of @
and A so as to find them when needed. This feature is called data-persistence and must
be implemented at the Global Computing software level rather than at the application
level. In the context of Peer-to-Peer Computing, a node owning a block of matrix may
withdraw from the platform. A solution is to perform a redundant data-persistence but it
generates more communication. With the Grid Computing model, the computing nodes
are generally not so volatile and there exists software providing data-persistence. We
underline that data-persistence reduces the volume but not necessary the number of com-
munications (if we use the RPC programming paradigm, it is still necessary to make a
remote procedure call).
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4.3.4 Experimentations on world-wide grids with OmniRPC

Software of Global Computing

Currently, software of Peer-to-Peer Computing does not allow distributing efficiently nu-
merical methods requiring much communication and using voluminous data. Thus, we
use the Grid Computing software OmniRPC that we have presented in Chapter 2 and
Section 4.2.2.3. In particular, we take great advantage of its data-persistence feature.

Once OmniRPC is chosen and according to all previous propositions for our eigensolver,
we can now evaluate the number and the volume of communications. Table 4.6 presents
the number of communications and synchronization points. Table 4.7 shows the volume
of data sent and received for each OmniRPC call. Table 4.8 explains the meaning of
variables given in Tables 4.6 and 4.7.

Number of Number of
asynchronous RPC calls synchronizations
Distributing A D [£]
Lanczos if m < p, i(m +mp + 21 i(2m —1)
tridiagonalization if p <m, i(m+2mp — 1@) i(2m — 1)

Bisection and
Inverse Iteration

18

1

Computing Ritz
eigenvectors

ik *x maz(m, p)

Tests of convergence

if test fails at the j'* eigenpairs, ijp

if convergence, ikp

?
?

Table 4.6: Number of asynchronous RPC calls and synchronizations of the restarted

algorithm

Volume of sent and
received data (Bytes)

Distributing A

16pX

Lanczos

it m <p, 82’N(m+2m+1%)
if p <m, 8N (2m + 3mp — @)

Bisection and
Inverse Iteration

8m? + 24m (with S = 1)

Computing Ritz
eigenvectors

16ik * max(m,p) * N

Tests of convergence

if convergence, 16ikpN

if test fails at the j eigenpairs, 16ijpN

Table 4.7: Approximated volume of communications of the restarted algorithm

The memory usage depends a lot on platform-dependent propositions and it also deeply
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Order of A

Size of the Krylov subspace

Number of computed Ritz eigenpairs
Number of computing nodes

Number of iterations of the

restarted scheme

Number of non-zero components of A
Maximum number of files opened at the
same time for the distribution of A

s Number of sets of subintervals

el

Table 4.8: Parameters reminder of the real symmetric eigensolver

depends on programming choices done with OmniRPC. Contrary to platform-independent
solutions, those programming choices can be easily modified. Generally, the modifications
improving the scalability of the application leads to poorer performances (e.g. a smaller
f for the distribution of A saves memory but generates more parsing of the data file of
A). Our implementation monopolizes 8 x m x N Bytes on each computing node, and
max(8*p* N, 16 x e) Bytes on the client. During the distribution of A, e is the maximum
number of components of A sent to a group of nodes: it depends on the choice of f.

Computing and network resources

The characteristics of the computing and network resources are the same as in Section
4.2.2.3.

Experimental platforms

Table 4.9 presents the four experimental platforms built with OmniRPC and the com-
puting resources at the USTL and at Tsukuba. We use the “cluster configuration” of
OmniRPC. Each relay server uses a simple round robin scheduler with SSH invocations.
Communication is multiplexed.

‘ H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘ Config. 4 ‘

Location of client USTL
Nb and location of 1 at Lille | 2 at Lille 1 at Lille 2 at Lille
OmniRPC servers 1 at Tsukuba | 2 at Tsukuba
Nb workers per server 29 nodes/server
Total nb workers 29 | 58 58 | 116
Location of USTL USTL and University of
workers Tsukuba

Table 4.9: Experimental world-wide platforms for the real symmetric eigensolver
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Parameters and hypothesis

The real symmetric eigensolver has many parameters, such as m and £, and we use many
configurations of platforms involving several networks and different kinds of computing
resources. Each execution depends on many factors and we cannot monitor some of those
factors (e.g. other communication over the Internet, concurrent processes on machines).
Therefore, the analysis of each execution is a difficult task. Although we target solving
very large eigenproblems on large Global Computing platforms, we first propose using a
smaller matrix in order to study the impact of the numerical parameters and the confi-
gurations of platforms on the execution wall-clock times. Once this work of analysis will
be done, we will test much larger matrices and platforms (see Section 4.3.5).

So, we first use a real symmetric matrix of order N = 47792. It is built by means of
a tiling whose pattern is the sparse real symmetric matrix Besstkl8 from the Harwell-
Boeing matrix collection of the Matrix-Market website!. This last matrix has the following
characteristics: N = 11948, nnz = 149090 (non-zero elements), the average nnz per row
or column is 12 and the condition number is 65. N = 47792 is a balanced choice in order
to study programming paradigms and the impact of the parameters on the convergence of
the restarted scheme. It is not necessary to use much larger orders for this kind of study.
With this size of matrix, the computing times are not too long. So, we can perform a
lot of experiments with different platforms and several parameters. In this study, we do
not focus on the impact of the matrix pattern on the convergence. Thus, we only test

1 1

intensively this matrix of order N = 47792. The starting vector is r = (ﬁ’ ce —N),

r € RY. This choice is motivated by the Euclidean norm of r which is 1.

We consider two input parameters. The size of the Krylov subspace m which is either 10,
15, 20 or 25, and the number of required Ritz eigenpairs k£ which varies from 1 to 4. With
the four platforms, it represents 64 different combinations.

For the Bisection and Inverse Iteration steps, only one computing nodes is involved be-
cause m is rather small. So, the maximum threshold of eigenvalues per subinterval (see
our proposition in Section 4.2.2.2) is upper than m in order to start the computation with
the Gerschgorin domain which contains all the eigenvalues.

Results

All times are in seconds. Most of them are the average of five runs. They are measured
on the client’s side. They are wall-clock times which include communication and remote
computing times. Table 4.10 and the associated Figure 4.5 show the wall-clock times
needed to compute the k Ritz eigenpairs. For each couple (m, k), the number of restarts
is given in Table 4.11.

Table 4.12 shows the average percentages of time spent in the Lanczos tridiagonalization,

'http://math.nist.gov/MatrixMarket /

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

4. THE REAL SYMMETRIC EIGENPROBLEM ON GLOBAL COMPUTING PLATFORMS 100

the Ritz eigenvectors computations and the tests of convergence (compared to the total
wall-clock time). The wall-clock times of the Bisection and Inverse Iteration are so small
compared to the others that we do not show the related percentages. Since the four confi-
gurations have similar percentages, we only show data of the second one. Table 4.13 gives
the percentages of time spent in the MVP involving A (in the Lanczos tridiagonalization)

and the reorthogonalization compared to the whole Lanczos tridiagonalization.

‘ m, k H Config. 1 Config. 2 Config. 3 Config. 4 ‘
10, 1 1358 1289 2895 6824
10, 2 2624 2515 5566 13045
10, 3 5051 4847 11067 24957
10, 4 10356 9853 23533 52993
15,1 1248 1264 2795 6269
15, 2 2140 2155 4798 11137
15, 3 3068 2850 5866 13196
15, 4 8322 7765 17987 40558
20, 1 1190 1232 2556 5549
20, 2 1822 2112 4072 8529
20, 3 3065 2645 5557 11789
20, 4 6316 5875 13894 38339
25,1 1765 1711 3369 7068
25, 2 2008 1582 3413 7673
25, 3 3341 2617 5343 11221
25, 4 4831 4563 11915 23524
Config. reminder OmniRPC: config. 1-2-3-4
Lille 29 workers: config. 1
Lille 58 workers: config. 2

Lille & Tsukuba 58 workers : config. 3

Lille & Tsukuba 116 workers : config. 4

Table 4.10: Wall-clock times to compute the k Ritz eigenpairs (in seconds) on the world-
wide platforms - N=47792

4.3.5 Experimentations on Grid5000 with OmniRPC

Grid5000[49] is a large scale computing tool composed of many clusters distributed in
several computing centers in France. Those clusters are interconnected by a fast dedi-
cated network. The Grid5000 usage is based on a reservation policy and a deployment
mechanism allowing people configuring their own environment. Details can be found on
the Grid5000 website 2.

Zhttp://www.grid5000.fr
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Wall-clock time of the client to get the k eigenpairs

e 29 workersF ——
g = 58 workers F

) o 58 workers (29 F, 29 JP) ----x---

Time (seconds) o l16workers(58 F, 58 JP) -
/)4_\‘\ . ka .
50000
40000
30000
20000 s
10000 =
0
10

Values of k

Figure 4.5: Wall-clock times to compute k Ritz eigenpairs (in seconds) on the world-wide
platforms - N=47792

m, k | number of | m, k | number of
restarts restarts
25,1 2 15,1 3
25, 2 2 15, 2 5
25, 3 3 15, 3 6
25, 4 6 15, 4 18
20, 1 2 10, 1 5
20, 2 3 10, 2 9
20, 3 4 10, 3 17
20, 4 10 10, 4 36

Table 4.11: Number of restarts to compute the k Ritz eigenpairs on the world-wide
platforms
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Config. 2
Whole eigenproblem = 100%
m, k || Lanczos tridiagonalization ‘ Ritz eigenvectors ‘ Tests of convergence
10, 1 90% 1% 7%
10, 2 87% 2% 9%
10, 3 86% 3% 10%
10, 4 86% 4% 8%
15,1 93% 1% 5%
15, 2 90% 2% 7%
15, 3 87% 2% 9%
15,4 87% 4% 8%
20, 1 95% 1% 3%
20, 2 92% 1% 5%
20, 3 89% 2% 7%
20, 4 88% 4% 8%
25,1 95% 1% 2%
25, 2 93% 2% 4%
25, 3 91% 3% 5%
25, 4 88% 4% 7%

Table 4.12: Time spent (in%) by the Lanczos tridiagonalization, the computations of the
Ritz eigenvectors and the tests of convergence compared with the whole eigenproblem

Config. 2
Lanczos tridiagonalization = 100%
m, k || Matrix-Vector Products ‘ Reorthogonolizations
10, 1 88% 10%
10, 2 88% 10%
10, 3 90% 8%
10, 4 88% 9%
15,1 86% 12%
15, 2 86% 12%
15, 3 86% 12%
15, 4 85% 13%
20, 1 80% 18%
20, 2 86% 12%
20, 3 83% 15%
20, 4 79%% 18%
25,1 78% 20%
25, 2 7% 20%
25, 3 76% 22%
25, 4 % 22%

Table 4.13: Time spent (in%) by the matrix-vector products involving A and the re-
orthogonalizations compared with the whole Lanczos tridiagonalization
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Motivations for the usage of Grid5000

First, the results of the previous experiments on world-wide platforms do not depend only
on the algorithmic solutions, the effectiveness of our implementation but they also depend
on outside events. Those perturbations are due to communication over the Internet and
concurrent, processes of other users on computing devices at the USTL. It would be very
interesting to isolate from outside perturbations the same experiments. It would allow
us improving our analysis of previous tests done on world-wide platforms. Of course, it
is not relevant to compare the computing times since Grid5000 is a high performance
and dedicated computing tool whereas the previous tests are done with realistic Grid
platforms.

Second, Grid5000 is a good tool in order to test the scalability of our implementation
with much bigger matrices and more computing nodes.

Software of Global Computing

Thanks to the deployment mechanism of Grid5000, we can configure exactly the same
software environment as for previous tests. However, we must test and use a new version
of OmniRPC for the 64Bits architectures.

Computing and network resources

We use the resources of four computing centers: Orsay, Lille, Sophia and Rennes. The
harnessed nodes are single- or dual-processor computers (AMD Opteron family, from 2.0
to 2.6GHz of peak frequency). There is one core per CPU. The main memory is either
2GB or 4GB. The intra-site network is Gigabit Ethernet and the sites are inter-connected
by the RENATER network (1Gbit/s in practice).

Parameters and experimental platforms

We first use the same matrix of order N = 47792 as in Section 4.3.4. We consider the
same input parameters m and k. As shown in Table 4.14, the configuration 1, 2, 3, 4 are
similar to the previous ones built at Lille and Tsukuba. In particular, for the configuration
4, we use 29 dual-processor computers at Sophia in order to run 58 OmniRPC workers.
A fifth configuration uses only one OmniRPC worker per dual-processor system and the
29 remaining workers are launched on computing nodes at Lille.

In order to test the scalability of the application, we use two other matrices of order
N = 203116 and N = 430128 which are also a tiling of the matrix Besstkl8 from the
Harwell-Boeing matrix collection. The first one has 43 million elements and the second
one 193 million elements. 10% of the components of the matrices are non-zeros. We
underline that the configurations of Tables 4.15 and 4.16 use only one OmniRPC worker
per node even in the case of multiprocessors. The main reason is explained in Section
4.3.6 which presents the analysis of the results. A second reason is the small disk space

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

4. THE REAL SYMMETRIC EIGENPROBLEM ON GLOBAL COMPUTING PLATFORMS 104

‘ H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘ Config. 4 ‘ Config. 5 ‘

Location of client Orsay
Nb and location of 1 at Orsay | 1 at Orsay | 1 at Orsay | 2 at Orsay | 2 at Orsay
OmniRPC servers 1 at Lille | 1 at Sophia | 1 at Sophia
1 at Lille
Nb workers per server 29
Total nb workers 29 | 58 58 116 116
Location of Orsay Orsay Orsay Orsay
workers Lille Sophia Sophia
Lille

Table 4.14: Experimental platforms on Grid5000 for N=47792

(4.2GB) at Sophia: it does not allow storing two blocks of data of A.

| | Config. for N = 203116 |

Location of client Orsay
Nb and location of 4 at Orsay
OmniRPC servers 2 at Sophia
1 at Lille
Total nb workers 206

Table 4.15: Experimental platform on Grid5000 for N=203116

| | Config. for N = 430128 |

Location of client Orsay
Nb and location of | 5 at Orsay | 8 at Orsay
OmniRPC servers | 1 at Sophia | 1 at Sophia
1 at Lille 1 at Lille
1 at Rennes
Total nb workers 206 412

Table 4.16: Experimental platform on Grid5000 for N=430128

Results

All times are in seconds and are measured on the client’s side (wall-clock times). Table
4.17 and Figure 4.6 show the wall-clock times needed to compute the Ritz eigenpairs for
the matrix of order 47792.

In Tables 4.19, 4.20, 4.21 and 4.22, we give the wall-clock times picked up for the two large
matrices. For the matrix of order n = 203116, we fix the number of nodes and modify
the values of the couple (m, k). On the contrary, for the matrix of order N = 430128, we
fix a value for (m, k) and change the number of nodes. We present an evaluation of the
computing time of one MVP in Tables 4.23 and 4.24.
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m, k H Config. 1 ‘ Config. 2 ‘ Config. 3 ‘ Config. 4 ‘ Config. 5 ‘

10, 1 190 93 147 431 162
10, 2 320 167 241 706 266
10, 3 616 309 465 1376 512
10, 4 1477 761 1136 3501 1258
15,1 173 90 135 387 149
15, 2 298 148 233 661 260
15, 3 307 163 239 675 266
15, 4 1072 542 826 2500 922
20, 1 157 81 122 344 142
20, 2 247 124 186 524 217
20, 3 253 125 188 038 217
20, 4 778 392 594 1770 672
25,1 196 102 157 437 181
25, 2 317 160 241 669 282
25,3 320 161 244 677 283
25, 4 664 329 506 1465 580
Table 4.17: Wall-clock times to compute the k Ritz eigenpairs (in seconds) on Grid5000
- N=47792
m, k | number of | m, k | number of
restarts restarts

25,1 2 15, 1 3

25, 2 3 15, 2 5

25, 3 3 15, 3 5

25,4 6 15, 4 17

20, 1 2 10, 1 )

20, 2 3 10, 2 8

20, 3 3 10, 3 15

20, 4 9 10, 4 36

Table 4.18: Number of restarts to compute the k Ritz eigenpairs on Grid5000 - N=47792

| (mk) | Wall-clock times with 206 computing nodes on 3 sites |

10, 1 2809
10, 2 2768
10, 3 4878
10, 4 6103

Table 4.19: Wall-clock times to compute the k Ritz eigenpairs (in seconds) on Grid5000
- N=203116
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Wall-clock time of the client to get the k eigenpairs

29 workers GBK ——+—
58 workers G5K
58 workers GBK  ----x---
Time (seconds) 116 workers G5K o
116 workers G5K

4000
3500
3000
2500
2000
1500
1000
500 |-
0

3
Values of k

Figure 4.6: Average wall-clock times to compute k Ritz eigenpairs (in seconds) on Grid5000

- N=47792
| Nbnodes [ Wall-clock times with (m,k)=(15,1) |
506 (3 sites) 10962
412 (4 sites) 13150

Table 4.20: Wall-clock times to compute the k Ritz eigenpairs (in seconds) on Grid5000
- N=430128

‘ Detailed wall-clock times with 206 nodes on 3 sites ‘

Whole eigenproglem 10962
Lanczos - distribute new column of QQ 22
Lanczos - MVP with A 10106
Lanczos - Reorthogonalization 129
Bisection and Inverse Iteration 1
Compute the Ritz eigenvectors 9
Check the norm of the residuals 691

Table 4.21: Detailed wall-clock times of the experiments on Grid5000 with N=430128 and
206 computing nodes
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Detailed wall-clock times with 412 nodes ‘

Whole eigenproglem 13150
Lanczos - distribute new column of Q | 20
Lanczos - MVP with A 12311
Lanczos - Reorthogonalization 159
Bisection and Inverse Iteration 9
Compute the Ritz eigenvectors 11
Check the norm of the residuals 810

Table 4.22: Detailed wall-clock times of the experiments on Grid5000 with N=430128 and
412 computing nodes

Number of MVP with A | Wall-clock time/MVP
Lanczos - MVP with A 75 134
Check the norm of the residuals 5 138

Table 4.23: Wall-clock time of one MVP involving the matrix A - N=430128, 206 workers
4.3.6 Analysis and perspectives
4.3.6.1 Analysis of tests on the world-wide platforms - N=47792

We first analyze the wall-clock times in Table 4.10 and the corresponding Figure 4.5.

First, let us fix the parameter k. Generally, for all platform configurations, the larger m,
the more the wall-clock time is decreased. In fact, the larger the difference between m
and k, the more information to compute the eigenpairs we get and the less restarts we
do. We notice six exceptions to this statement. Four exceptions concern the value £ = 1
when m becomes large (from 20 to 25). In those cases, it is not useful to increase m more
than 20 because it adds useless computations. Table 4.11 confirms this point because
there is the same number of restarts for m = 20 and m = 25 when k£ = 1. The two last
exceptions concern the configuration 1 for £ = 2 and k£ = 3 when m is going from 20
to 25. In those cases, decreasing m from 25 to 20 only adds one restart. As there is no
communication over the Internet, doing three restarts and working on a smaller subspace
is less expensive than performing two restarts but running the Lanczos tridiagonalization
on a larger subspace.

Then, let us fix m. For all configurations, when we increase k, the wall-clock time is

Number of MVP with A | Wall-clock time/MVP
Lanczos - MVP with A 75 164
Check the norm of the residuals 5 162

Table 4.24: Wall-clock time of one MVP involving the matrix A - N=430128, 412 workers
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also increased because the problem requires more information but the subspace does not
provide more information. So, the number of restarts is increased. There is one exception
for m = 25 when k goes from 1 to 2. In this case, the number of restarts is the same and
there is no communication over the Internet. As the computational nodes at the USTL
may change and do not have the same characteristics or may be shared with people, we
suppose such events have penalized the tests with k£ = 1 (compared to tests where k = 2).

Next, we compare the four configurations of Table 4.10. On the same local network at
Lille, we do not notice significant differences between configurations 1 and 2. It means
that 29 workers would deal quite well with the CPU and memory requirements of those
eigenproblems. Thus, people could judge unnecessary to involve 58 workers. However,
from a data storage point of view, each one of the 29 nodes needs 600 M B. In the context
of Global Computing, we keep in mind that a node may have limited disk space and can
be shared with several users. So we would better use the configuration 2 using 300 M B
of disk space per worker. Besides, it would be interesting to save CPU cycles too. In fact,
when m reaches the upper values (m = 20, 25), the configuration 1 becomes a bit slower.
Each node handles a twice bigger workload compared to the other configuration. This
additional workload is not balanced by the smaller number of communications. In general,
the owners of computing resources may appreciate a moderate use of their machines. If
this usage is moderate, we think that a larger number of volunteers may be willing to
adhere to the Global Computing platform and offer their resources. Configurations 2 and
3 have the same number of workers but the second one requires much communication
over the Internet. Although the impact of communication is important, it cannot explain
entirely such an increase of the wall-clock time. There is an average increase of 119 %!
By analyzing the tests on Grid5000 with the same matrix and similar configurations, we
will point out a second cause of low performance. Indeed, we get large wall-clock times
when each processor of a dual-processor system handles an OmniRPC worker. In previous
Section 4.2.2.4 related to the analysis of the tridiagonal eigenproblem with XtremWeb and
OmniRPC (using similar computing resources), we have already pointed out this problem
during the Inverse Iteration step. However the impact was less critical, probably because
less main memory was required. In addition to the memory usage by two OmniRPC
workers on each dual-processor system, may be there is a bad configuration of the cluster
mode of OmniRPC (location of the 2 OmniRPC servers). This point is currently studied.
Then, we focus on configurations 3 and 4. The last one doubles the numbers of workers.
On the one hand, it means a decrease of the workload on each node by a factor 2 but, on
the other hand, it doubles the number of RPC calls. The cost of communication over the
Internet may not explain entirely the average increase of 123 % of the wall-clock time. In
this case too, the usage of all processors of the computers at Tsukuba is a fundamental
cause of bad performance as the tests on Grid5000 will show in Section 4.3.6.2. We also
think that the configuration 4 reaches a too fine-grain parallelism for this size of matrix.

Now, we study the Tables 4.12 and 4.13. Table 4.12 shows the average percentages of
time spent in the Lanczos tridiagonalization, the Ritz eigenvectors computations and the
tests of convergence. The wall-clock times of the Bisection and Inverse Iteration methods
are so small compared to the others that we do not show the related percentages. Since
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the four configurations have similar percentages, we only give data of the configuration
2. Table 4.13 gives the percentages of time spent in the MVP involving A and the
reorthogonalization compared to the whole Lanczos tridiagonalization.

First of all, in Table 4.12, the Lanczos tridiagonalization is clearly the most time consu-
ming step of the eigenproblem. It represents between 86% and 95% of the total wall-clock
time needed to find the Ritz eigenpairs.

Second, let us fix k. When m is increasing, the percentage of the Lanczos tridiagona-
lization in Table 4.12 is increasing too. Indeed, the size of the Krylov subspace is larger.
In other words, we compute more vectors of the Krylov basis and the number of Lanczos
iterations grows (m iterations). Besides, inside a Lanczos iteration, the larger the Krylov
basis is, the more a reorthogonalization has floating-point operations as shown in Table
4.13. In fact, when the size if the Krylov basis is increasing, there are more vectors to
reorthogonalize. The MVP involving A does not depend on the parameter m, so it does
not contribute to the increase of the percentage of the Lanczos tridiagonalization. We
stress that the decrease of the percentage of this MVP (Table 4.13) is not due to less
computations but it is explained by the increase of the percentage of the reorthogonaliza-
tion. The rise of the percentage of the tridiagonalization (Table 4.12) is also augmented
by the decrease of the time spent in the tests of convergence. In fact, the number of
restarts decreases while m increases and k£ does not change. We do not notice significant
variations of the percentages in the computations of the Ritz eigenvectors because this
step mainly depends on & (k distributed matrix-vector products Qv with Q € M,, v(R),
m < N).

Finally, let us fix m. As we increase k, we notice in Table 4.12 a decrease of the percentage
of the Lanczos tridiagonalization. It is not due to less computations. Indeed, as illustrated
in Table 4.13, this step does not depend on k. On the contrary, when £ is increasing and m
is fixed, the number of restarts is increasing, so we would have expected higher percentages
of Lanczos. We explain this behaviour by the increase of the two other percentages of
Table 4.12. In fact, a larger k£ generates more Ritz eigenvectors to compute, more Ritz
eigenpairs to check, and more restarts if m does not change.

Summary

Compared to the study of the parametric parallelism in Section 4.2, the experimentations
of this section have underlined the impact of communication over the Internet, coupled
with many synchronization points. In a context of Global Computing, we have to choose
parallel and distributed paradigms which minimize communication and synchronizations.
The Bisection and Inverse Iteration methods are particularly well suited. On the con-
trary, the Lanczos tridiagonalization and the restarted scheme are not optimal in term
of communication and synchronizations. However, they are very interesting in term of
scalability. As computing time is not the main criterion of performance of Global Com-
puting, they remain relevant. The scalability is much more important. Next, the tests
have shown how the wall-clock times greatly depend on numerical parameters, especially
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on the order m of the subspace. Depending on the number of computed Ritz eigenpairs
k, the choice of m acts upon the number of restarts (and then on the number of commu-
nications) but it also affects the CPU and memory usage on each worker. Then, although
the computers at the University of Tsukuba are powerful and dedicated to research, our
client at Lille does not get any benefit from harnessing them. An easy explanation blames
communication over the Internet but we will show in Section 4.3.6.2 that middleware and
platform configurations are also a significant performance burden.

4.3.6.2 Analysis of tests on Grid5000 - N=47792

We analyze Table 4.17 and the associated Figure 4.6. First, we fix the parameter k. Like
for the results on Global Computing platforms, the larger m, the more the wall-clock time
is decreased. The explanation is the same. There are also some exceptions. For £ = 1,2
and 3, increasing m more than 20 adds useless computations. The number of iterations
is the same for m = 20 and m = 25 (see Table 4.18). On the contrary, if k& = 4, it is
interesting to increase m up to 25 in order to get more information: it reduces the number
of iterations and thus the wall-clock-times. We underline that using a 64 bits architecture
and the new version of OmniRPC has slightly modified the convergence behaviour of our
program. The numbers of restarts are modified.

Then, we fix m. For all configurations, when we increase k, the wall-clock time is increased
too. So, the behaviour is the same as on a Global Computing platform. However there
is no exception. When the number of restarts does not change (from k£ = 2 to k = 3 for
m = 15,20, 25), the increase of the wall-clock times is tiny but logical due to the larger
Krylov subspace. It does not decrease contrary to the only one exception in the tests on a
Global Computing platform. This regularity is due to the homogeneity of the computing
resources and to the constancy of the network bandwidth (tests mainly done during the
night in France).

Next, we compare the five configurations. On the same LAN (configurations 1 and 2),
we take great advantage to increase the number of computing nodes from 29 to 58 for
all couples (m, k). With the previous tests done on the network of workstations at Lille
(Section 4.3.6.1), dividing the workload by increasing the number of nodes was interesting
only for £k = 4 because the workload becomes very significant. For smaller values of k,
we have first concluded that 29 nodes deal quite well with this eigenproblem and that
dividing the workload does not provide any benefit. Actually, the main cause is the poor
network bandwidth of the network of workstations at Lille. Thus, the communication
times hide the real reduction of remote computing times. With Grid5000, the network is
rather efficient and we can observe the benefits of the larger distribution of work among
58 nodes. Then we observe the configurations 2 and 3. They have the same number of
workers (58) but the second configuration uses two sites. With the previous tests on a
world-wide platform, using two sites gives very poor performances since the wall-clock
time is increased by an average of 119%. We have cited communication on the Internet
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as a performance burden. In the case of Grid5000, the wall-clock time is also increase by
an average of 50%. We do not use the Internet and the Renater network which is linking
the sites of Grid5000 is quite fast. Besides, there is a reservation policy and we perform
the experiments during the night. We also do several executions in order to compute
average times. Thus, the communication costs cannot be the main explanation of this
high percentage (rather good performances, no network congestion, etc). We suppose
that using one OmniRPC worker per processor of the multiprocessors at Sophia explains
the poor performances. We first think that the processes compete for main memory.
However, there is a large amount of memory on the nodes and separated caches. Perhaps
the processes compete to access to the network resources. We are currently studying a
problem of configuration of the cluster mode of OmniRPC (location of OmniRPC servers
on multiprocessors) The same problem is observed if we compare the configurations 3 and
4. Indeed, when we divide the workload by using 128 workers instead of 58, the wall-clock
times are increased by an average of 187%. With the tests on a world-wide platform, this
increase is 123% and, this problem of the OmniRPC configuration on multiprocessors is
a second explanation in addition to slow communication over the Internet.

In order to confirm this hypothesis regarding the usage of multiprocessors, we compare
the configurations 4 and 5. The two configurations use 116 workers but the configuration
5 harnesses some nodes in a third site in order to use only one OmniRPC worker per node
(in particular on multiprocessors at Sophia). We observe that the average wall-clock time
is 60% lower for the configuration 5 (although there is communication on a third site).

By comparing the configurations 3 and 5, we confirm also the previous analysis done
for the world-wide platforms. It is not interesting to harness 116 workers because the
wall-clock-time is increased by an average of 12%. This increase is no longer due to
the competition of OmniRPC workers on multiprocessors but only to the overhead of
the communication layer. For this size of matrix and those couples (m, k), choosing a
number of workers upper than 58 implies a too fine grain of parallelism. There is too
much communication compared to the workload of the workers.

Summary

By means of those tests on Grid5000, we have shown that the main performance burden
of the experiments on world-wide platforms is the usage of all the CPU of multiprocessors
by the OmniRPC workers. The comparison between configurations 1 and 2 mainly em-
phasizes the impact of network performances, even inside a LAN. Indeed, in the similar
tests on world-wide platforms, slow communication hides the benefits of the distribution
of work (i.e. the decrease of the remote computing times of the workers). Finally, we
have confirmed that distributing the eigenproblem among 116 workers leads to a too fine
grain of parallelism.
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4.3.6.3 Analysis of tests with larger matrices

We first look at Tables 4.19 and 4.20. With the matrix of order N = 203116, the best
value of m is 15. Choosing m = 20 and m = 25 adds too much computations compared
to a smaller Krylov subspace like m = 15 which provides enough information in order to
compute only one Ritz eigenpair. On the contrary, the value m = 10 is too small. Thus,
the resolution needs to restart one more time and the wall-clock time is increased.

Then, we consider the largest matrix of order N = 430128. With the largest configuration
(416 workers), we reach a too fine grain of parallelism. The increase of the wall-clock time
is mainly due to the cost of communication and also probably to the overhead of the
middleware. Indeed, we use only one CPU of the multiprocessors, the number of restarts
obviously does not change, and we have done the experimentations during the night and
the early morning while no or few other users were working in the sites of Rennes, Lille,
Orsay and Sophia. Next, as the computing times with this last matrix are particularly
long, we focus on the detailed computing times.

The MVP involving A of the Lanczos tridiagonalization is clearly the most time consuming
step since it represents 92 (resp. 93%) of the wall-clock time with 206 workers (resp. 412).
So, it is interesting to evaluate the cost of a single MVP involving A. Such a MVP occurs
in the Lanczos tridiagonalization but also in the tests of convergence in order to compute
the residuals. As there are 5 main loops, 15 iterations per Lanczos tridiagonalization and
1 MVP with A per Lanczos iteration, we have 75 MVP during the 5 tridiagonalizations.
Besides, as there are 5 main loops and 1 computed eigenpair, the computations of the
residuals generate 5 MVP with A. Then, with the times of Tables 4.21 and 4.22, we
can estimate the average time of one MVP in the tridiagonalizations and in the residual
computations. Tables 4.23 and 4.24 give those times which include the communication
times. During the tridiagonalizations (resp. residual computations), the average time of
one MVP is 30 seconds longer (resp. 26) if it is shared among 412 workers instead of 206.
It confirms the too fine grain of parallelism of the largest configuration in the context
of Grid5000 and by using the RPC programming paradigm. On a supercomputer, this
threshold of grain of parallelism would probably differ. Indeed, a supercomputer would
not use communication through the same kind of LAN (and a WAN), it would use a
different programming paradigm (not RPC calls), and so on.

Summary

The experimentations with larger matrices and a higher number of nodes show the sca-
lability of our implementation. However, it requires a significant amount of time in order
to solve the eigenproblems although we ask for only one eigenpair. On a world-wide plat-
form, or even on an efficient platform built on Grid5000, the cost of communication is
probably too high to reach an acceptable level of performance in term of computation
speed. We can also consider the middleware overhead. A solution would consist in using
a larger grain of parallelism but the volunteer workers would not be able to handle such
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very large tasks.

4.3.6.4 Synthesis of the analysis and perspectives

The resolution of the real symmetric eigenproblem requires communication and synchro-
nization points. Thus, when we use a Global Computing platform to solve this problem,
we get large wall-clock times. This statement can probably be generalized to most of
distributed linear algebra problems that require much communication and many synchro-
nization points. At first sight, if the main criterion of performance chosen by the client
is the wall-clock time, it seems that High Performance Computing systems are necessary
for this kind of problems. However, we must not eliminate the Global Computing model
because of many reasons, such as the restricted access to HPC devices, given in Section
1.2 related to our motivations. If the wall-clock time is not a criterion of performance,
then this study shows the viability of the Global Computing model for the resolution of
complex problems. We must not limit our analysis to this simplest conclusion. By obser-
ving in more details the results we can make some useful comments for the parallelization
and the distribution of many linear algebra problems.

We have underlined the importance of the choice of the parallel paradigm. The Bisec-
tion and Inverse Iteration methods based on the parametric-parallel paradigm do not
suffer from the poor network performances. This task-farming step is wrapped into a
classical parallel model based on communication and synchronization points which pe-
nalizes the global performance. For all numerical problems, the choice of the suitable
parallel paradigm has to be done at the very beginning of the study while searching
for the numerical algorithms to employ. The experimentations have emphasized the im-
pact of communication over the Internet and even within a unique LAN. This impact
is striking for the Lanczos tridiagonalization and its MVP involving the full matrix A
compared to the other steps of the algorithm, particularly compared to the Bisection and
Inverse Iteration. This contrast is increased by the restarted scheme. It synchronizes
more the execution of the eigensolver. However, it reduces significantly the dimension
of the working space. Thus, it reduces the amount of required main memory in order
to solve the eigenproblem. It saves disk space too. It contributes to the scalability of
our implementation as shown by the experiments on Grid5000. This scalability is also
possible by means of other strategies like data-persistence and out-of-core. This choice
of using or not those strategies must be settled just after the choices of the algorithms
and the parallel paradigms. Indeed, once the algorithms and the parallel paradigms are
fixed, we can estimate the memory and disk requirements and we can have a rather good
idea of the number of communications. So, depending on the targeted model of parallel
computing (High Performance Computing, Global Computing, etc.), we can decide the
interest to use such strategies without having already any consideration for middleware
and programming details. Of course, their implementation depends on the middleware
features and its API.
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We have shown the major role of the configuration of the experimental platforms. We have
pointed out the configuration of the computing software and also the size of the platform.
In the first case, the computing software cannot handle well all CPU of multiprocessors.
In the second case, a too large platform gives a too fine grain of parallelism because the
computing time on each remote node is too small compared to the communication and
invocation times. Contrary to the previous choices (task-farming, data-persistence, etc.),
we can hardly forecast the best configuration and we find it empirically.

At the end of our study, some issues remain opened. In particular, the distribution
of A must be improved. Our strategy is scalable but, in the worst experimental case
(N=430128), it has taken 40 minutes. The new data layer management of OmniRPC,
called OmniStorage, may provide an efficient solution. With this new software, each relay
node acts as a proxy. The gain would be particularly visible for experiments harnessing
some clusters of resources on the Internet. The second opened issue concerns the disk
storage space. By increasing more the order of the matrix, the disk requirements may
bound the scalability of our eigensolver. Each block of matrix A needs 8%2 Bytes. We
have not chosen a compact format of storage in order to do fast accesses to data. Indeed,
due to the out-of-core strategy, the number of file accesses is very important. A simple
solution is to increase the value of p i.e. the number of workers but we have seen that a
too fine grain of parallelism gives poor performances.
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Chapter 5

Toward Power-Aware Computing with
Dynamic Voltage Scaling for
Heterogeneous Grid

5.1 Scope of the study

In Cluster Computing and High Performance Computing, we can take advantage of the
slack-time caused by an unbalanced distribution of work in order to save energy. The slack-
time is the idle time of some computing resources while the others are still working. In
the context of heterogeneous world-wide Grid Computing, we consider two other sources
of slack-time. The first one is due slow communication. The second source of slack-
time concerns the heterogeneity of the computing nodes. Contrary to High Performance
Computing and Cluster Computing which are using homogeneous resources in order to
reach the highest performance, world-wide Grid Computing harnesses a wide range of
heterogeneous volunteer devices. To our knowledge, power-aware considerations have not
yet been explored for heterogeneous large Grid Computing.

This Chapter is structured as follows. In Section 5.2, we present related work on low-
power technologies and power-aware computing for parallel and distributed computing.
For the clarity of the dissertation, we deliberately talk about related work in this Chapter
instead of with the State-of-the-Art Chapters 2 and 3. Then, Section 5.3 deals with the
characteristics of the experimental power-aware cluster. Next, we describe in Section 5.4
the DVS-capable real symmetric eigensolver which is used for the experiments. Section
5.5 gives the results of the experiments and presents our analysis. Finally, in Section 5.6,
we conclude the Chapter and present ideas for future work.

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

5. TOWARD POWER-AWARE COMPUTING WITH DYNAMIC VOLTAGE SCALING FOR
HETEROGENEOUS GRID 116

5.2 Related work

A great amount of work on power and energy conservation has already been performed.
Many approaches enable to save energy. At the pure hardware level, more precisely
at the chip level, we can cite asynchronous clocking techniques such as IPCMOS [98].
Besides, always in [98], we see that tuning the L1 data cache size may affect the power
consumption. At the component level, the architecture of Transmeta processors shows
that we can get significant energy savings on the CPU. Actually, in this case, it is more
a hardware-software approach than a pure hardware approach because the hardware core
of the processors has been reduced by means of a software layer called “Code Morphing”.

The development of processor frequency and voltage scaling is an effective way to decrease
consumption. In fact, the CPU is a major power consumer. Besides, as the L2 cache
and the main memory are not affected by this frequency and voltage scaling, increasing
the performance of the CPU may not provide any benefit due to their “performance
saturation”. To sum up, Dynamic Voltage Scaling (DVS) relies on the two following
principles: the peak frequency of the processor is proportional to the supply voltage and
the energy is proportional to the square of this supply voltage. DVS can be operated at
several levels. At the processor level, Intel has proposed the SpeedStep technology and
Transmeta’s Crusoe processors offer the LongRun 2 power management. At the OS layer,
[99] describes a power management patch of Linux called Vertigo. At the scheduling policy
level, in [100] and [101], researchers focus on “frequency voltage scheduling” instead of the
classical “task scheduling”. Finally, energy consumption widely depends on the application
characteristics. It is possible to implement DVS at the programming level or to tune a
frequency scheduling according to a class of applications. In the first case, we can cite
[102| which divides an MPI program into several blocks running at different gears. The
second case deals with parallel sparse applications [103] and consists in decreasing the CPU
performance of nodes which are not in the critical path. In [104], the authors propose
a more general algorithm exploiting the slack-time due to the unbalanced workload of
nodes.

Then, a lot of work aim to optimize the disk energy consumption. For instance, in [105],
the speed of the disk is modulated. In [106], cache optimizations allow putting the disk
in stand-by mode until a cache-miss occurs. For disk array-based servers, an interesting
track consists of moving popular data on a subset of disks in order to put the others in
low-power mode [107]. Next, [108| presents an orthogonal approach by switching on/off
PCs of a cluster depending on performance and consumption requirements.

A global approach is to build a whole supercomputer/cluster with power efficient archi-

tecture and using low-power components. We can cite Green Destiny [109], Mega-proto
[110] and BlueGene/L [111].

Finally, we underline that all previous pieces of work deeply rely on profiling and predicting
tools. [112| presents a framework measuring the power-performance efficiency of the
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NAS parallel benchmarks. The profiling is done for the CPU, the memory, the disk
and the network interface. [113] focuses on the Intel P4 processor. It proposes real
power measurements and above all, an interesting power estimation of the processor using
counter-based measurements on 22 physical sub-components.

5.3 A DVS-aware experimental platform

Our study on Dynamic Voltage Scaling in order to take advantage of the slack-time of
nodes, targets world-wide Grid platforms. Unfortunately, this topic of research is new
and it does not exist yet such large platforms allowing performing DVS and measuring
the power consumption on each node. We must use a smaller dedicated cluster described
in this Section. There is no communication on the Internet. Thus, we cannot focus on the
slack-time due to the high latency and the low bandwidth of the Internet. As we focus
only on the slack-time due to the heterogeneity of the nodes from a CPU point of view, it
is conceivable to base our study on a small DVS-aware cluster because our experimental
application is designed for large Grid Computing and it can be applied without or with
few modifications on such Grid.

Researchers of the HPCS laboratory of Tsukuba have built a system using Hall elements
[114] which enables to measure dynamically the power consumption without modifying
the hardware of machines. The Hall device has A/D converters to digitize each instant
measured power and to transfer it to a dedicated PC. Measurements can be done with
a very high time resolution (up to a few micro-seconds). The experimental cluster is
composed of 16 nodes whose specifications are given in Table 5.1.

CPU AMD Opteron
Clock 2200MHz
L1/L2 cache 128KB/1MB

Memory 1GB (DDR)
Network 1 GB Ethernet
OS Linux | Red Hat, kernel 2.6.11

gce 4.1.2

MPI LAM/MPI v7.1.3

Table 5.1: Cluster node characteristics

The Dynamic Voltage Scaling is done with functions wrapping PowerNow! instructions.
For instance, the function powernowset(int x) makes the CPU working at the frequency
given by the ratio % in Table 5.2. In the remainder of the Chapter, when we say that
a node is running at % of the CPU frequency, we actually refer to the frequency of the
ratio % in Table 5.2 (which is not exactly % of 2200M Hz). We recall that the power
is a function of the frequency and of the voltage: P = CV?4,f + V244 where C is the
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capacitance, V24, is the supply voltage, f is the frequency and [ is temperature- and
process-dependent.

| Ratio (%) || Frequency (MHz) |

100 2200
90 2000
80 1800
60 1600
40 1400
20 1200
0 1000

Table 5.2: Table of available frequencies

5.4 A DVS-capable real symmetric eigensolver

The API which is wrapping PowerNow! instructions, is available for MPI implemen-
tations. Therefore, we have just modified our real symmetric eigensolver presented in
Chapter 4 at the communication programming model level. There is no modification
from a workflow point of view. As a consequence, among the 16 nodes of the experimen-
tal cluster, we consider 1 client and 15 remote computing nodes. Besides, the distribution
of data and the distribution of the workload have not been modified.

At the beginning of the eigensolver, we assign a default CPU frequency to the 15 compu-
ting nodes. Those nodes do not have necessary the same default frequencies. We choose
one of the values available in Table 5.2. Then, we add DVS routines before and af-
ter all MPI wait and MPI blocking communication routines (MPI_Wait, MPI_Gather,
MPI_Bcast). We can modify the frequencies during those MPI calls depending on the
purpose of our research. On each node, the modified frequency must remain lower or
equal to the default frequency.

5.5 Experiments

The heterogeneity is a major difference between world-wide Grid Computing and Cluster
Computing or High Performance Computing. We study the usage of DVS in order to
exploit the slack-time due to the heterogeneity between the nodes from a CPU frequency
point of view.
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5.5.1 Experimental numerical settings

We use a sparse real symmetric matrix of order N = 32490. It is a tiling of the matrix
besstk09 from the Harwell-Boeing matrix collection of the Matrix-Market website!. It
has 16.5 million elements. The average non-zero elements per row is 510. Regarding the
parameters of our eigensolver, we have chosen m = 20 and £ = 2. In other words, we
compute two Ritz eigenpairs and the order of the Krylov subspace is 20. We use only one
couple (m, k) because the impact of those parameters on the execution wall-clock time
has already been studied in Chapter 4 and it does not enter in the scope of this Chapter.

5.5.2 Interest of DVS during communication and idle times

Goal We first evaluate the impact of the heterogeneity of the nodes from a CPU fre-
quency point of view on the global energy consumption. Then, we evaluate how much
we can save energy by means of DVS only during MPI wait and MPI blocking commu-
nication routines. Indeed, in order to save energy in presence of heterogeneous resources,
the first idea is to reduce the frequency of the fastest nodes when they have finished their
computations or when they are waiting for data from other nodes.

Protocol of experiments Before MPI wait and MPI blocking communication routines,
we decrease the CPU frequency with the function powernowset(low_ frequency) and after,
we recover the default frequency with the same function powernowset(default frequency).
Table 5.3 shows the default frequencies (set at the beginning of the eigensolver) of the
nodes for three experimental configurations: one is homogeneous, two are heterogeneous.
When DVS is used, the frequency is lowered to the frequency of the burden nodes (0% for
configuration B, 40% for configuration C). The client always stays at 100% of the CPU

frequency.
CPU freq. (%) | Default CPU freq. (%)
of the client | of the 15 workers
Configuration A 100 15 at 100
Configuration B 100 5 at 100, 1 at 80, 2 at 60, 2 at 40, 1 at 20, 4 at 0
Configuration C 100 5 at 100, 1 at 80, 2 at 60, 7 at 40

Table 5.3: Configurations of the heterogeneous platforms

'http://math.nist.gov/MatrixMarket /
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Results Table 5.4 presents the wall-clock times (seconds), the energy consumptions
(J = W.s) and four ratios:

e for each DVS strategy, columns 4 and 5 show the increases of the wall-clock times
and the global energy consumptions for the configurations B and C, compared to
the configuration A. For each kind of DVS strategy, those ratios allow evaluating
the impact of the heterogeneity of the platforms (from a CPU frequency point of
view) on the wall-clock times and on the energy consumptions.

e for each one of the three configurations, the two last columns (6 and 7) present
the variations of the wall-clock times and the energy consumptions when we apply
a DVS strategy compared to the same configuration but without DVS strategy.
Those ratios aim to evaluate the impact of DVS during MPI wait and blocking
communication routines for each kind of heterogeneous platform.

Each entry, in the second and third columns of the table, represents an average of 10

measurements.
Configuration - Time Energy Time | Energy || Time | Energy
DVS strategy (sec) | consumption || (%) (%) (%) (%)
(W.s) compared compared
with A with no DVS
A - No DVS 490 773041 - - - -
B - No DVS 897 1176348 +83 +52 - -
C - No DVS 684 943448 +39 +22 - -
A - DVS during bcast 491 771671 - - +<1| =<1
B - DVS during bcast || 897 1169854 +82 +51 +<1] —<1
C - DVS during bcast || 682 936067 +38 +21 —<1| —-x<1
A - DVS during gather || 492 775315 - - +<1| +<1
B - DVS during gather || 897 1174100 +82 +51 +<1] =<1
C - DVS during gather || 681 936363 +38 +20 -<1| =<1
A - DVS during wait 491 772396 - - +<1] =<1
B - DVS during wait 903 1173586 +83 +51 +<1] =<1
C - DVS during wait 688 942467 +40 +22 +<1| —<1

Table 5.4: DVS on heterogeneous platforms during blocking communication routines and
idle times of nodes

Analysis of results First, we focus on the five first columns of Table 5.4 and consider
separately the four DVS strategies. We observe the great impact of the heterogeneity of
the resources. For each strategy, when the heterogeneity between the slower and the faster
nodes is increased, both the rise of the wall-clock times and the energy consumptions are
increased. The ratios are similar for the four DVS strategies. Between the configurations
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A and C (resp. A and B) the gap of frequency is 100 (resp. 60). The increases of the
wall-clock times are 82% or 83% (resp. 38% , 39% or 40%) and the increases of the
energy consumptions are 50% or 51 % (resp. 20%, 21% or 22%). Indeed, our eigensolver
is very sensitive to the heterogeneity since it contains much communication followed by
global synchronizations. So, the wall-clock time is linked to the performances of the
burden nodes. As the wall-clock times are much larger, the global energy consumptions
are higher.

Let us look at the two last columns of Table 5.4 in order to observe the impact of DVS
for each kind of heterogeneous platform. The reduction of the frequency during those
periods does not impact the wall-clock times but it does not provide any interesting
energy saving. Several factors explain this absence of significant energy savings. The
volume of communication is small because of our data persistence strategy and the LAN
has a high and constant bandwidth, a low latency. Besides, our eigensolver has many
global synchronizations. So, there are a many short waiting times and the processes are
rather synchronized. Finally, changing the frequency of a processor is not instantaneous.
For instance, it takes 50us in order to change from 100% to 10 %. Thus, we cannot take
advantage of very short communication times and idle times.

In [104], the authors have studied the slack-time due to an unbalanced distribution of
work in the context of Cluster Computing. They also do not take advantage of DVS
when it is applied only during idle times. They apply DVS during all the computations.

5.5.3 Levelling off the default frequency of the nodes in order to
save energy

Goal We change our strategy. Instead of using DVS during short and multiple periods of
slack-times, we try to avoid slack-times by levelling off the CPU frequencies of the fastest
nodes to the CPU frequency of the slowest node (it is done during all the execution). In
other words, by means of DVS, we make homogeneous, an heterogeneous platform from
a CPU frequency point of view.

Protocol of experiments We consider six heterogeneous configurations of platforms.
Each platform has one burden node running at a low frequency whereas the other nodes
(14 workers and the client) are at 100% of the CPU frequency. It is probably the worst
case of heterogeneity if we have energy consumption considerations. The burden node is
running either at 0, 20, 40, 60, 80 or 90% of the highest CPU frequency.

For each one of the six configurations, we first perform 10 executions without using DVS
and we present average values of data in Table 5.5. Then, we perform 10 experiments
by levelling off the CPU frequencies by means of DVS. We also present average values of
data in Table 5.5.
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Results Table 5.5 shows the wall-clock times (in seconds), the global energy consump-
tions (in J = W.s) and the average power consumptions per node (in W). Table 5.6
presents ratios computed by means of data of Table 5.5. Columns 2, 3 and 4 compare
data of the six heterogeneous configurations with the homogeneous configuration where
all nodes are at 100% of the CPU frequency. Those ratios are variations of the wall-clock
times, variations of the global energy consumptions and variations of the power consump-
tions per node. In columns 5, 6 and 7 of Table 5.6, for each configuration, similar ratios
compare executions without DVS and with DVS (i.e. all the workers have their CPU
frequency lowered to the same level as the burden node).

CPU frequencies (%) of Time Energy Average power

the 15 workers (sec) | consumption | consumption
(W.s) per node (W)

15 at 100 490 773041 98

1 bottleneck at 90, 14 at 100 | 514 802524 97

15 at 90 528 796492 93

1 bottleneck at 80, 14 at 100 | 552 843519 95

15 at 80 568 818277 89

1 bottleneck at 60, 14 at 100 | 601 899867 93

15 at 60 619 853515 85

1 bottleneck 40, 14 at 100 680 1000250 91

15 at 40 689 914133 82

1 bottleneck 20, 14 at 100 758 1085626 89

15 at 20 776 992403 79

1 bottleneck at 0, 14 at 100 882 1227917 86

15at 0 903 1114730 76

Table 5.5: DVS on heterogeneous platforms during all the execution - results of tests

Analysis of results First of all, the results confirm the great impact of the heterogene-
ity (from a CPU frequency point of view) of a distributed platform on the global energy
consumption. Even if there is only one heterogeneous node, it drastically increases the
wall-clock times (up to +80% in the worst case) compared to the fastest homogeneous
configuration (all nodes at 100% of the CPU frequency). As a consequence, we observe
a significant rise of the global energy consumptions (up to 58%). The wall-clock times
and the energy consumptions depend on the performance of the unique burden node: it
confirms the ratios of columns 4 and 5 of Table 5.4. This conclusion is acceptable for
applications having much communication and many synchronization points such as our
eigensolver.

If we level off all the nodes to the same CPU frequency as the slowest node one, it
increases the wall-clock time only by 1 or 2% but it saves up to 9% of the global energy
consumption. We underline that the increase of the wall-clock time is stable for any kind
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CPU freq. (%) Time Ratio of Average ratio | Time Ratio of Average ratio
of the 15 workers | (%) energy of power (%) energy of power
consumption | consumption consumption | consumption
(%) per node (%) (%) per node (%)
compared with compared with a configuration with
all nodes at 100% only one bottleneck
15 at 100 - - - - - -
1 at 90, 14 at 100 | +4 +3 < -1 - - -
15 at 90 +7 +3 -5 +2 <1 —4
1 at 80, 14 at 100 || +12 +9 -3 - - -
15 at 80 +15 +5 -9 +2 -3 —6
1 at 60, 14 at 100 | +22 +16 -5 - - -
15 at 60 +26 +10 —13 +2 -5 -8
1 at 40, 14 at 100 | +38 +29 -7 - - -
15 at 40 +40 +18 —16 +1 -8 -9
1 at 20, 14 at 100 | +54 +40 -9 - - -
15 at 20 +58 +28 -19 +2 -8 —11
1 at 0, 14 at 100 +80 +58 —12 - - -
15 at 0 +84 +44 —22 +2 -9 —11

Table 5.6: DVS on heterogeneous platforms during all the execution - ratios of results

of heterogeneity whereas the global energy saving is increasing with the heterogeneity. It
is particularly interesting for experimentations on a real heterogeneous world-wide Grid
because we can harness resources with a higher heterogeneity. We may forecast similar
increases of wall-clock times (41 or +2 %) but higher energy savings by adjusting all the
CPU frequencies to the frequency of the burden node.

Next, the local power consumption reductions are very interesting too. Indeed, at first
sight with ratios of column 7 in Table 5.6, we see that the average power consumptions
per node are decreased by a factor from 4 to 11% when we use DVS. Actually, the power
consumption reductions are much more interesting. In fact, data of column 4 of Table
5.5 is influenced by the consumption of the burden node and is used to compute ratios of
column 7 in Table 5.6. It does not show the real power consumption reductions for the 14
fastest nodes (originally at 100% of the CPU). Their power consumptions are decreased
by a factor from —5% to —22% as shown by column 4 in Table 5.6. For instance, let us
consider the configuration with one bottleneck at 20% of the CPU. The average power
consumption per node is 89WW. Actually, 14 nodes run at 100% of the CPU and consume
98W whereas the burden node uses 79W. Thus, if we level off the CPU frequency, the
power consumption of 14 nodes changes from 98W to 79W (—19%).

Finally, since the wall-clock time is only increased by 1 or 2%, it means that 14 nodes
save locally a lot of energy. For instance, if we consider again the configuration with one
bottleneck at 20% of the CPU, a node (initially running at 100%) saves 17% of energy
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because its energy consumption varies from 74284.J (= 758 % 98) to 61304.J (= 776 * 79).
Table 5.7 gives the ratios of the local energy savings of the fastest nodes, initially at 100%

of the CPU.
CPU decreased || Energy savings
from 100% to (%)
90 2
80 6
60 10
40 15
20 17
0 20

Table 5.7: Local energy savings of the fastest nodes by levelling off their CPU frequencies

5.6 Conclusion and perspective

When the resources have heterogeneous CPU frequencies, using DVS only during the
slack-times does not penalize the wall-clock times but it does not provide significant
reductions of energy consumption. This conclusion is acceptable for applications having
much communication with synchronization points such as our real symmetric eigensolver.
If DVS is applied during all the execution, it becomes very worthwhile. In fact, we get
important global energy savings without a significant rise of the wall-clock times. For
instance, if we decrease the CPU frequency of the nodes from 2200MHz to 1400MHz,
we save 8% of energy consumption whereas the wall-clock time is increased by only 1%.
With all CPUs set to 1000MHz the energy saving is 9% and the increase of time 2%.
The local energy savings of the fastest nodes are even more interesting when we adjust
their frequencies. In fact, their power consumptions are decreased from 5 to 22%. As the
wall-clock times remain stable (+1 or +2%), their energy consumptions are significantly
reduced (up to 20%).

It would be very interesting to study the slack-time due to the heterogeneity of other
components of the workers such as the memory bandwidth, the speed of disk access
(particularly as we do out-of-core). Finally, by using an emulator such as Modelnet, we
would like to evaluate the energy savings if we apply DVS in order to take advantage of
the slack-time due to communication on the Internet. In fact, the Internet is composed of
many heterogeneous sub-networks with low bandwidths and high latencies and we expect
significant slack-times. As the experimental cluster does not use the Internet, we propose
to add a 17" node in charge of emulating a large-scale network.

We think that power conservation will be soon a hot topic of research on Global Compu-
ting. Indeed, the community of Global Computing will be progressively interested in work
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done on low-power devices and power-aware mechanisms for High Performance Compu-
ting. Actually, new technologies often appear with HPC before being used at a large scale.
The current race for petaflopic systems does not ignore the quest to energy conservative
systems. As an example, we can cite the 10-petaflops system of the RIKEN. Its specifi-
cations target a reduction by a factor of 10% compared to a 10-petaflops machine built
with standard components.
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Chapter 6

YML, a Global Computing framework
for the conception of very large
applications

6.1 Introduction to YML

The YML project has been launched in 2002 at the ASCI CNRS laboratory in the frame
of the ACI GRID CGP2P. YML is mainly developed at the PRiSM laboratory at the
University of Versailles Saint-Quentin-en-Yvelines by Olivier Delannoy. The MAP team
of the LIFL at the USTL (University of Lille 1) is also involved in this project.

6.1.1 Motivations of YML

Designing an efficient parallel and distributed implementation of a sequential problem is
a difficult task. In addition, we often face many difficulties which are not linked to the
application. The goal of the YML framework is to tackle and hide most of those additional
constraints so that we only focus on algorithmic details.

The Global Computing model is promising because a huge number of machines are con-
nected to the Internet and they are potentially available for computations. However,
those machines are managed by a wide range of different middleware which have differ-
ent API. If the user wants to harness many computing resources, he has to know many
programming interfaces and he must implement several times the same application with
different API. This is hardly conceivable. Even if the client was able to do it, the execu-
tion of an implementation using a given API would only harness the nodes managed by
the corresponding middleware. Thus, the first goal of YML is to propose a unique API to
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the client allowing using the nodes of any kind of middleware of Global Computing. The
second service enables to schedule the execution of the tasks of a program on different
middleware. YML becomes at the runtime a bridge on top of many middleware. By
means of those two services, the heterogeneity of the Global Computing middleware is
hidden to the client (at a lowest level, the heterogeneity of the computing resources is hid-
den by the computing middleware, not by YML). Distributed and parallel programming
is a difficult task. YML tries to help the client as much as possible. For instance, YML
adopts a component programming model and uses a catalogue of components. It makes
easier the re-usability of existing, efficient and bug-free components.

6.1.2 Main concepts of YML

6.1.2.1 Workflow representation and graph description language

YML proposes an intuitive representation of a distributed and parallel application by
means of a workflow. An YML workflow consists of a graph whose vertices are inde-
pendent and communication-less computing tasks. The edges of the graph represent the
precedence relationships between the tasks. YML provides a graph description language
called YvetteML. With this language, we can build the DAG traducing the precedences
between the tasks. This DAG represents a control flow, and not a data flow, since a prece-
dence does not necessary concern a data dependency. The main structures of YvetteML
are: the component call, the parallel sections, the sequential loops, the parallelized loops,
the conditional branch and the event notification/reception.

6.1.2.2 Component model

YML has chosen the component model in order to represent each task. The re-usability
is the main motivation. Besides, this kind of representation forces the client to design
a well distributed application by clearly separating the computational blocks, commu-
nication and by finding the dependences. Each computational task is described by an
“abstract component” and its implementation is written in an “implementation compo-
nent”. The principle is similar to CORBA which separates the IDL description of the
object from its implementation. Those middleware-independent components are stored
in the Development Catalogue. The components are written by means of an XML syntax.

6.1.3 Architecture of YML

Figure 6.1 presents the architecture of YML. We notice three entities. First, there is
the client who is providing the computational components (abstract and implementation
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Figure 6.1: Architecture of YML
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ones) and the application graph expressing the control workflow. Second, there are the
volunteer workers which are using any kind of computing middleware as long as an YML
back-end enables to handle it. Finally, we consider YML which is hiding to the client the
complexity and the heterogeneity of the Global Computing platforms. Inside YML, we
can consider a front-end layer and a back-end layer.

The component generator of YML checks the semantic validity of the tasks (vertices
of the application graph) and stores them in the Development Catalogue. There is no
middleware consideration at this stage. The YML compiler checks the validity of the
application graph and generates an intermediate representation which is handled by the
scheduler. The intermediate representation of YML is based on the event mechanism.
An event can be assimilated as a boolean. A combination of events allows making pre-
and post-conditions in order to formulate the dependencies between the tasks. By means
of those pre- and post-conditions, the real-time scheduler manages the execution of the
intermediate representation by choosing the next task to run.

This elected task (whose pre-conditions are validated) is given to the back-end layer. The
back-end layer is roughly divided in two parts. First, there is the Back-end Scheduler
which schedules the current task to the appropriate back-end (in other words, to the ap-
propriate computing and network resources). The scheduling decision relies on static and
dynamic information extracted from a database. Such information concerns the middle-
ware, the computing and network characteristics of resources, some statistics related to
past executions, etc. Second, the middleware-specific back-end is in charge of submitting
the task to an YML worker which is running on a computing resource handled by the
computing middleware associated to the back-end. At this stage, the targeted middleware
is known. YML can generate the suitable “binary component” to execute. This binary
is stored in the Execution Catalogue. Then, the YML worker asks the data-repository
server (DR Server) for the binary and the parameters and then, it downloads them. It
also manages the execution of the binary on the computing node. At the end of the
computations, it sends the results to the DR server. We underline that we can run the
DR server and store data on a different location from the YML compiling and scheduling
units. It limits the risk of bottleneck.

6.2 Main contributions to YML

In addition to my work on linear algebra problems on Global Computing platforms, I
contribute to the development of YML. On the one hand, I develop some modules of
this framework and, on the other hand, I test YML and provide a user feedback before
releasing new versions. In particular, I unify my work on linear algebra problems on Global
Computing platforms and the implementation of some YML modules by adapting the real
symmetric eigenproblem to the YvetteML language. Therefore, I deliver an eigensolver
which can be run on all Global Computing platforms supported by YML.
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6.2.1 Development of YML modules

6.2.1.1 OmniRPC back-end

As my previous work on Global Computing mainly uses the OmniRPC Grid middleware,
I have first developed its back-end for YML. Actually, it basically consists in forwarding
the requests of the YML scheduler to the OmniRPC platform by means of asynchronous
RPC calls. The OmniRPC back-end manages a queue of YML tasks and probes their
completion. It returns to the YML scheduler the completed tasks. The current back-end
lets the client choose between the “SSH configuration” and the “cluster configuration”. It
currently does not handle the data-persistence feature offered by OmniRPC.

We consider implementing the support of data-persistence. In fact, YML will soon have
an intermediate level of scheduling coupled with an efficient information service between
the YML scheduler and the back-ends (we have described it in Figure 6.1 and Section
6.1.3). So, the user will be able to select a specific back-end by providing some criteria
such as the data persistence. Such scheduler and information services are planed in a
future release. We started designing the architecture and implementing it.

6.2.1.2 YML Worker and Data Repository modules

In parallel, T have focused on the YML Worker module. I underline that the YML Worker
is used by any kind of computing middleware. The YML Worker is deeply linked with
the DR Server. Therefore, I developed this module too. Figure 6.2 shows a detailed
architecture of the three modules and their main interactions. The RPC stub on the
computing node only gets from the OmniRPC back-end the identifier of the component
binary and the identifiers of the input parameters. Then the stub runs the YML Worker.
In the case of XtremWeb, the XtremWeb back-end submits to the dispatcher a binary
of the YML Worker and the parameters which are the identifier of the binary (of the
component) and the identifiers of the related parameters. Thus, an XtremWeb worker
can download the YML Worker. Once the YML Worker is executed, it creates a data-
repository client (DR Client) in order to interface with the DR Server unit. Actually, the
DR Client is in contact with the DR Server only for the initial connection. Indeed, the DR
Server manages a pool of threads and each thread handles the requests of a DR Client.
This mechanism allows the data-repository server unit accepting simultaneous requests.
Communication is over TCP. Once the DR Client has downloaded the binary and the
parameters, the YML Worker executes this binary. At the end, the DR Client sends the
results to its thread of the data-repository unit. Before completing its execution, the
YML Worker cleans all the traces of the execution.
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6.2.2 Adapting the real symmetric eigenproblem to YvetteML
6.2.2.1 A need for new features of YML

At the first stage of the adaptation of our eigensolver to YvetteML, we have expressed our
needs to the responsible of YML. Thus, he has developed the following new functionalities
and we have tested them. First, an YvetteML graph is now able to take some input
parameters, like files or constant values, and to return output parameters. Previously,
data were given as constants inside the YvetteML program and the output results were
written in a log file. In our case, we target to use several large vectors and matrices. It
is not conceivable to write each matrix as a constant. The unique conceivable solution is
to give a file name to the YvetteML graph.

Second, adapting the eigenproblem on a computing device requires manipulating many
different kinds of data structures like blocks of a matrix, vectors. Even inside a data
structure, it can be necessary to gather some elements by family depending on their
role in the algorithm. For instance, if we consider a type “vector”, it can be interesting
to distinguish the vectors of the basis of the Krylov subspace and the Ritz eigenvectors.
Thus, we have designed with the developer of YML a structure called “Collection” in order
to gather in a common container many elements of the same family. Inside a collection,
the elements are ordered. So, it is possible to build associations between the elements of
different collections. For instance, from a collection of Ritz eigenvalues and a collection
of Ritz eigenvectors, we can easily and quickly get the Ritz eigenpairs. Finally, the YML
Collection API also allows doing out-of-core. In fact, each element of a collection is stored
in a file and is loaded only when required.

6.2.2.2 Main differences between an implementation with YML and with an
RPC programming Grid software

From an algorithmic point of view, there are no modification compared to the work done
in Chapter 4. From the parallel and distributed implementation point of view, we notice
also few modifications. Indeed, in Chapter 4, we avoided as far as possible making, mid-
dleware-dependant assumptions. In this section, we present some modifications in the
implementation of the eigensolver and we comment the main differences of methodology
in order to do such an implementation.

In previous Chapter, we decided to use data persistence. Its implementation was middleware-
dependant since we used a feature of OmniRPC. The current status of the YML does not
provide data-persistence. Thus, we must expect larger volume of communication. We
must carefully weight the pros and cons before distributing and parallelizing a computa-
tion because the communication times may hide the reductions of the remote computing
times (it can be even longer). With YML, data are stored by the data-repository unit
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by means of files and then, the files are downloaded by the YML Workers. It is a major
difference with the implementation on a RPC computing middleware such as OmniRPC.
In order to manage data, the client of YML has to create its own data types with import
and export functionalities which transfer data from a file to the memory (and reversely).
For instance, regarding the matrix A of the eigenproblem, we have built a type using two
compact formats: a Matrix Market compact format for the file storage and a personal
compact format for the memory storage. A significant advantage of this mechanism is the
reduction of the memory constraint.

In a context of world-wide Grid Computing (as in Chapter 4), the client uses a given
number of workers. He tries to reach a full parallelism for his application. With a high-
level framework such as YML, like for a Peer-to-Peer Computing middleware such as
XtremWeb, the client has no idea of the identity and the number of the workers. The
resource level is entirely hidden by the computing software. Thus, the client must focus
more on the distribution of work than the parallelization. Indeed, even if the client submits
at the same time several independent tasks, nothing ensures a fully parallel execution at
the resource level. It is another reason explaining that high performance is difficult to
reach in our context.

In previous chapter, the data persistence of the blocks of the matrices A et () was one rea-
son for not fully parallelizing the outer loops of the computations of the Ritz eigenvectors
and then, the computations of the residuals. In fact, in order to parallelize those steps,
we would have to duplicate the blocks of A and () and it would have generated much
communication (particularly for Q). In the case of YML, there is no data persistence.
The blocks of A and @) are always transferred from the data repository unit to the YML
Worker. Therefore, if we suppose that a fully parallelism can be reached at the computing
middleware level, it can be interesting to parallelize those two outer loops (both have &
loops). Of course, as said in previous paragraph, a full parallelism in not ensured. We
have implemented parallel and sequential versions of those outer loops (see Figures 6.3
and 6.4).

The YvetteML compiler only handles static graphs. In other word, the structure of the
graph must not depend on variables whose values are not known at the compilation time.
With a traditional programming tool, we can generally create loops, branch conditions
relying on variables such as m, k. In the case of YvetteML, we must fix the values of those
variables playing a role in loops or parallel sections. It is not a strong constraint but it is
not convenient to recompile the program for each configuration. Indeed the compilation
is particularly long since the YvetteML compiler unrolls entirely the execution graph. It
is more problematic for branch conditions. For instance, in case of convergence of the
eigensolver, we must throw an exception in order to stop the execution.

In addition, in the YvetteML program, it is impossible to make any computation. There-
fore, even for a basic operation such as an addition we must use a component. There are
two approaches. On the one hand, we had better aggregate as much as possible some
operations in the same components so as to limit the number of communications. On
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the other hand, if we target to favour the re-usability of components, it is much better
to clearly make one component per kind of computation. We have chosen the second
approach in order to re-use a maximum of component in the implementation of other
YvetteML programs such as one solving the sparse real eigenproblem by means of the
Arnoldi method. The drawback is that we can expect high communication times.

6.2.2.3 Main components of the eigensolver

The YvetteML real symmetric eigensolver uses 19 components. We present only the most
important ones.

Sharing the matrix The first concerns the partitioning step of the real symmetric
matrix. We propose to send this work to only one node instead of parallelizing this
component. Thus, we send the matrix A and we get some blocks of rows of A. Data
are transferred in a compact format because we use our own “matrix” data type which is
closed to the Matrix Market compact format (blocks of A are matrices too). Import and
export functions of this data type are responsible for importing data from text file to main
memory and reversely (always in compact format). Regarding the cost of communication
over the Internet, the size of data, the overhead of YML and the “centralized” architecture
of the YML DR Server, we think this solution is better than a parallel matrix partitioning.
In other words, by parallelizing this step, we estimate the gain of remote computing times
would be hidden by much larger communication times so that the wall-clock time would
be larger.

Let us note d the number of components on the diagonal of A and e the number of
components under this diagonal. With our choice, a unique YML Worker gets A only
one time in a compact format (d + e doubles and 2(d + ¢) integers). Then, it returns x
blocks of rows also in a compact format (x(d + 2e) doubles and 2z(d + 2¢) integers). With
a parallel and distributed partitioning, the matrix A would be transferred = times in a
compact format (x(d+ e) doubles and 2z (d + e) integers). The number of blocks returned
by the x YML workers would be the same. Thus, our solution saves (z — 1) transfers
of A: (x — 1)(d + e) doubles and 2(x — 1)(d + e) integers. Besides, YML is a good tool
for the distribution of work, but it does not ensure the parallelization of the tasks at the
middleware computing level. Thus, even if we implement a parallel version of the matrix
partitioning step, the tasks would probably not be executed fully in parallel. However, it
would be interesting to test the parallel version with a broadcasting method.

The matrix-vector product The second important component deals with the matrix-
vector product. When we perform this linear algebra operation, we execute z calls of this
component in parallel, where x is the number of blocks of rows of the matrix. Only the
input block of rows and the output vector differ from one call to another. In Chapter
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4, we have stressed the cost of the MVP step. Thus, it is interesting to parallelize and
distribute this step among x workers. Besides, for a parallel and distributed MVP, the
total volume of transferred data is just a bit larger than for a unique call performing the
whole MVP on one YML worker. Let us note again d the number of components on the
diagonal of A and e the number of components under this diagonal. With a distributed
MVP, we send (d + 2e) doubles and 2(d + 2e) integers instead of (d + e) doubles and
2(d + e) integers for a sequential MVP on one YML worker. Thus, the transmission and
propagation times do not differ a lot compared to the large computing times.

Another motivation for distributing the MVP is the memory usage. Our current imple-
mentation of the “matrix” data type does not allow performing out-of-core (a block of
rows is considered as a matrix). Although, data are first loaded in memory using a com-
pact format, a very large matrix can hardly fit in memory. It is necessary to distribute
A by blocks of rows among more workers. We currently share A by means of an YML
Collection of blocks of rows. Thus the grain for the out-of-core mechanism is a block (of
rows). When we get a huge block of rows, it can be difficult to load it in memory too. So,
we currently choose the number and size of blocks depending on the memory of nodes.
This point has to be improved in order to get a scalable eigensolver. We must propose a
finest grain at the row level. For instance, we will propose to represent each block of rows
by an YML Collection of rows instead of using the “matrix type”. In other words, A will
be a collection of collection of rows.

Let us consider that an YML Worker can get the full YML Collection of blocks of rows
and has enough memory to load a full block (stored in a compact format). It is able to
perform alone the entire MVP by doing out-of-core because each element of the YML
Collection is gradually loaded when needed. It would be interesting to experiment and
compare it to the current distributed version.

Reorthogonalization The full-reorthogonalization is currently performed by only one
component and by only one node. As we use a restarted scheme, the reorthogonalization
is done with very few vectors of the basis of the Krylov subspace. Besides, the basis of
the Krylov subspace is stored by using an YML Collection of rows so as to do out-of-core.
Thus, a unique worker can handle those computations. However, we plan to propose a
parallel reorthogonalization in order to solve very large eigenproblems with larger values
of m. In Chapter 4, this step was parallelized. The total volume of transferred data does
not differ significantly between a parallel and a non-parallel reorthogonalization. The first
one adds some overheads.

Other components Then, we consider three components. The first performs the Bi-
section and the Inverse Iteration methods. We do only one call since we work in a small
subspace and we need only to compute few eigenpairs. The second component deals with
the selection of the candidate Ritz eigenvalues and the associated eigenvectors of the tridi-
agonal matrix 7. As in Chapter 4, we select the highest (in module) eigenvalues. Finally,
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we consider the computation on the new starting vector when a candidate Ritz eigenpair
has not converged. Like in Chapter 4, this step is not parallelized. We perform a linear
combination of the candidate Ritz eigenvectors (the Ritz eigenvalues are the factors).

The other components actually reproduce basic operations on numbers and vectors, or
simply wrap BLAS calls (e.g. norm and scaling of a vector, dot product of two vectors,
gather, reduction, etc.).

6.2.2.4 Workflow of the eigensolver

According to the principle of re-usability, many components are called several times. For
instance, the MVP component is used for the Lanczos tridiagonalization and for the test
of convergence ||AU —\U|| < e. Some components are also used by other programs like an
Arnoldi implementation on YvetteML. As shown in the Graphs 6.3 and 6.4, we designed
two workflows which contain the following parallel sections/loops:

e the initialization of the eigensolver (partitioning of the matrix, initialization of vec-
tors, etc). It is done only one time at the very beginning of the execution.

e the MVP of the Lanczos tridiagonalizations. It occurs r * m times where m is the
number of iterations of the Lanczos tridiagonalization (size of the Krylov subspace)
and r the number of loops of the restart scheme.

e the computations of each Ritz eigenvector. It occurs r * k times where k is the
number of computed Ritz eigenpairs.

e the MVP of the convergence tests. It occurs at the most r *x £ times.

The second graph proposes two additional parallel loops by parallelizing the outer loops
containing the computations of all Ritz eigenvectors and the computations of all the
residuals (and their norm).

The execution of the graph is distributed among the workers by using one (or several in a
close future) back-end. In parallel sections or parallel loops, the YML Scheduler submits
obviously parallel tasks. However, we underline that the tasks are not necessary solved
in parallel depending on the back-end and the computing middleware which are used.
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Figure 6.3: First YvetteML workflow of the real symmetric eigensolver
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Figure 6.4: Optimized YvetteML workflow of the real symmetric eigensolver
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6.2.3 Experimentations on Grid platforms

6.2.3.1 Objective of the experimentations

We use the OmniRPC back-end and the YvetteML workflow related to Figure 6.3. The
main objective of those preliminary experimentations is to observe the overhead of the
YML platform compared to similar tests done directly on top of the OmniRPC Global
Computing middleware (the two execution workflows are similar).

Due to a lack of time, the number of workers is low and the size of the matrix is not
very large. Thus, those tests do not emphasize neither the scalability of YML nor the
scalability of our YvetteML eigensolver.

6.2.3.2 Platform and numerical settings

For those experiments, we harness the network of workstations at the University of Lille
1. The client, the YML Scheduler and the DR Server are located on a single powerful
workstation, also at the University of Lille 1. YML uses the OmniRPC back-end with the
“cluster configuration”. The OmniRPC relay nodes are run at the University of Lille too.
Communication does not go through the Internet but stays in the LAN of the University
whose theoretic bandwidth varies from 10 to 100 Mbits. Table 6.1 presents the details of
the platform settings.

‘ H Configuration 1 ‘ Configuration 2

Middleware OmniRPC
Location of the client Lille
Location of the OmniRPC relay nodes Lille
Location of the workers Lille
Nb of OmniRPC servers 1 ‘ 2
Nb workers per server 29
Total nb workers 29 58
Number of blocks of A 29 58

Table 6.1: Experimental platforms of the preliminary tests on YML

Regarding the numerical settings, we use the same real symmetric matrix of order N =
47792 than in Chapter 4, Section 4.3.4. The dimension of the Krylov subspace is 15, 20
or 25. The number of computed eigenpairs is 1, 2 or 3.
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m, k H Configuration 1 ‘ Configuration 2 ‘

15, 1 221 209
15, 2 323 236
15, 3 462 296
20, 1 197 146
20, 2 321 232
20, 3 368 297
25, 1 257 176
25, 2 267 186
25, 3 281 195

Table 6.2: Wall-clock times of the client to get the k& Ritz eigenpairs (in minutes)

| m, k | 29 workers at Lille | 58 workers at Lille |

15, 1 20 21
15, 2 35 35
15, 3 51 47
20, 1 19 20
20, 2 30 35
20, 3 51 44
25, 1 29 28
25, 2 33 26
25, 3 55 43

Table 6.3: Wall-clock times of tests done directly with OmniRPC on platforms at Lille
(in minutes)

| m, k || 29 workers at Lille | 58 workers at Lille |

15, 1 11 9
15, 2 9 6
15, 3 9 6
20, 1 10 7
20, 2 10 6
20, 3 7 6
25, 1 8 6
25, 2 8 7
25, 3 5 4

Table 6.4: Overhead of YML (used with the OmniRPC back-end) compared to a direct
usage of OmniRPC (ratio)
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6.2.3.3 Results of experiments

The wall-clock times to solve the eigenproblem are between 4 and 11 times longer than
the times picked up with a direct execution on OmniRPC. The platform configurations,
the input parameters and the numerical algorithms are similar. We point out two causes
explaining such differences of computing times.

First, we point out the overhead of YML. There are many reasons. The scheduler of YML
takes time to select the remaining tasks to run. It is also quite long to pack and unpack the
parameters in order to transfer them between the data repository and the YML Worker.
Besides, for each component call assigned to a given node, we must transfer the binary of
the component even if the same component has already been run by the same node. We
suppose this communication cost for the binary transfer is the main cause of overhead.
With YML and the OmniRPC back-end, the remote stub wraps the YML Worker and
this YML Worker must download the binary. On the contrary, a direct execution with
OmniRPC only transfers the parameters and performs procedure calls on the remote
stubs. Those stubs are already registered on the remote nodes.

Second, it concerns the implementation point of view. With an usual OmniRPC program,
the client can perform simple computations instead of doing remote procedure calls whose
communication times would be long compared to the remote computation times. On
the contrary, YvetteML does not support any computation. The client must do many
component calls even for very simple tasks. It adds much communication. Besides, we
have seen that the volume of communication is significant because YML transfers the
executable for each component call.

6.3 Ongoing work on YML

We consider two kinds of ongoing work related to the experiments and the development
of YML.

First, we have to experiment the scalability of YML by means of tests using much larger
matrices and harnessing more workers. A Grid5000 environment has been set up by
Olivier Delannoy in order to perform this work. It would be also interesting to test the
second YvetteML workflow, shown by Figure 6.4. We would like to experiment some
modifications of the workflow by distributing some computations. The objective would
be to confirm that communication really penalizes the distribution of certain tasks such as
the partitioning of A, the reorthogonalization. We have also to experiment our eigensolver

with the XtremWeb back-end.

Second, we have to finish ongoing implementations on YML related to the multi back-end
support. It concerns the Back-end Scheduler module and the information service module.
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The information service consists in storing and managing static and dynamic information
about the network resources, the computing nodes and their middleware, and also some
statistics of the past executions. It is used by the Back-end Scheduler in order to schedule
at the runtime a task to the most appropriate back-end. There are many other ongoing
work on YML which are handled only by Olivier Delannoy, its main developer. For
instance, he plans to optimize the compilation process and returns a more friendly time
evaluation. He also wants to make a distributed version of the data repository service and
a binary cache on the workers in order to reduce the cost of communications. Indeed, even
if a worker handles several times the same component, the same binary is downloaded by
this worker at each time. Thus, by temporary caching component binaries, we can reduce
significantly the volume of transferred data and we can limit the risk of bottleneck of the
DR Server.

6.4 Conclusion

The YML framework targets to hide the complexity and heterogeneity of the Global
Computing middleware so that the client only focuses on parallel and distributed con-
siderations for his application. YML provides a user-friendly workflow language called
YvetteML and uses the component programming model so as to favour the re-usability
and to clearly separate tasks and communication.

Although we appreciate harnessing any kind of computing middleware with a unique
YvetteML program, the current status of YML does not hide entirely the heterogeneity
of the middleware level. In fact, at the runtime, we can only use one back-end since
the multi back-ends support (at the runtime) is still an ongoing work. Our analysis of
the eigenproblem has underlined that we can easily discuss about the different possible
distributed schemes without any (or very few) middleware considerations. Then, we
apply easily our choices with the workflow language of YML. Of course, YvetteML has
its own limitations but they are not problematic as soon as we have understood some
details of the YvetteML API. In particular, we can take a great advantage by using the
YML Collection API. It allows managing data almost as well as lower level programming
languages. Besides, with the YML Collection API, the client can easily do out-of-core
without worrying on file management.

Our experiments have underlined a significant overhead. We must tackle it quickly if we
want to perform larger computations and attract users. In fact, although we do not target
very high performances, it is quite long to solve a small real eigenproblem (N = 47792)
which is not using the Internet network. By using Internet, it is even supposed to be
longer. As explained in the ongoing work section, there are many possibilities to improve
the effectiveness of YML. It will be very interesting to perform the same experiments with
a cache mechanism for the binaries and a more efficient packing and unpacking process.

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Laurent Choy, Lille 1, 2007

6. YML, A GLOBAL COMPUTING FRAMEWORK FOR THE CONCEPTION OF VERY LARGE
APPLICATIONS 144

YML is proposing a novel and very high level approach of Global Computing. As YML
is young software developed by a very small team, it remains many things to improve but
we are convinced to go on the right way.
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Chapter 7

Evolution of large scale computing

7.1 Systems for large scale computing

The Global Computing model is relevant for the solution of large applications only if the
end-user cannot access to HPC devices and if he does not take care to the time-to-solution.
The cost of communication for the Global Computing model is the main explanation of
poor performances. It makes applications giving very long time-to-solutions. This last
point eliminates many existing computational problems such as weather simulations, most
of industrial and real-time applications. Besides, industrial companies may also worry
about the integrity and the confidentiality of the results. Finally, the computational
nodes of Global Computing platforms have limited resources. So, for solving disk- and
memory-intensive applications, we must divide a lot the workload among many nodes.
It generates a fine grain of parallelism which is not suitable for this kind of large and
heterogeneous network.

Therefore, High Performance Computing systems are indispensable for most of compu-
tational applications. They usually provide large amounts of memory and disk space,
large bandwidth and low latency networks. They also guaranty confidentiality and in-
tegrity requirements. As they are dedicated to computations (with reservation policies),
the experiments are not disturbed by other computations and communication. The HPC
community generally consider three kinds of HPC systems. First, there are the commodity
systems. There are made of commodity COTS (commercial off-the-shelf) microproces-
sors and COTS interconnections. Second, we have hybrid machines composed of COTS
microprocessors, or customized COTS microprocessors, and custom interconnections (e.g.
TSUBAME at TITech, IBM Blue Gene/Light, ASCI White, T2K Open SuperComputer
at the Universities of Tokyo, Tsukuba and Kyoto). Third, we consider the custom sys-
tems which are entirely made of custom microprocessors and custom interconnections
(e.g. Earth Simulator, Cray X1 supercomputer).
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7.2 Current trend of HPC

Custom HPC systems are entirely developed for the sake of computational applications.
Thus, they are merely the most suitable tools. However, they have a high $/Flops ratio
because of high costs of designing and manufacturing, power consumption, etc. A moti-
vation for the development of hybrid machines was to decrease the costs. For instance by
using COTS microprocessors, we get economies of scale on their design and manufacture.
This trend has carried on by a decline of hybrid machines and an increase of commodity
systems. We underline several reasons for the success of commodity systems. First, they
have a lower $/Flops ratio. Then, by buying a commodity system, we can enter the HPC
community with reasonable expenses. With commodity systems, we do not only save
money at the hardware level, we can also save money in order to get software. In fact,
commodity and custom systems differ by their software approach. The former adopts
an horizontal approach by using much independent software. They are generally open
source software. Custom systems often have a vertical approach. The constructor of
the supercomputer develops a fully integrated software environment and sells it with its
machines. Hybrid systems seem to adopt an horizontal approach. In order to improve
the performance, the reliability and the support of software, they can choose products
of private companies (instead of open source). Last reason for the success of commodity
systems but not least, they can be extended easily and with reasonable costs.

Nevertheless, commodity systems have serious drawbacks. By using commodity networks,
we face a high latency and a low bandwidth. Moreover, the failure rate is larger than for
custom systems. Besides, the natural trend is the increase of the number of processors.
Thus, the probability of failure increases and the parallel efficiency of the computations
decreases. In fact, in the time-to-solution, the part of the remote computing times is
decreasing while the part of the communication times is increasing. Then, the commodity
systems do not deal well with most of applications, such as sparse linear algebra, which
have a low spatial and temporal locality of data. In fact, a commodity system has generally
a low memory bandwidth and high memory latency. Commodity systems are not suitable
for many other kinds of applications such as data flow applications (data parallelism) and
problems having strong time-to-solution requirements (mainly because of the network
layer). We do not expect that current constructors of commodity processors will perform
the necessary research in order to reduce significantly the gap between CPU speed and
memory bandwidth (and memory latency). In fact, since a decade, constructors have
used the CPU clock rate as a commercial argument and this frequency has greatly risen
without a scaling of the other components. Besides, the current market of individual PCs
and laptops does not ask for making up this gap: the recent development of multi-core
technologies seems to satisfy the needs of consumers for innovation.

The problem of memory (and network) low bandwidth and high latency makes most of
applications more scalable on hybrid and custom systems than on commodity systems.
Therefore, in spite of the increase of the number of commodity clusters in the TOP500
ranking, we expect the highest performances will be reached always by hybrid and custom
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(vectorial) systems. If we review current projects of supercomputers, we notice a signi-
ficant part of hybrid systems. For instance, several projects study how to integrate into
supercomputers the specific IBM Cell chip or GPU. Some projects of hybrid systems, such
as the Roadrunner project at the LANL and the Keisoku project of the Riken, target the
Petaflops threshold. Actually, the Riken’s MDGrape-3 has already reached and overcome
this threshold but this supercomputer is so specific to one application that it cannot give
good results for the Linpack benchmark of the TOP500 ranking. This point underlines
the need for a new ranking process by using a tool such as the “HPC Challenge benchmark
suite” for future High Performance Computing systems.

7.3 Current issues of HPC and comparison with Global
Computing

7.3.1 Bandwidth and latency of the memory

We have previously said that arithmetic performance of the processor is increasing faster
than the increase of local bandwidth and faster than the decrease of the local latency. This
phenomenon is more striking for commodity processors than custom vectorial processors.
Vectorial processors are less affected because the CPU clock rate is often lower, the memo-
ry bandwidth higher and the memory latency lower. Besides, the vectorial computation
model naturally hides the memory latency.

High Performance Computing has strong performance requirements such as the time-
to-solution. Therefore, many mechanisms intend to hide the memory latency and its
low bandwidth in order to maintain a constant maximal usage of the processor. Some
examples are given in next paragraph. On the contrary, Global Computing has lower
performance requirements because it suffers from very slow network communication. It
suffers also from the heterogeneity of the networks and the heterogeneity of the computing
nodes. Global Computing systems are weakly-coupled and we must do a coarse grain
parallelism. Optimizations at the CPU cache/memory level are difficult to perform on
the remote volunteer computing nodes (e.g. we may not have the right). Besides, even if
it was possible to do such optimizations, it would probably give no benefit. In fact, those
volunteer computing nodes are potentially shared with other users whose processes would
annihilate any optimization efforts.

In this paragraph, we gather some mechanisms used by hybrid and commodity systems
in order to sustain a peak usage of the processor. We first look at solutions dealing with
the low memory bandwidth. An idea is to reduce the memory accesses by increasing the
number of cache levels and the size of caches. This solution is suitable for applications
with high spatial and temporal localities of data. If the application has not such charac-
teristics (irregular data accesses, little data reuse), the solution is not efficient. Another
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solution would be to increase the number of memory chips but it would be very expen-
sive. Some researchers have proposed using sectored cache lines in order to do sector-cache
blocking. It would avoid removing potential useful data (i.e. soon reused) while getting
new data in cache from the memory. Second, we focus on memory latency hiding mecha-
nisms. Constructors have proposed using multi-threading, cache pre-fetching, and branch
prediction. We have also noticed processor-in-memory architectures and a new trend of
stream-processing architectures.

7.3.2 Bandwidth and latency of the network

HPC commodity systems are using COTS network components. Therefore, they suffer
from much lower network bandwidth and much higher network latency than custom and
hybrid systems. When a commodity system has a distributed memory model, it uses a
communication library such as MPI. This kind of tool adds some overhead that we must
take into account when we target the highest performances. If the system has a distributed
shared memory model, it is possible to make direct “processor-remote memory” accesses
but it generates significant communication costs.

In Global Computing, the impact of network latency and network bandwidth is consi-
derable. The usage of Internet or slow Ethernet networks is a first explanation. We can
also point out the congestion due to communication generated by other users. Much
Global Computing software uses the TCP protocol over the Internet and then, perfor-
mances are burdened by the TCP congestion control. In Chapter 4, we presented some
solutions in order to limit the impact of communication. For instance, we have under-
lined the interest of the parametric parallel paradigm (i.e. task-farming). We can find
some analogies between solutions dealing with memory bandwidth (and latency) for HPC
and solutions dealing with communication on the Internet for Global Computing. For
instance, on the one hand, a cache-blocking technique makes the reuse of data faster by
decreasing the number of transfers from the memory. On the other hand, data persistence
also makes the reuse of data faster by decreasing the size (and the number, depending
on the software) of communication over the Internet. Another example concerns data
pre-fetching and stream processing in HPC. The first mechanism pre-loads data in cache
from the memory and the second handles a continuous flow of data. The translation of
those mechanisms to world-wide data-flow applications, such as video streaming, leads
to the usage of the RTP protocol and buffers for received data (the Real-time Transfert
Protocol adds real-time constraints).

7.3.3 Disk storage issue

High Performance Computing systems seldom lack storage space because the computing
centers take care to buy enough storage devices and supplement them if necessary. By
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storage devices, we denote a wide range of items. It can be hard disk of commodity PCs
with high transfer rates, dedicated Mass Data Storage Systems, etc. On the contrary, with
Global Computing, the remote computing nodes have limited resources. In Section 4.3,
we face disk space limitations. We think a solution is to use a complementary distributed
storage layer. For instance, if the Grid Computing middleware is OmniRPC, we can use
OmniStorage associated with GFarm or BitTorrent. Of course, it adds some overhead but
we tolerate it in the context of Global Computing as long as we can solve much larger
problems.

7.3.4 Programming models and software issues

Building High Performance Computing and Global Computing systems, is only worth if
we study how to adapt efficiently applications to the targeted architectures and if there
are efficient software products to develop and deploy applications. Programming models,
languages and software of high performance custom systems have reached a certain ma-
turity. Besides new software solutions are generally efficient and have a good support
since constructors of custom systems often propose a vertical collection of software (pre-
viously explained in Section 7.2). For high performance hybrid and commodity systems,
a significant work must be done as well on programming paradigms as on operating sys-
tems, libraries and languages. The more the systems are distributed, heterogeneous and
weakly-coupled, the more we need to do such studies. Therefore, this need is much more
important for Global Computing. We also estimate this need is increased by the youth of
this domain and also because industrial companies have not yet really focused on Global
Computing.

As the size and the heterogeneity of platforms is increasing, it is more and more difficult
to express and perform an efficient distribution of an application. Thus, we need high
level programming tools and operating systems able to manage such environments. The
development of such software and the study of programming models is greatly challenging
because of the very large number of processors (> 100000). Besides, we have to deal with
several kinds of parallelism: vectorial parallelism on one CPU, thread parallelism across
one CPU (context switching) or within an SMP node, inter-nodes parallelism. A com-
puting system may also have several communication models depending on the memory
management: shared memory, distributed memory and shared distributed memory. For
Global Computing, software must hide as much as possible the computing and network
resources. The YML framework is a good example. The NAREGI project proposes a mid-
dleware harnessing many High Performance Computing Centers spread all over Japan.
High-level operating systems and programming tools generally have some overhead. We
can tolerate it for Global Computing (if it is not too large), but we hardly accept such
overhead for HPC. We must find a balanced trade-off between the targeted effectiveness
and the programming abstraction level. Besides, in order to reach the highest perfor-
mance, the end-user must keep control of the process concurrency, he must ensure an
efficient data distribution, he has to optimize communication, etc. Performance hardly
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fits well with abstraction.

It becomes more and more difficult and expensive to improve the floating point com-
putations performance of one CPU because we have, or will soon, reached a maximum
threshold of ILP (Instruction-Level Parallelism).Thus, industrials of commodity proces-
sors propose multi-core processors. We now find a growing number of commodity and
hybrid systems, as well as Global Computing platforms, composed of computers having
multi-core commodity processors. It becomes an urgent issue to study programming mod-
els for platforms using multi-core systems in order to exploit all the levels of parallelism.
In particular, we add an inter-cores parallelism with shared-memory communication by
using the shared L2-cache and the direct cores synchronizations. Actually, the current
multi-core approach does not seem an ideal solution because we have previously said that
CPUs (and the current cores) are not adapted to most of computational applications
which are potentially used by HPC and Global Computing. Those CPU are not also
suitable for data flow applications such as most of multimedia applications. Thus, some
researchers and industrials are studying the next generation of multi-core CPU with hete-
rogeneous cores. As an example of the challenge of multi-core programming, we can cite
that Google has recently acquired the software company PeakStream, which specializes in
software to assist developers in programming for multi-core processors. In particular, this
start-up was focusing on the optimization of parallel processes for data flow applications.

Finally, the HPC community has been greatly interested in the IBM Cell architecture
and its single precision performance. Unfortunately, the IBM Cell has average double
precision performance. In the frame of the Roadrunner project, IBM will deliver soon
enhanced double-precision Cell chips. Hybrid systems composed of IBM cell have already
been built and it is now necessary to learn how to adapt efficiently scientific application
to this architecture such as in [115].

In this Chapter, we have mostly used information from [116] and several issues of the
“SciDAC Review” magazine. I have also used talks of the 21?* ORAP! Forum and a
status report [117] of HPC in Japan done in Juin 2007 by French researchers and the
French Ambassy at Tokyo.

"http:/ /www.irisa.fr /orap/
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Acronym Translation
AIMS Automated Instrumentation and Monitoring System
API Application Program Interface
AppLeS ApplicationLevel Scheduling
APST AppLeS Parameter Sweep Template
ATM Asynchronous Transfer Mode
BLACS Basic Linear Algebra Communication Subprograms
BLAS Basic Linear Algebra Subprograms
BPEL4WS | Business Process Execution Language for Web Services
CASH Computer Aided SCHeduling
CCM Corba Component Model
COTS Commercial Off-The-Shelf
DAG Directed Acyclic Graph
DCE Distributed Computing Environment
DQS Distributed Queuing System
FhRG Fraunhofer Resource Grid
GASS Globus Global Access to the Secondrary Storage
GEM Globus Executable Management,
GIOP General Inter-ORB Protocol
GIS Globus Grid Information Service
GPDK Grid Development Portal Toolkit
GPU Graphics Processing Unit
GrADS Grid Application Development Software
GRAM Globus Resource Allocation Manager
GRIP Grid Interoperability Project
GSFL Grid Services Flow Language
GSI Globus Grid Security Infrastructure
GUI Graphical User Interface
HBM Globus Heartbeat Monitor
HeNCE Heterogeneous Network Computing Environment
HPC High Performance Computing
HPF High Performance Fortran
IDL Interface Description Language
ITOP Internet Inter-ORB Protocol
ILP Instruction-Level Parallelism
IP Internet Protocol
ITG Interactive Task Graph
JADE Java Agent Development Environment
JVM Java Virtual Machine
LAN Local Area Network
LaRCS Language for Regular Communication Structures
LSF Load Sharing Facility
MIMD Multiple Instructions Multiple Data
MPI Message Passing Interface
Continued on next page
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Table 7.1 — continued from previous page

Acronym Translation
MPMD Multiple Program Multiple Data
MW Master-Worker

NQE Network Queueing Environment
NWS Network Weather Service

OGSA Open Grid Services Architecture
OMG Object Management, Group

ORB Object Request Broker

PBS Portable Batch System

P-GRADE | Parallel Grid Run-time and Application
Development Environment

POOMA Parallel ObjectOriented Methods and Applications

PVM Parallel Virtual Machine

RCDS Resource Cataloging and Distribution System
RIO Globus Remote Input/Output

RMI Remote Method Invocation

RPC Remote Procedure Call

RTP Real-time Transfert Protocol

SClIrun Scientific Computing and Imaging Research
SPMD Simple Program Multiple Data

SSL Secure Socket Layer

TCG Temporal Communication Graph

TCL Tool Command Language

TCP Transfert Control Protocol

TME Task Mapping Editor

UDP User Datagram Protocol

UNICORE | Uniform Interface to Computing Resources
VAMPIR | Visualization and Analysis of MPI Resources

VT Visualization Tool

WSCI Web Services Choreography Interface
WSDL Web Services Description Language
WSFL Web Services Flow Language

XML eXtensible Markup Language
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Abstract

A significant work has been done on Global Computing middleware and networking but it remains
a lot to do at the application level. Thus, we study the parallelization and the distribution of the
large real symmetric eigenproblem on Global Computing platforms. Our methodology stresses
how important the choice of the numerical methods is, in order to use optimal parallel and
distributed paradigms. We oppose the parametric parallelism, allowed by the Bisection method,
to the highly communicating and synchronized restarted Lanczos method. Then, we discuss the
impact of those choices on the data distribution and the data access schemes. Global Computing
is characterized by the heterogeneity and the poor performances of the computing and network
resources. Therefore, we propose some solutions such as data-persistence and out-of-core. All
propositions are implemented and deployed on several world-wide platforms using the Internet
and on Grid5000. Thus, this work shows the viability of Global Computing for the resolution of
linear algebra problems as long as we do not target the highest performances.

We contribute to the development of the YML framework. This software hides the complexity and
the heterogeneity of Global Computing middleware. In particular, the front-end of YML provides
a unique API called YvetteML which is a high-level workflow programming language, and it
gives a transparent access to several Global Computing middleware by means of a back-ends
mechanism. In addition to the development of modules, such as a back-end for the OmniRPC
middleware, we discuss how to adapt the real symmetric eigenproblem to YML and we build two
workflows in order to orchestrate the computational sub-tasks of the eigenproblem. An evaluation
of the overhead of YML stresses some necessary improvements such as a cache mechanism on
the remote computing nodes.

Research on low-power devices and power-aware mechanisms is a tremendous topic of research
in High-Performance Computing. How about carrying on similar researches for Global Compu-
ting? Therefore, we study how to get a power-aware real symmetric eigensolver. We show that
significant global and local energy savings can be achieved by exploiting the heterogeneity of the
computing nodes.

keywords: real symmetric eigenproblem, Bisection, Lanczos, parametric parallelism, OmniRPC,
XtremWeb, YML, Global Computing, Grid, Grid5000, Power-Aware Computing, DVS
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Résumé

Le calcul global est un domaine de recherche vaste, dynamique mais qui bénéficie d’un effort de
recherche inégal selon la spécialité. Un travail important reste & faire au niveau applicatif. Nous
présentons une méthodologie pour la parallélisation et la distribution d’une méthode d’algebre
linéaire pour la recherche des éléments propres d’une matrice réelle symmeétrique. Nous dis-
cutons de I"impact des choix algorithmiques sur les paradigmes de parallélisme et la réparti-
tion des données. En particulier, nous opposons le parallélisme paramétrique & un parallélisme
fortement communicant et synchronisé dans un contexte défavorable de plateformes réparties a
I’échelle de 'Internet, puis sur Grille’5000. Nous proposons des mécanismes indispensables pour
le déploiement d’applications a grande échelle sur des ressources hétérogénes non dédiées tels la
persistance des données, la programmation “out-of-core” et un algorithme numérique redémarré.

Nous contribuons, en paralléle, au développement du logiciel YML qui masque la complexité et
I’hétérogénéité des logiciels de calcul global afin que les scientifiques ne se soucient que des détails
applicatifs de leurs problémes. A la mise-en-ceuvre de modules logiciels d”YML tel un “back-end”
pour le logiciel de calcul sur grille OmniRPC, nous ajoutons une réflexion sur la programmation
haut-niveau d’applications numériques par orchestration de composants au moyen du langage de
“workflow” YvetteML. Dans la continuité du travail précédent, notre étude de cas est la recherche
des éléments propres d’une matrice rélle symétrique.

Enfin, nous explorons un domaine de recherche naissant mais prometteur: le calcul sur grille
& faible consommation d’énergie. Dans un contexte de grille de calcul trés hétérogéne et pour
des applications communicantes et synchronisées telle notre méthode de recherches des éléments
propres d’une matrice, nous montrons comment réaliser des économies d’énergies significatives
en faisant varier la fréquence des processeurs et sans affecter de fagon importante les temps de
calculs.

Mots clefs: valeurs et vecteurs propres, Bisection, Lanczos, parallélisme paramétrique, Om-
niRPC, XtremWeb, YML, calcul global, grille de calcul, Grille’5000, calcul & faible consommation
énergétique, DVS
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