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RESUME

La conception des nouvelles générations de réacteurs nucléaires, utilisant des repré-
sentations toujours plus fines exige des codes de simulation pouvant s’adapter a
l’augmentation de la taille et de la complexité des systemes a traiter et par le
développement d’algorithmes de résolution plus rapides. La nécessité de résoudre
des problémes de transport de neutrons de tailles de plus en plus importantes est

devenue une réalité incontournable pour 'ingénieur nucléaire.

L’objectif principal de cette these est la modélisation du calcul réparti dans un con-
texte de résolution de problemes de transport de neutrons & grande échelle. Nous
proposons ainsi une nouvelle approche informatique pour résoudre ces problemes
afin d’améliorer substantiellement les capacités de traitement de la chaine de calcul

de réacteurs.

Dans le cadre des applications utilisant des techniques de calcul de haute perfor-
mance et plus particulierement le calcul parallele, les études de performances sont
indispensables. Elles doivent permettre de prévoir ’évolution de la performance
d’une application donnée sur des machines paralleles données. L’analyse en terme
de I’évolutivité permet aussi de prévoir les performances du systéme parallele sur des
machines massivement paralléles (composée de milliers de processeurs) en utilisant
des tests sur des machines avec seulement quelques dizaines de processeurs. En effet,
I’étude analytique de I’évolutivité du systéme parallele peut nous aider a identifier
les parametres importants du problémes : la combinaison algorithme-architecture,
leffet d’augmenter le nombre de processeurs sur la performance en particulier le
nombre optimal de processeurs & utiliser pour résoudre le probléme, ’accélération
maximale et enfin I'impact des parametres physiques propres & chaque machine. Une
grande partie des travaux de cette these se consacre a cette étude. Notre modele

d’ailleurs a été testé pour analyser ’évolutivité de l’algorithme paralléle utilisé par
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le solveur sur deux machines paralléeles différentes en variant la taille du probléme.

Pour éliminer des problémes liés aux applications & grande échelle, un nouveau
solveur nommé MCG a été congu. Ce solveur, basé sur la méthode des caractéristiques
en 3D avec des sections efficaces de diffusion isotropes et linéairement anisotropes,
utilise une nouvelle méthodologie de calcul. Les lignes d’intégration ne sont plus
alors stockées dans des fichiers séquentiels, mais sont générées au fur et & mesure
que le calcul se déroule. Quoique moins rapide, ce solveur a l'avantage de n’avoir

aucune limitation d’entrée/sortie.

Cette thése est présentée sous forme de quatre articles. Apreés Uintroduction du
modele analytique de performances, celui-ci est utilisé pour étudier essentiellement
I'impact des parameétres réseau sur le temps de communications et 1’évolutivité de
P’application parallele. La méthode d’accélération GMRES préconditionnée est aussi
présentée. Dans l'annexe, nous avons regroupé d’autres publications complémen-
taires présentés dans différentes conférences internationales. Ces articles traitent
de la parallélisation du solveur, 1'étude des performances (sans utiliser le modele
analytique) en terme d’accélération sur différentes machines avec différents réseaux
d’interconnexion, les techniques d’équilibrage de charges et les techniques utilisées
pour stocker et accéder aux données liées aux lignes d’intégration. L’introduction du
nouveau solveur des caractéristiques MCG et le traitement de ’anisotropie linéaire
sont aussi abordés. L’ensemble représente un apport significatif & la conception et

I’étude d’algorithmes paralléles pour le transport neutronique moderne.
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ABSTRACT

The design of new generations of nuclear reactors will involve fine representations
of the theoretical models. Advanced computational methods capable to solve large
scale problems treating large and complex systems are required. Therefore, the so-
lution of challenging large scale neutron transport problems is becoming more and

more pressing in nuclear engineering applications.

The main objective of this thesis is the modelization of the distributed neutron
transport calculation in the context of large scale problems. A performance model
is used for scalability analysis. A new computational approach is then proposed
in order to considerably enhance the processing efficiency of the reactor calculation

procedure.

For the applications using high performance computing techniques and especially
parallel computing, performance studies are crucial. These should predict the per-
formance evolution for a given application on a given parallel machines. Scalability
analysis may be used to predict the performance of a parallel algorithm and a par-
allel architecture for a large number of processors from the known performance on
fewer processors. An analytical study of the scalability of the parallel system can
help in identifying the best algorithm-architecture combinations, the effect of an in-
creasing number of processors on performance, the optimal number of processors to
use for solving the problem and the impact of the machine parameters. A large part
of this thesis deals with such study. Our model was tested to analyze the scalability
of the parallel algorithm used By the solver on two different machines by varying

the problem size.



1X

In order to get rid of some problems related to the large scale applications, a new
solver called MCG was developed. This solver, based on 3D characteristics method
with isotropic and linearly anisotropic scattering cross sections, uses a new computa-
tional methodology. The huge capacity of storage needed in large problems and the
related I/O queries needed by the characteristics solver are replaced by on-the-fly
recalculation of tracks at each iteration step. Even though this solver requires more

CPU resources, large 3D problems are now no longer I/0-bound.

This thesis is composed of four articles. After the introduction of the analytical per-
formance model, this is used to study essentially the impact of network parameters
on the communication time and the scalability of the parallel application. The pre-
conditioned GMRES acceleration method is also presented. In the annex, we gather
five other publications presented in different international conferences. These arti-
cles treat the parallelization of the solver, performance studies (without using the
model) in terms of speedup on different machines with different interconnection
networks, load balancing techniques and techniques used to store and to access to
the tracking lines. The introduction of MCG solve and the extension of the solver
to take into account the anisotropic effects are also discussed. The collection of
these works represents significant contribution to the design and the analysis of the

parallel algorithms in modern neutron transport applications.
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CHAPITRE 1

INTRODUCTION GENERALE

Avec I’évolution rapide des technologies avancées liées aux moyens de calcul et au
traitement de 'information, le calcul scientifique (computational science) a un im-
pact de plus en plus important sur I'ingénierie, la physique, la chimie et méme les
sciences économiques et sociales. Le but du calcul scientifique est de développer
et analyser des modeles mathématiques sophistiqués pour simuler et contréler des
processus complexes, tout en optimisant l'utilisation de la puissance de calcul afin
de résoudre des problemes de grande taille. Ceci nécessite des outils théoriques
et algorithmiques liés & differentes disciplines : équations aux dérivées partielles,
développement de logiciels, architectures des ordinateurs, parallélisation et calcul
distribué. Ainsi, cette approche (multidisciplinaire) englobe plusieurs domaines de

recherche fondamentaux et appliqués.

Une partie importante de ces applications demandent de tres gros volumes de cal-
culs. Les exigences des scientifiques ont toujours été supérieures aux possibilités
fournies par les ordinateurs du moment. Chaque nouvelle génération de machine a
permis des avancées significatives, mais celles-ci se sont heurtées, & leur tour, aux
nouvelles limites. Les avancements dans ces différents domaines scientifiques ont
souvent été liés & la puissance de calcul disponible, et ce n’était pas un hasard si les
meilleures équipes étaient implantées & proximité des super-calculateurs. La disponi-
bilité de la puissance maximum est indispensable, non seulement pour calculer des
modeles réalistes mais aussi pour mener ces simulations en un temps raisonnable.
La météorologie serait incapable de nous fournir des prévisions au jour le jour sans
ces machines. Pour obtenir en un temps raisonnable une précision de calcul re-

spectable, il faut donc des ordinateurs tres rapides avec de grandes mémoires pour



stocker les données lors du calcul. Depuis environ cinquante ans, la vitesse des or-
dinateurs séquentiels a augmenté d’environ un facteur d’'un million, mais ils sont
toujours trop lents pour beaucoup d’applications scientifiques actuelles. Le calcul
de haute performance, en particulier le traitement paralléle, peut alors apporter une
solution a ce probleme. Le calcul paralléle utilise la devise ‘partager et conquérir’ en
faisant travailler simultanément un certain nombre de processeurs. Cela ne va pas
sans poser des problémes, en particulier le probleme classique dans 1’organisation du
travail collectif : la coordination des efforts réalisés par chacune des parties. Pour
un ordinateur parallele, il faut que les processus puissent communiquer rapidement
leurs données et/ou résultats. Ce type d’opérations s’effectue par ’intermédiaire

d’un réseau d’interconnexions.

1.1 Définitions et concepts de base

Introduisons, maintenant, brievement notre application. La conception d’un réac-
teur nucléaire a fission est basée sur le principe de la réaction en chaine controélée: la
fission des noyaux lourds du combustible étant provoquée par l'absorption des neu-
trons issus des fissions précédentes. Ces fissions sont accompagnées d’un dégagement
important d’énergie qui est déposée dans le combustible. Dans les centrales nucléai-
res de puissance, cette énergie est extraite du réacteur par un fluide caloporteur qui
la transporte au générateur de vapeur. La vapeur ainsi créée est ensuite livrée a la
turbine pour entrainer un turboalternateur en vue de la production d’électricité.

Un réacteur nucléaire est en fonctionnement normal lorsqu’il est au voisinage de
la criticité. L’état critique provient de l’équilibre qui existe entre deux processus
dynamiques : la création et ’élimination des neutrons. Un léger écart entre le taux
d’élimination et celui du production peut mener & une variation importante de la
population de neutrons (et donc du taux de fission). Le calcul de réacteur nucléaire
est basé sur la théorie de transport de neutrons. Le début de la théorie de transport

remonte & plus d’un siécle quand Boltzmann I’a formulée dans le cadre d’étude de



la cinétique des gas (Boltzmann, 1912). Cette théorie décrit mathématiquement le
mouvement de particules dans un milieu physique donné. Ces particules peuvent
étre des neutrons, des ions, des électrons, des molécules ou des quanta (photons ou
phonons). Les milieux en question peuvent étre aussi variés qu'un coeur de réacteur
nucléaire, une étoile, ou encore un plasma thermonucléaire. En effet, le but de la
théorie de transport est de déterminer la distribution des particules dans le milieu
en tenant compte de leur mouvement et de leur interaction avec les noyaux atom-
iques du milieu. La modélisation mathématique de ces phénomenes est gouvernée
par I’équation de transport appelée aussi l’équation de Boltzmann. La quantité a
déterminer est la densité de particules dans I'espace des phases. Cette densité est
définie par :

n(7,Q, E,t) d°r d*Q dE (1.1)

ou n(7, QO E, t) est la densité angulaire qui exprime le nombre de particules se trou-
vant dans le volume d3r autour de 7 voyageant dans un cone de base d°Q2 dans la
direction 2 avec des énergies comprises entre E et E+dFE au temps t. Dans sa forme
générale, et si on consideére que les particules sont des neutrons dans un réacteur,
P’équation de Boltzmann peut étre formulée de la fagon suivante :
1 8 - A A = — A — = A
Zaé(r, QE )+ Q- -VO(F,Q, E t) + L(F, E)(F, , E,t) =
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¥, X5, et Xy sont respectivement la section efficace totale, la section efficace de
diffusion et la section efficace de fission. Ces quantités sont directement reliées
3 la probabilité qu’une réaction nucléaire (absorption, fission, diffusion élastique,
diffusion inélastique...) ait lieu. v est le nombre secondaire de neutrons générés par

la fission, x est le spectre en énergie des neutrons émis par la fission. v est la vitesse



des neutrons. Le flux angulaire ®(7, QO E, t) est lié & la densité angulaire par :

~ ~

&(7,, B, t) = vn(7, O, E, 1) (1.3)

L’équation (1.2) est une équation intégro-différentielle avec comme inconnu le flux
angulaire.

La complexité de cette équation nous force & utiliser des méthodes numériques. En
général, ces méthodes introduisent des approximations de telle sorte que ’équation
intégro-différentielle soit transformée en un systeme d’équations algébriques que 1’on
peut résoudre sur ordinateur. Les méthodes numériques les plus utilisées sont: la
méthode Sy (Carlson, 1968; Lewis, 1984), la méthode des probabilités de collision
(Roy, 2003; Sanchez, 1999) et la méthode des caractéristiques (Askew, 1972; Hal-
sall, 1998). C’est cette derniére méthode qui est utilisée dans ce travail car elle
ne nécessite aucun traitement matriciel et par conséquent une capacité de stockage
réduite comparée a la méthode des probabilités de collision.

La grande majorité de calculs numériques en transport utilisent I’équation sta-
tionnaire (indépendante du temps). Le domaine énergétique est discrétisé, selon
le formalisme multi-groupe, en G intervalles appelées groupes d’énergie. L’opérateur
de diffusion dépend généralement de l'angle de déviation ug = (.Q’ du neutron
apres collision. Pour un calcul de bilan, souvent on ajuste v pour avoir une solu-
tion indépendante du temps. On remplace alors v par v/Keg introduisant ainsi le

probleme multi-groupe aux valeurs propres suivant :

Xg G i 2 i A G 2 Vo AA l A
S sy (7) /d Qe (70 + 3 /d Q' 599" (7, 0.01) 99/ (7, Q') (1.4)
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ol g est l'indice sur les groupes d’énergie et K.z est le facteur de multiplication



effectif. Le réacteur est critique si K¢ = 1. La valeur propre dominante et le vecteur
propre correspondant sont déterminés, d’habitude pour les problémes de criticité,
en utilisant les méthodes itératives classiques comme la méthode des puissances.
Finalement, & ’équation (1.4) on rajoute des conditions aux frontieres adéquates

pour fermer le systeme.

1.1.1 Meéthode des caractéristiques

En général, la méthode des caractéristiques a pour but de résoudre une équation
différentielle aux dérivées partielles en utilisant des courbes dans I’espace 3D de telle
sorte que ces équations sont transformées en équations différentielles ordinaires.
En effet, toute courbe dans ’espace peut étre exprimée sous forme paramétrique
7 = 7(s) ol le parametre s mesure la distance sur la courbe. La courbe commence &
n’importe quel point 7. Supposons que la solution de ’équation est connue partout
sur la courbe, un autre choix du point de départ 7 aboutit & une autre courbe et
les valeurs des inconnues sont alors déterminées sur cette courbe et ainsi de suite

jusqu’a la construction de la solution finale.

Dans le cas de I’équation de transport de neutrons, la méthode des caractéristiques
est utilisée pour transformer [’opérateur de transport en un opérateur différentiel
exact que nous appelons l’opérateur des caractéristiques. Les courbes, dans ce cas,
sont des lignes droites représentant les trajectoires des neutrons dans le domaine
et s mesure la distance locale sur ces lignes. Ces lignes sont appelées des lignes

d’intégration ou les caractéristiques.



1.2 Elément de la problématique

L’équation de transport dépend donc de l’espace, de l'énergie des neutrons, de
I’angle solide et du temps. Cette dépendance ajoutée & la complexité géométrique
et matérielle des réacteurs de puissance interdit que ’on puisse obtenir en un seul
calcul de bilan tous les flux neutroniques requis pour la détermination de la distri-
bution de puissance. L’approche utilisée consiste & représenter le réacteur comme
un assemblage de ‘cellules unitaires’ disposées sur un réseau régulier rectangulaire
ou hexagonal. Les cellules unitaires formant le réacteur sont supposées géométrique-
ment identiques et se différencient seulement par un ensemble de parametres locaux
tels que la composition matérielle et le niveau de burnup. Dans la pratique, on résout
P’équation de transport sur une ou plusieurs cellules. La distribution du flux, ainsi
obtenue, est utilisée pour homogénéiser en espace et condenser en énergie (calcul de
cellule). Les propriétés nucléaires condensées et homogénéisées peuvent étre ensuite
utilisées dans le calcul de la distribution du flux dans tout le coeur & l'aide d’un
modeéle approché comme celui de la diffusion qui est une approximation classique de

transport (calcul de réacteur ou de coeur). (Glasstone, 1991; Lewis, 1984)

L’évolution actuelle au niveau de la conception tend vers la construction de réacteurs
nucléaires toujours plus puissants. Cette croissance de la puissance engendre une
plus grande instabilité du coeur du réacteur. Il devient donc essentiel de perfection-

ner la simulation du comportement des réacteurs nucléaires et ceci & trois niveaux:

e la précision issue de I’équation de la diffusion n’est plus suffisante. Les simu-

lations doivent traiter les approximations du transport plus générales;

e l'amélioration de la simulation porte aussi sur la précision des méthodes numériq-
ues utilisées. Les géométries sont de plus en plus complexes et les maillage de

calcul sont de plus en plus fins;

e le dernier progrés porte sur la réduction du temps de calcul nécessaire a la



simulation d’un coeur de réacteur.

Ces trois changements se traduisent au niveau des codes de simulation par une
augmentation de la taille et de la complexité des systemes a traiter et par le
développement d’algorithmes de résolution plus rapides. En effet, un calcul de
transport typique, avec des nombres de régions et de groupes d’énergie de 1'ordre
de la centaine chacun, génere un systéme comportant quelques dizaines de mil-
liers d’inconnues. Afin de valider les données nucléaires de sections efficaces, il
faudrait accroitre le nombre de groupes d’énergie, qui passerait alors d'une cen-
taine & quelques dizaines de milliers. Pour un domaine spatial relativement large
(comme un assemblage), il faut également compter des milliers de régions. Avec ces
quantités de données, le calcul sur un ordinateur séquentiel est pratiquement impos-
sible. Dans ce cas, pour résoudre des problemes de grande taille générant un nombre
extrémement grand de données, l'utilisation des techniques de calcul de haute per-
formance est nécessaire. Les connaissances algorithmiques du calcul parallele et

réparti, nous conduisent & identifier les probléemes a résoudre en trois catégories:

1. informatiques :

(a) Gestion d’énormes bases de données générées par la procédure d’intégration
‘ray tracing’ : problémes de stockage de données et les problémes d’entrée/-

sortie 'E/S’ dans ’environnement paralléle;

(b) Equilibrage de charges : répartition des données et des taches sur différents
processeurs. Ces problemes deviennent plus sérieux, surtout quand on

utilise des machines avec des architectures hétérogenes;
(c) Gestion des communications et synchronisation entre les processus;

(d) évolution de la performance de l’algorithme paralléle en fonction de la
performances des machines utilisées en terme de puissance de calcul et de

la vitesse de communication (performance de réseaux d’interconnexion);



(e) évolutivité (scalability) : comment maintenir la performance de ’algorith-
me parallele au maximum en terme d’efficacité ou d’accélération (speed
up) quand on augmente considérablement la taille de la machine (nombre

de processeurs) et/ou la taille du probléme.
2. numériques :

(a) développement et implémentation de méthodes d’accélération adaptées
aux problémes de grande taille qui présentent souvent une forte hétérogéin-

eté spatiale avec des discontinuités matérielles;

(b) optimisation du solveur.

3. walidation : avoir acces a des benchmarks et des solutions avec d’autres codes

afin de servir de références.

1.3 Travaux antérieurs: Revue de la littérature

Parallélisme en transport des neutrons

Concernant les applications qui se basent sur la résolution de I’équation de transport
dédiées aux calculs de réacteurs, nous ne trouvons, dans la littérature, aucun travail
traitant le calcul du coeur entier ou de grandes parties du coeur en 3D. Cependant,
des travaux sur des calculs de coeur de réacteurs a eau légere en 2D ont été entrepris
récemment.

L’application du parallélisme en transport neutronique a commencé depuis une
dizaine d’années. Dans le cadre de ces applications, on peut citer les travaux (Wilson,
1993; Staler, 1994) qui utilisent la méthode des courants d’interface pour calculer la
distribution de flux & lintérieur des assemblages. Les assemblages sont départagés
entre différents processeurs, et les courants aux interfaces constituent la donnée

principale & communiquer entre les processeurs. La parallélisation du probleme de



transport était surtout basée sur la décomposition du domaine : soit le domaine spa-
tial (Qaddouri, 1996), angulaire ou énergétique (Qaddouri, 1995). Dans le cadre de
calcul de coeur entier ou de grandes parties du coeur (multi-assemblage), quelques
travaux ont été réalisés en utilisant la méthode des caractéristiques. Le premier
utilise une décomposition spatiale pour résoudre un probléme multi-assemblage ou
les chemins des neutrons sont directement connectés quand ils traversent différents
assemblages (Kosaka, 1999). L’accélération obtenue sur Sun Entreprise4000 est
de 5.3 sur 8 processeurs. Ceci est di au couplage fort entre les assemblages. Le
deuxieme est basé sur une technique de décomposition par angle, les directions cor-
respondant a chaque angle sont distribuées sur différents processeurs (Lee, 2000).
Les accélérations obtenues sont de I'ordre de 3.7 pour 4 processeurs et 6.8 pour 8
processeurs.

Des techniques basées sur la méthode d’homogénéisation ont été récemment utilisées
pour le calcul du coeur en 2D. I est possible de représenter le probléme original (con-
figuration hétérogene) avec une formulation de différences finies utilisant des données
homogénéisées et condensées incluant aussi les coeflicients de diffusion pour générer
la méme solution moyenne. Ces méthodes imposent la conservation des courants aux
surfaces et les taux de réactions volumiques (Joo, 2002; Cho, 2002; Smith, 2002).
Dans (Lee, 2000), les auteurs ont utilisé la méthode de Coarse Mesh Rebalancing
'CMR’ et une parallélisation par angle pour un calcul de coeur en 2D avec la méthode
des caractéristiques. Les résultats numériques montrent une réduction importante
du nombre d’itérations et du temps de calcul. En appliquant les deux méthodes
ensemble, on a atteint des accélérations de 20 & 60. La procédure d’intégration orig-
inale a été aussi modifiée dans ce travail. Dans les articles (Cho, 2002; Smith, 2002),
on utilise la méthode d’accélération Coarse Mesh Finite Difference "CMFD’ pour le
calcul du coeur de réacteur LWR ! en 2D avec la méthode des caractéristiques. Des
accélérations de 100 a 300 ont été atteintes sur un seul processeur.

On peut citer aussi quelques travaux portant sur le calcul parallele en décomposition

Light Water Reactor
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du domaine spatial et énergétique et utilisant la méthode de probabilités de collision
(Qaddouri, 1996). Et d’autres utilisant la méthode Sy avec une décomposition du
domaine spatiale et/ou angulaire (Azmy, 1993; Sjoden, 1997; Fisher, 2003).

Tous ces travaux ont été restreints aux calculs 2D, ceci est principalement di au
fait que les réacteurs PWR 2? peuvent étre représentés avec une bonne précision
avec les modeles 2D. Cependant, pour les réacteurs CANDU, ou les mécanismes
de controle sont perpendiculaires aux grappes du combustible, une représentation
de la géométrie du coeur en 3D est nécessaire. En plus, aucun travail concernant

P’évolutivité de ces codes paralleles n’a été publié.

Méthodes d’accélération numériques en transport

Pour avoir une solution en un temps CPU raisonnable, le développement des méthodes
d’accélération numériques au niveau des solveurs ont pris une place importante
dans le développement des codes de calcul de transport. Dans ce paragraphe, une
breve revue des méthodes d’accélération pour les solveurs basés sur la méthode des
caractéristiques va étre faite. Dans le code des caractéristiques CACTUS (Hal-
sall, 1998), la méthode de rebalancement des groupes d’énergie a été utilisée pour
accélérer la solution. Il s’agit de résoudre le probleme homogene a la fin de chaque
itération et de mettre a jour le flux selon la solution homogene. Les problémes spa-
tialement larges ne bénéficient pas beaucoup de cette méthode car la dépendance
spatiale de la solution du flux converge trés doucement. Zika et Adams (Zika, 2000)
utilisent une méthode d’accélération synthétique en transport. Comme pour d’autres
méthodes synthétiques, 1’idée est de résoudre une approximation plus grossiére
de ’équation de transport pour accélérer la solution la plus exacte de 1’équation
de transport. Ces méthodes permettent une bonne réduction du temps de cal-
cul. La méthode itérative de rebalancement utilisant des dépendances angulaires a

été étudiée par Hong et Cho (Hong, 1999). Mais cette technique a été restreinte

2Pressurized Water Reactor
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aux discrétisations sous forme de triangles équilatéraux. Sanchez et Chetaine ont
développé une méthode synthétique adaptée a leur code de caractéristiques en deux
dimensions (Sanchez, 1999). Cependant, les équations d’accélération synthétiques
sont non-symétriques et la taille du systéeme devient trés grande.

Récemment, des méthodes d’accélération, basées sur l'utilisation des sous-espaces
de Krylov (Saad, 1996), ont été developpées pour les problémes de transport. Ces
méthodes sont aussi utilisées comme des solveurs intégrés pour les méthodes de

résolution Sy. (Patton, 2002; Warsa, 2003; Hanshaw, 2003)

La nature fortement hétérogene des problémes de réacteur & grande échelle rend
difficile 'implémentation de ces méthodes d’accélération classiques en transport avec
la méthode des caractéristiques. Méme si ces techniques sont largement utilisées
dans les codes de transport, elles sont inefficaces pour les problemes de grande taille
comportant des discontinuités matérielles. Cependant, il faut penser a développer
des méthodes d’accélération adaptées a ce genre de problémes. Des travaux dans ce
sens ont été réalisés pour accélérer le calcul de transport pour le coeur complet du

réacteur en 2D. (Smith, 2002)
Etude de performances : I’évolutivité des systémes paralléles

Dans le cadre des applications utilisant des techniques de calcul de haute perfor-
mance et plus particulierement le calcul parallele, les études et tests de performances
sont indispensables. Elles doivent permettre de prévoir ’évolution de la performance
d’une application donnée sur des machines paralleles données. Cependant, il y a
plusieurs manieres d’approcher ces études. Durant les derniéres années, plusieurs
travaux portant sur des études de [’évolutivité ou scalability des systémes paralleles
ont été entreprises par différents groupes. Ces approches cherchent & quantifier,
par l'introduction de métriques, 1’évolution de la performance quand la taille du

probléme et/ou la taille de la machine parallele (nombre de processeurs) changent.
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L’étude de ’évolutivité se base, en général, sur :

o I'étude de la complexité de ’algorithme paralléle : la modélisation du temps
d’exécution séquentiel et parallele et 1la modélisation du temps de communica-

tions;

o la modélisation de la machine paralléle : calcul des caractéristiques physiques
intrinseéques de la machine et calcul des caractéristiques du réseau d’interconn-

exion.

L’étude analytique de I’évolutivité du systéme paralléle peut nous aider & identifier
les parametres importants du problémes : la combinaison algorithme-architecture,
l'effet d’augmenter le nombre de processeurs sur la performance en particulier le
nombre optimal de processeurs a utiliser pour résoudre le probléme, I'accélération
maximale et enfin I'impact des parameétres physiques propres a chaque machine.
Dans larticle (Kumar, 1994), les auteurs Kumar et Gupta démontrent la nécessité
d’introduire des métriques pour évaluer ’évolutivité des algorithmes et architectures
paralleles. Ils ont presenté une revue des métriques existantes et la relation entre
elles. L'impact de la dépendance des facteurs technologiques comme la puissance de
calcul et la vitesse de communications sur I’évolutivité est aussi discuté.

Les auteurs Marinescu et Rice (Marinescu, 1994) ont proposé un nouveau modele
pour l'accéleration. Ce modele est basé sur trois parametres représentant trois
sources de surcolit (overhead) dans les calculs paralleles : le nombre d’événements
communicant, la fraction séquentielle, le travail répété et le taux d’exécution des in-
structions. Si les fonctions représentant ces trois parametres peuvent étre obtenues,
alors ce modele peut étre utilisé pour prévoir 'accélération maximale et I’évolutivité
du systeme parallele.

La latence du réseau d’interconnexion, le délai di aux communications entre pro-
cesseurs, et 1’acces mémoire a travers le réseau sont les sources majeures de surcoiits.

Dans larticle (Zhang, 1994), les auteurs ont introduit une métrique expérimentale
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utilisant la latence du réseau pour évaluer I’évolutivité du systéme parallele. Cette
métrique est une extension de la fonction d’isoefficacité (Kumar, 1994) et de la fonc-
tion d’isospeed (Sun, 1994). Cependant, la métrique basée sur la latence peut étre
utilisée pour comparer 1’évolutivité des différentes architectures paralleles.

Les auteurs, dans l’article (Sivasubramaniam, 1994), discutent du fait que toutes
les métriques proposées sont efficaces pour prévoir la performance analytiquement
mais elles ne spécifient pas les sources d’inefficacité dans la combinaison algorithme-
architecture. L’article présente une méthode pour isoler la composante séquentielle,
les charges non-balancées, la latence du réseau et la contention impliquée dans ces
intéractions. Ces composantes sont incluses dans une fonction de surcolit. Cette

fonction est utilisée alors pour étudier 1’évolutivité du systeme parallele.

A coté de ces études analytiques sur I’évolutivité, d’autres travaux ont été réalisés
portant sur 1’évolutivité des architectures paralleles du point de vue matériel et
de la conception. L’évolutivité des architectures a mémoire partagée dépend du
réseau d’interconnexion et du protocole de cohérence de cache. Dans article (Kr-
ishnamoorthy, 1994), on décrit ’architecture & mémoire partagée utilisant un réseau
d’interconnexion sous forme de Fat Tree. On présente aussi le protocole de cohérence
de cache pour ce réseau. Les auteurs décrivent la représentation des algorithmes pour
analyser 1'évolutivité des architectures & mémoire partagée en termes d’opérations
de bases réalisées par une architecture pour supporter le paradigme de mémoire
partagée. Parmi d’autres travaux traitant les mémes aspects, on peut citer (Saave-
dra, 1994).

Une architecture parallele évolutive doit étre complétée par un systeme logiciel ca-
pable d’augmenter la performance de I'application quand le nombre de processeurs
augmente. Le systéme logiciel doit aussi faciliter la portabilité des programmes
a travers les plateformes du calcul parallele tout en maintenant leur évolutivité.
Un algorithme qui est optimal sur une architecture donnée avec un certain nombre

de processeurs peut ne pas étre optimal si le nombre de processeurs ou d’autres
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parametres de la machine changent. Ceci implique que I'algorithme doit étre adapté
pour différentes machines paralléles. Les travaux (Panwar, 1994; Dongarra, 1994)
traitent de cet aspect. Dans larticle (Vetter, 2003), les auteurs décrivent les car-
actéristiques de communications dans les applications scientifiques a grande échelle
utilisant le systéme logiciel MPI (Message Passing Interface) (Groop, 1994).

Un autre aspect qui peut influencer l'évolutivité d’un algorithme parallele est ’équilibrage
de charges. Dans plusieurs applications, ce n’est pas possible d’avoir une distribu-
tion du travail statique sur les processeurs quand le travail n’est pas bien structuré

et il n’est pas alors possible de déterminer la charge de calcul associée & une partie

du travail. Dans ce cadre, on peut citer (Dutt, 1994).

En conclusion, ’étude de I’évolutivité n’est pas une tache facile du fait que plusieurs
parametres, souvent reliés, peuvent entrer en jeu. Ces parametres sont liés soit
au systeéme logiciel utilisé par ’application comme la bibliothéque de passage de
messages ou ’algorithme d’équilibrage de charges, soit a la machine paralléle comme
la puissance de calcul, le protocole de cohérence de cache, la latence du réseau... La
majorité de ces travaux se concentrent sur une partie de ces parameétres au détriment
des autres. Selon ’application, la machine paralléle en question et les parameétres
dont on tient compte, ces études peuvent étre plus ou moins efficaces. Alors, le choix
de 'une ou de l'autre de ces études, selon les parametres & considérer, est crucial.
En plus, presque dans tous ces travaux on utilise pour les expériences. des benchmarks
se basant sur des algorithmes simples et trés optimisés comme les algorithmes de
transformée de Fourrier FFT, quelques méthodes de résolution de systémes linéaires
comme Gauss-Seidel, factorisation de Cholesky... Dans les applications scientifiques,
ou plusieurs développeurs participent a I’élaboration d’énormes codes de calcul, les
algorithmes utilisés ne sont pas forcement trés optimisés et sont plus compliqués. Par
conséquent, ces mémes études peuvent s’avérer moins efficaces pour ces applications
a cause des difficultés au niveau de la modélisation.

En ce qui concerne les travaux reliés au génie nucléaire, nous n’avons trouvé, dans la
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littérature, aucun travail traitant I’analyse de I’évolutivité des applications paralleles

en se basant sur des modeles informatiques.

1.4 Objectifs de recherche

L’objectif principal de cette these est de proposer une nouvelle approche informa-
tique pour résoudre les problemes de transport de neutrons & grande échelle afin
d’améliorer la chaine de calcul de réacteurs sur différentes machines paralléles avec
différentes architectures. Nous avons congu alors un modele analytique pour le calcul
distribué. Un modele de performance est ensuite utilisé pour ’étude de 1’évolutivité

de 'algorithme paralléele.

Depuis I'apparition des premiers réacteurs nucléaires, les efforts de recherche se sont
concentrés sur le développement de nouvelles méthodes numériques pour résoudre
I’équation de transport et pour accélérer ces solveurs. Maintenant que ces méthodes
ont atteint leur maturité, les limitations au niveau des codes de neutronique traitant
des représentations plus détaillées des phénomenes physiques qui se déroulent dans
un réacteur (engendrant alors des problémes de grande taille) proviennent essen-
tiellement des limitations au niveau informatique comme la puissance de calcul, les

capacités de stockage, optimisation des algorithmes, des E/S...

Dans cette thése, nous traitons surtout ces aspects informatiques liés aux calculs de
réacteurs.

Plus spécifiquement, nous visons les objectifs suivants :

1. Informatique :

(a) études des performances de 'application parallele en termes de : choix
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de bibliotheques de passage de messages, les caractéristiques du réseau
d’interconnexion, équilibrage de charges et d’autres caractéristiques de la

machine paralléle;
(b) la portabilité du code parallele;

(c) parallélisation des E/S et utilisation d’une base de données pour éviter

les problémes de stockage et les goulots d’étranglement;

(d) extension du modele & 1'étude de I’évolutivité de l'application sur des

machines spécifiques;

(e) généralisation du modele pour tenir compte des architectures hybrides.
2. Développements numériques :

(a) adaptation et implémentation d’une méthode d’accélération basée sur la

méthode GMRES préconditionnée utilisant les sous espaces de Krylov;

(b) extension du solveur pour tenir compte des effets de ’anisotropie.
3. Conception d’un nouveau solveur :

(a) afin d’éviter les problémes liés & l'utilisation et la gestion d’énormes
quantités de données générées par la procédure de création des lignes
d’intégration, nous avons congu un nouveau solveur MCG (Méthode
des Caractéristiques Généralisée) basé sur la méthode des caracteris-
tiques. Ce solveur utilise une nouvelle méthodologie de calcul. Les
lignes d’intégration ne sont plus maintenant stockées dans de gros fichiers

séquentiels, mais sont générées au fur et & mesure qu’on en a besoin.

1.5 Esquisse méthodologique

Dans cette section, nous allons présenter les démarches suivies pour atteindre ces

objectifs :
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e Informatique : pour atteindre 'objectif (a), aprés avoir implémenté les deux
bibliothéques de passage de messages PVM et MPI au niveau du solveur,
nous allons fait des tests de performances en terme d’accélération (speedup).
Des comparaisons entre les deux implantations, pour les mémes cas tests,
seront faites pour conclure quant & la plus performante. Notre modéle per-
mettra d’expliquer ces différences. Le modele sera aussi utilisé pour étudier
I'influence des parameétres réseaux sur le temps de communications. Des com-
paraisons seront faites entre les résultats prévus par le modele et ceux obtenus
par des tests expérimentaux en utilisant une variété de réseaux. Des tests sur
I’équilibrage de charges vont étre aussi réalisés pour connaitre la technique la
plus balancée.

Pour tester la portabilité de notre code paralléle et atteindre alors ’objectif
(b), nous allons exécuter le code sur différentes architectures avec différentes
implémentations de bibliothéques de passage de messages MPI; les résultats
montrent que le code est complétement portable.

L’objectif (c), sera atteint en proposant deux approches : la premiére consiste
a paralléliser les E/S au niveau de la lecture de fichier de lignes d’intégration.
Pour ce faire, nous avons utilisé les fonctions de MPI-IO (I’implémentation
MPI-2). La deuxieme approche consiste & utiliser une base de données pour
stocker et accéder aux données concernant les lignes d’intégration. Une com-
paraison entre les deux approches a été faite pour montrer les limitations de
chacune.

Pour l'ojectif (d), nous allons se baser sur le modéle pour étudier le com-
portement de notre algorithme parallele vis & vis de I'augmentation de la
taille du probléme et du nombre de processeurs. Des tests d’évolutivitéseront
alors réalisés en faisant changer la taille du probléme (de quelques dizaines de
régions jusqu’a quelques milliers de régions) et le nombre de processeurs (de 2
jusqu'a 64). Ces tests vont aussi servi a valider le modele. Nous allons ensuite

généralisé le modele pour tenir compte des modes de communications dans les
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architectures hybrides, des tests de validation seront réalisés pour atteindre

Pobjectif (e);

Développements numérigques : pour atteindre I'objectif (a), nous allons d’abord
dériver les équations des caractéristiques sous forme algébrique en utilisant
I’équivalence avec la méthode des probabilités de collision. Une fois que nous
aboutirons a un systéme algébrique linéaire, nous utiliserons la méthode GM-
RES préconditionnée pour accélérer le solveur. Le choix de cette méthode
de résolution est di surtout a sa bonne efficacité pour résoudre les systemes
linéaires en un nombre réduit d’itérations. Des tests traitant des problemes
hétérogenes avec des discontinuités matérielles vont étre réaliser. L’objectif
(b), est atteint en considérant un développement linéaire des sections efficaces
de diffusion en polynomes de Legendre intégré dans les équations des car-
actéristiques. Nous allons faire des tests pour comparer les solutions isotrope

et anisotrope.

Conception d’un nouveau solveur : Pour éliminer quelques problémes qui per-
durent, lors de la résolution de gros problemes, comme les limitations dues
aux capacités de stockage, nous allons congevoir un nouveau solveur des car-
actéristiques basé sur une nouvelle méthodologie. Pour atteindre cette objec-
tif, un effort important de programmation a été fourni. Nous allons exécuter
plusieurs tests de validation du solveur pour comparer avec des résultats de

références.
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1.6 Principales contributions de la thése

Les principales contributions de cette these sont :

e la modélisation du calcul de transport réparti pour des problemes de grandes
tailles en 3D qui comporte : la modélisation du temps de calcul, en se bas-
ant sur le calcul atomique (calcul sur une ligne d’intégration), nous a permis
de bien distribuer la charge sur les processeurs en utilisant des techniques
d’equilibrage de charges adéquates. La modélisation du temps de communi-
cations, en tenant compte des parametres des réseaux comme la latence et la
bande passante, nous a permis d’expliquer l'influence de ces parametres sur le

temps de communications;

e la modélisation des performances et 'introduction d’une métrique pour mesurer
I’évolutivité du solveur parallele. Des problemes de taille de plus en plus grande

ont été résolus;
e généralisation du modele pour tenir compte des architectures hybrides;

e une des contributions importante de cette theése est aussi la conception du
nouveau solveur dédié a la résolution des problemes de grande taille. Ce solveur

pourrait servir dans le futur dans 'industrie liée au génie nucléaire.

L’aspect multidisciplinaire du sujet de cette theése, nous a conduit a aborder plusieurs
aspects reliés a notre application. Cependant, nous pouvons séparer les contributions

générales de cette these en deux parties :

e contributions en génie nucléaire : De point de vue méthodologique, nous avons
introduit une nouvelle approche pour résoudre des probléemes de transport
liés au calculs de réacteurs. Cette approche consiste a utiliser les méthodes

de calcul de haute performance en se basant sur des modele informatiques
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pour construire des solveurs capables de traiter des problemes de plus en plus
grands en un temps d’exécution raisonnable. Ceci permettra aux ingénieurs
nucléaires et aux scientifiques d’utiliser le calcul de transport plus fréquemment
pour évaluer les différents parametres intervenant lors de la conception des
réacteurs. De tels calculs de transport, avec les méthodes et les ressources
informatiques actuellement utilisées, prendraient un temps énorme, et ne peu-
vent en aucun cas étre assimilés a des calculs de routine. Ceci permettera aussi
de renforcer l'utilisation des technologies de calcul de haute performance en

industrie nucléaire.

e contributions en génie informatique : Du point de vue académique, ce travail
est un exemple de multidisciplinarité qui rassemble plusieurs domaines comme
le génie nucléaire, I’analyse numérique et le génie informatique.

Le modele que nous avons congu, surtout la modélisation de temps de com-
munications et la modélisation des machines paralleles utilisées, peut servir
de base pour d’autres problémes scientifiques et d’ingénierie qui utilisent des
modeles mathématiques se basant sur des équations aux dérivées partielles tels

qu’en dynamique des fluides, thermo-hydraulique, météorologie...

Des tests de validation du modele montrent une bonne concordance entre les résultats
prévus par le modele et ceux obtenus par des expérimentations. Les tests d’évolutivité
ont montré que nous pouvons maintenir ’efficacité maximale constante si nous ar-
rivons a trouver une bonne combinaison entre la taille du probleme et la taille de
la machine. Nous avons atteint des accélérations de 7.5 sur 8 processeurs et 23 sur
32 processeurs. Des problemes de taille allant de quelques dizaines de régions a des
milliers de régions ont été résolus.

Les résultats de validation du nouveau solveur utilisant des tests standard ont montré
de trés bonnes concordances avec les résultats de références issus des autres solveurs

de transport.
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1.7 Organisation de la these: Revue des articles

Cette thése est présentée sous forme de quatre articles, trois sont accéptés dans
des revues avec comité de lecture et un article est soumis & une revue avec comité
de lecture aussi. En annexe, nous regrouperons cing autres articles presentés dans
différentes conférences internationales. L’ensemble de ces articles exposent les différents
développements décrits dans la section précédente. Dans cette section, nous allons

faire une revue de ces articles et présenter 'organisation de ce document.

1.7.1 Les articles constituant les chapitres de la thése

Chapitre 2 : Cette article est consacré surtout a ’étude de l'influence des car-
actéristiques des réseaux d’interconnexion sur les performances de notre application.
Nous avons considéré une grande variété de réseaux existant sur le marché comme
Ethernet, Myrinet, Infiniband et autres. Nous avons alors mesuré le temps de com-
munication utilisant des tailles de messages différentes. Nous avons constaté que le
temps de communication dépend fortement des caractéristiques des réseaux, surtout

de la latence.

Chapitre 3 : Ici, apres avoir expliquer les aspects théoriques de ’application, nous
avons introduit le modele analytique de 1’algorithme parallele. 11 s’agit d’une étude
de complexité de cet algorithme en terme de modélisation générale du temps de com-
munication et du temps de calcul. Nous avons commencé par une étude théoriques
utilisant des machines standards comme CRAY/T8D et IBM/SP2 dont on connait
les caractéristiques. Ces études se sont portées sur deux implémentations différentes
des bibliotheques de passage de messages : PVM et MPI. Une comparaison util-
isant le méme modele a été alors faite pour montrer les écarts de performances. La

deuxiéme étude, utilisant uniquement I'implementation MPI, consistait a I’étude de
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performances sur des machines paralleles auxquelles on a acceés. Des accélérations

et des efficacités sont alors montrées et comparées.

Chapitre 4 : Nous nous sommes concentrés, dans cet article, sur 'application de
notre modele a 1’étude de I’évolutivité de P’algorithme parallele. Il s’agit de répondre
a la question suivante : comment la performance (en terme d’efficacité) varie quand
on fait varier la taille du probléme et/ou le nombre de processeurs de la machine
parallele? Ce genre d’étude est important pour prévoir les performances d'une ap-
plication sur un trés grand nombre de processeurs en utilisant un nombre limité de
processeurs. Pour nos tests, nous avons utilisé deux machines paralleles: un cluster
de SMP et un cluster de NUMA.

Les résultats sur la validation de notre modéle montrent une bonne concordance
entre les resultats prévus par le modele et ceux donnés par les expérimentations.
L’analyse d’évolutivité, utilisant la notion de la fonction d’isoefficacité, nous a con-
duit & la conclusion suivante : notre application est scalable si nous arrivons & avoir
une bonne combinaison entre la taille du probléme et la taille de la machine (nombre
de processeurs).

Nous avons aussi généralisé le modele pour tenir compte des architectures hybrides.

Chapitre 5 : Dans cet article, nous avons adapté et implémenté une nouvelle
méthode d’accélération numérique. Il s’agit de la méthode GMRES utilisant une
projection de sous espace de Krylov. La méthode SCR est aussi utilisée comme
precoditionnement pour GMRES. De bonnes accélérations ont été observées surtout

pour des problémes comportant de fortes hétérogéneités spatiales.

1.7.2 Les publications en annexe

Publication 1 : Dans cette article, nous présentons un apergu général sur : (a) les
méthodes d’accélération utilisées dans le solveur des caractéristiques MCI notam-

ment la méthode de Self Collision Rebalancing (SCR) et la méthode de fusionnement
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des lignes d’intégration (TMT). (b) la parallélisation du solveur, en passant en re-
vue les différentes techniques d’équilibrage des charges statiques utilisées. Enfin,
des résultats sur l’accélération (speedup) de l'implémentation PVM sont donnés
avec différents niveaux de fusionnement des lignes et sur deux différentes grappes

de calcul.

Publication 2 : Cette article traite en détails des différentes techniques et algo-
rithmes d’équilibrage de charges pour montrer la technique la plus balancée. Une
introduction & la nécéssité de la parallélisation des E/S et & 'utilisation de base de
données est aussi discutée. Des résultats comparatifs de ces différentes techniques
montrent que la méthode d’équilibrage de charges STRD, utilisant un algorithme en
round-robin pour distribuer les lignes d’intégration, est plus balancée que les deux

autres SPLT et ANGL.

Publication 3 : Nous nous intéressons, dans cette article, a un aspect trés impor-
tant dans les calculs de réacteurs impliquant des probléemes de grandes tailles. Il
s'agit de la gestion d’énormes quantités de données liées aux lignes d’intégration.
Deux sortes de probléemes peuvent alors survenir : le stockage de ces données
et 'acces & ces données. Deux solutions ont été proposées : la premieére est la
parallélisation des E/S utilisant MPI-IO, dans ce cas les lignes d’intégration sont
stockées dans des fichiers séquentiels binaires. La deuxieme solution consiste a
stocker les données dans une base de données centralisée et & utiliser des acces par-
alleles et concurents. Dans la partie des résultats numériques, nous comparons ces
deux approches et nous aboutissons & des conclusions soulignant les limitations de

chacune de ces approches.

Publication 4 : Pour les problemes de grande taille, 'utilisation de fichiers pour
stocker les lignes d’intégration reste toujours le probleme majeur & cause du dépassement
de la capacité des machines. Dans cet article, nous proposons une solution qui con-

siste & éliminer 'utilisation de ces fichiers. Nous concevons alors un nouveau solveur
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des caractéristiques MCG basé sur une autre approche, les lignes d’intégration sont
générés au fur et & mesure que le calcul se déroule. Ce solveur nécessite beau-
coup de ressources de calcul mais aucun stockage de lignes. Une comparaison des
différents solveurs de transport, pour résoudre les problemes de grande taille, est

aussi présentée.

Publication 5 : Finalement, dans cet article, nous traitons un probleme physique
lié aux phénomenes de diffusion des neutrons dans un réacteur. En effet, un traite-
ment linéaire de la dépendance angulaire des sections efficaces de diffusion et de
Popérateur de diffusion a été utilisé pour tenir compte de I’anisotropie. Des résultats
comparatifs entre les solutions anisotrope et isotrope montrent que dans certains cas

des écarts importants peuvent étre observés & la frontiere du domaine.

Dans la partie annexes, nous présentons aussi un apergu sur le calcul de haute per-
formance, le calcul des réacteurs, I'utilisation du module MCG et enfin un exemple

de fichier d’entrée utilisant le module MCG.
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CHAPITRE 2

PERFORMANCE EVALUATION FOR NEUTRON TRANSPORT
APPLICATION USING MESSAGE PASSING

Auteurs: M. Dahmani, B. Morin and R. Roy

Revue: International Journal of High Performance Computing and Networking

Abstract

In this paper, recent advances in parallel software development for solving neutron
transport problems are presented. Following neutron paths along the characteristics
of the system, the transport equation is solved to obtain the scalar flux per region
and energy group. Due to the excessive number of tracks in the demanding con-
text of 3D large-scale calculations, the parallelization of the solver is considered in
order to obtain fast iterative solution. Different load balancing strategies are used
for the distribution of the tracks along processors. These strategies are based on
the calculation load implied by each track length. The performance of the MPI im-
plementation, using different parallel machines, is analyzed for realistic applications
and numerical results are shown. A comparative study of different networks existing
on the market and the influence of their parameters on total communication time is

also presented.

2.1 Introduction

The goal of the neutron transport theory is to determine the distribution of the

neutrons in a certain domain (for example: nuclear reactor). In the most general
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situations, this distribution is a function of three position variables, two angular
variables, the neutron energy and the time. With several fundamental physical as-
sumptions, conservation of neutrons is expressed, in term of their distribution, by
the Boltzmann transport equation. The interactions between the neutrons and the
atomic nuclei in the domain is expressed by the cross sections defined as a certain
probability that a given interaction held. These cross sections are considered as
a data for the reactor calculations. The solution of the transport equation in its
general form is mathematically impossible. Therefore, several deterministic meth-
ods were developed in order to solve the transport equation in particular situations.
The most popular methods used are: collision probability, the method of discrete
ordinates and the method of characteristics which is the method of our interest in
this paper. Different academic and industrial codes based on these methods were
developed in many countries all over the world. The recent advances in computer
capability in term of memory size and processor speed, on one hand, and the de-
velopment of the high performance computing methods on the other hand allow
investigating the boundaries of the old models in many scientific and engineering
applications. Like other applications, the advanced reactor core designs require the
advanced computational methods in order to achieve high accuracy in reasonable
computational time. In order to solve such a large-scale problems with a minimum
amount of CPU time, the parallelization of our solver, based on characteristics
method (MCI), is now considered. This parallelization is done by distributing the
group of tracking lines on several processors. In this paper, we are interested to
evaluate the performance of the parallel program, used in our solver, to solve the
3D transport problems. The message passing implementation using MPI is also pre-
sented. Several numerical tests are done to analyze the performance of the algorithm

using MPI implementation.

CANDU reactor-physics simulations generally consist of three stages (Roy, 2004):

e Calculation of lattice properties for the bare CANDU cell, which includes fuel
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bundle, coolant, pressure tube, gas gap and calandria tube, and the appropri-

ate amount of moderator, but which excludes any interstitial reactivity device;

e Calculation of incremental cross sections of reactivity devices, which represent
the effect of such devices, and which are added to the basic lattice cross sections

in a modelled volume around the reactivity device;

e Modelling of the entire reactor core in three dimensions, and calculation of the

core-wide flux and power distributions.

This paper focuses on simulations for the second stage where extensive 3D simula-
tions are done in order to correctly represent the reactivity devices. The movement
of these devices influence the neutron population and accurate nuclear properties
are essential for safety analysis and core follow-up. Comparisons with site mea-
surements have shown that numerical simulations of the operating CANDUs gives
accurate results. However, new Canadian reactor core designs are now evolving from
the original CANDU design, and these new design features are more demanding on

HPC resources.

An outline of the paper now follows. We begin, in section 2, by presenting a brief
review of the neutron transport theory and the method of characteristics used to
solve the transport equation. Section 3 is devoted to the presentation of the parallel
characteristics solver. In section 4, message passing implementation using the MPI
standard and an optimized Linux kernel is described. Then, tests and numerical
results pertinent to the field of Canadian nuclear engineering will be shown. Finally,

we draw some conclusions.
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2.2 Theoretical background

2.2.1 Transport equation

The time-independent transport equation can be written as follows (Roy, 2003):

Q- V(7 Q, E) + 54y(7, E)2(F, 0, E) =
/Ooo dE' /szl Es(ﬁ Q — QI, E — El)q)(F’ Ql, El)
%4

+x(7, E) /0 dE' ;H

(7, E') / 420 (7, Y, E'); 2.1)
4

where

7 is a spatial point in the domain D;

{1 is the solid angle;

FE is the neutron energy;

o &(7,Q, E) is the angular flux;

> is the total cross section;

e X, is the scattering cross section;

X; is the fission cross section;

v is the secondary number of neutrons generated by the fission reactions;

Keg is the effective multiplication factor;

e Y is the energy-dependent neutron spectra.
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After the energy domain discretization using a multi-group formalism, the multi-
group isotropic transport equation to be solved to obtain the flux from an isotropic

source is

(@-V +29(M) 897, ) = Q°(7); (2.2)
where

e g is the energy group;
e Y9(7) is the total cross section in group g;
e Q9(7) is the source in group g.

The source in Eq.(2.2) is composed of two terms, the isotropic fission and scattering

sources:

@) = P S 0w

b T E  () (23)

gl

where ¢9(7) is the scalar flux in group g.

2.2.2 Solution of the transport equation with characteristics method

The main idea behind the characteristics method is to solve the differential form of
the transport equation following the straight lines (characteristics or tracking lines)

(Askew, 1972). The neutron trajectories will be followed in the local coordinates
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system where an observer is traveling in the neutron direction. The basic transport
operator is then transformed into a total differential operator. The local multi-group

characteristics equation is then given by

(% + 297+ sQ)> ®I(7 + 583, Q) = Q7 + s); (2.4)

where s stands for the variable along the characteristics line.

The spatial and the angular domains are sampled using a ray tracing procedure as
described in (Dahmani, 2002). The T domain is first covered by choosing a quadra-
ture set of solid angles, composed of discretized directions and their corresponding
weights (€, w;). Then, the plane Il,, perpendicular to any selected direction i, is
split into a Cartesian grid meshing and the starting points p; , of each character-
istics are found. For each discretized direction i, a whole set of tracks f[_’;n will be
generated. When traveling across different regions, the neutron beam following the
characteristics crosses K; , segments numbered by index k; the segment lengths are
labeled Ly and the region numbers are N;. Assume that the segment k& crosses re-
gion 7, then the local relationship between the incoming and outgoing angular flux

is given by

98(8) = GH(0) + | g5 — (6| B3, 25)

where E(z) =1—e™".

The average scalar flux in region j is calculated using

Q1
o = z_3+ggv.Zme,anA?,n,k; (2.6)
i HViTT e k
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where AY, = "¢¥(k) — “*¢I(k) is the flux difference on segment k and m;, is the

weight associated with track T;n

From this equation, we see that the iteration sweep over all characteristics involves
the sequential evaluation of outgoing fluxes of Eq. (2.5) on every single track and

the adding of flux differences A}, ; for each track T, » in Eq.(2.6).

2.3  Parallel characteristics solver

2.3.1 Finest granularity level

In a parallel characteristics solver, the basic computation unit is focused on repeating
the same sequence of calculations on each tracking line. The characteristics sweep on
one single line represents the atomic level for the solver from which we can construct
the overall solution for each region, each angle, and each energy group. As we have
seen before, the group variable can easily be treated using data parallelism. We now
define the finest granularity level of operations that can be performed without any
communication from the point of view of task parallelism. At this stage, the required
local data is a collection of segment lengths L and the region numbers encountered
along the line. The nuclear data needed are the local total cross section X7 and the
scattering cross section from one group to itself (£479);. No scattering matrices are
necessary; this approach is important to preserve certain linearity in calculation and
to ensure independence between the calculations performed on different tracks. The

global solution is then the combination of these atomic level solutions.

In real world applications, the number of tracks is much greater than the number of
processors available. The parallelization of the solver is then done by grouping the
tracks and each slave processor takes control of one of these groups. At each iteration
step, a reduce/broadcast operation is activated to recover the partial contribution to

the angular fluxes; each processor has its own copy of the flux and the source arrays
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with a consistent unknown ordering. The scalar flux is then reconstructed on every
single processor before the iteration procedure starts (multicasting communication

process) .

2.3.2 Distribution of the tracks and load balancing

We now study the mechanism by which the atomic tasks are assigned to run on the
different physical processors. The term process refers to a processing or computing
agent that performs tasks (Grama, 2003); this abstract entity is more convenient to
study task-dependency and task-interaction without having to adhere to a rigorously
defined parallel architecture. Processes can then run on physical processors. The

allocation of tasks to processes is done by a mapping:

M:T —- P

(i,n) — p

from 7 the domain of characteristics onto P the range of processes. As explained
above, the tracking lines T;n are identified by their direction ¢ and their starting
point n. A global numbering of tracks has no particular use, so we will assume here
that tracks are numbered from 1 to N in the order they are generated. This global

numbering scheme [(¢,n) will be assumed when needed in the following.

Since the calculation time for a track linearly depends on its number of segments,

the process calculation load defined as

Lp= > tr(i,n); (2.7)

(i;n)eM—1(p)
is not necessarily uniform even if we put the same number of tracks on each process.
An evenly number of segments distributed on each processor will be the major

criteria to build our load balancing algorithm. A good mapping will take into
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“account the total calculation load of each batch of tracks. The options currently

implemented to distribute tracks in the MCI module are:

SPLT Distribution of beams of tracks: in this option, we simply subdivide the
tracks in batches of %}f tracks, as these are generated by the EXCELT module.
The first process will work on the first %ﬁ generated, the second process takes
the next I—IX% and so on. For domains that contain a lot of small regions, one of

these track batches may contain larger number of segments than other ones.

STRD Round-robin distribution: the tracks are distributed in the sequential order
of processes coming back to the first when all processors have been given a
batch. It is a cyclic mapping of all tracks to a single processor, such that
p = l(i,n) mod Np. The first process takes the tracks numbered 1,1+ Np, 1+
2Np, ..., the second process 2,2+ Np,2 + 2Np, ..., etc. Using this option, it
is statistically unexpected to have two batches of tracks having a substantial

difference in the average number of segments;

ANGL Distribution on angles: all the tracks having the same direction are grouped
together. So, each process takes the tracks with the same direction, so the
mapping is p = i or M(i,n) = i. Because the number of tracks generated in
one direction is not necessarily the same as in other directions, this option may
lead to imbalance the load. This option also limits the number of processes to

be a multiple of the number of angles.

Several tests were done to show that the STRD option is more balanced than the
two other options. Each processor is loaded almost evenly, and the average number

of segments on each processor is almost the same (Dahmani, 2003a).
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2.3.3 Parallel solution of the transport equation

Once a static load balancing scheme is chosen, there exists a mapping p = M(i,n)
that gives for any characteristics T;n the process p where computation is performed.
Two computational approaches for distributing the groups of tracks over the proces-
sors can be considered. The first approach is that one processor (master) distributes
the tracks to other processors (slaves); the second approach is that every processor
generates tracks by calling the EXCELT module and takes its own batch of tracks.
In our implementation, we do not use the first approach because when the master
processor is working to generate the tracks, the slaves remain in wait status. In
addition to that, because the size of the tracking file is generally quite large, the
communication times become non negligible. With the second approach, we can

avoid to have the processors in wait and also to reduce the communications.

At the solver level, each processor takes control of batches of tracks to accumulate
contributions to average angular fluxes; a partial sum of flux differences is accumu-

lated by region and energy group.

1
Z wmi,nZdN Azg,n,lc’ (28)

I (i;m)eM~1(p)

A, @7 =

At each inner iteration, the processors communicate their results to all other pro-
cesses by using a reduce/broadcast procedure. This total reduction operation is
necessary to add all the contributions together in order to construct the scalar flux

by region and energy group from the partial sums of Eq. (2.8).

Q(Q
MI
[Eeg+Y Lo

+24,

P

N‘Q

(2.9)

Each process, working on its own group of tracks, executes the following iterative
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scheme:

1. Guess new fission sources and incoming current (outer loop);

(a) Guess scattering sources (inner loop);
(b) Compute the flux for each energy group:

i. compute local solution for each characteristics line;
ii. perform a reductive sum of all contributions to flux;

iii. apply global inner acceleration technique.

(¢) If flux map are not converged, go to (a).
2. Apply global outer acceleration techniques;
3. Compute the Kg for next neutron generation;

4. If not converged, go to 1.

After the reduction sum operation, at the end of the inner loop, all processes have

the same copy of the flux.

2.4 Implementation of the message passing

In this section, we give details about the operating system and the implementation

of the parallel characteristics solver.

2.4.1 MPI Implementation

To perform the communications between processes participating in calculation, we
use a Message Passing Interface (MPI) (Groop, 1994). All MPI communications

require a communicator and the MPI processes can only communicate if they share
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the communicator. The standard MPI includes a whole set of routines that can be
used for collective communications. When implementing the MCI solver, we used
the variant of the reduce operations where the result is returned to all processes
in the communicator. On that case, the standard specification requires that all
processes participating in these operations receive identical results using a single

Fortran call:

call MPLALLREDUCE(totF , partF , NrsxNg, MPI.DOUBLE_PRECISION , MPI.SUM,
$ MPLCOMM.WORLD, ierr )

equivalent to the following C instruction:

MPI_Allreduce ( partF, totF, NgxNrs, MPIDOUBLE, MPI.SUM, MPLCOMM.WORLD )

Note that these all-reduce operations can be transformed into a one-node reduce,
followed by a broadcast of the resulting values. However, a better performance is
obtained if we take into account the possibility to send several synchronous point-
to-point messages on the local switched network. If we consider a perfect butterfly
network we can minimize the number of synchronized steps that are needed to add

the contribution to the scalar flux (Grama, 2003).

2.4.2 Optimizing computations with Adelie/SSI toolkit

In order to minimize the computational time, we used an optimized Linux kernel.
This optimization is performed using Adelie/SSI (Adelie, 2004), a clustering toolkit
over a Gentoo GNU/Linux base distribution (Gentoo, 2004). This allows the max-
imum level of performance to be reached without having to sacrifice the ease of

system administration.

The Gentoo GNU/Linux distribution incorporates the concept of FreeBSD ports
collection, named portage tree under Gentoo. This feature allows the complete

system to be recompiled seamlessly without effort, permitting the highest level of
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optimization for a specific processor to be used. Gentoo also do away with the
traditional System V init process in favor of a much more flexible named levels
system. This system permits an almost infinite number of run-levels to be created

and used.

Figure 2.1 Adelie/SSI based cluster

Adelie/SSI, or Adelie for Single System Image, is an initiative of the Adelie Linux
Project. This enhancement sits on top of a Gentoo system and allows a complete
cluster to be run from a single cop& of the system image. This image resides on the
server disks and is shared between both the server and the disk-less nodes. Admin-
istration is done on this single image, while different run-levels allow customizing of
the boot and init process for individual or groups of nodes. Since the nodes do not
have disks nor uses space on server disks for writing data, the integrity of a node

can not be compromise from the node itself.

Adelie/SSI based cluster is composed of a server containing some form of storage
system and a number of disk-less nodes (Fig. 2.1). The operating system image
resides on the server and is exported to the nodes via a network file system. In
order to have multiples nodes running from the same system image, some area of

this image must be local to each node. These areas (/etc, /tmp and /var) are
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cloned initially from the system image into a memory based file system. After
some modifications, they are then locally binded to the main system image. In this

manner, it is possible to have a read-only system image which no node can corrupt.

2.5 Numerical results

All the results presented in this section are obtained for CANDU-6 3D supercell
problems. A supercell is composed by two horizontal bundles containing the Ura-
nium oxide fuel, and one vertical absorber rod. The transport equation is usually
solved by critical buckling search with first order leakage treatment B1. Homoge-
nization and condensation processes are then made with the resulting multigroup
fluxes. Nuclear properties are condensed to a limited number of energy groups; only
2 groups are generally sufficient for good on-power followup in CANDU-6 reactor
cores, keeping the small up-scattering effect from the thermal to fast group. For
standard tests, we use 3 discrete directions and 89 energy groups. In all test cases

presented here, we use the STRD option for the load balancing of the tracking file.

2.5.1 Validation of parallel program

The parallel program was run on several processors (from 1 up to 16 processors) and
the results were compared with those given by the sequential solver. The relative

error for a calculated value, presented in Table I, is defined as follows

AYper — A¥geq
AYgeq

x 100%. (2.10)

Results show that the relative errors, between the results given by the sequential
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Tableau 2.1 Validation of the parallel algorithm on several processors

Number of processors 1 2 4 8 16
Incr. cross-section Relative errors (%)

AT} 0.0124 | 0.0124 | 0.0124 | 0.0083 | 0.0083

AL 0.0211 | 0.0361 | 0.0273 | 0.0237 | 0.0458

AT 0.0145 | 0.0137 | 0.0072 | 0.0012 | 0.0087
ATL2 0.0103 | 0.0084 | -0.0466 | -0.0068 | 0.0143

AY? -0.0177 | -0.0088 | -0.0266 | -0.0266 | -0.0266

AY? -0.0068 | -0.0123 | -0.0062 | -0.0053 | -0.0037

AYE -0.0094 | -0.0251 | 0.0482 | -0.0110 | 0.0180
AY%? -0.0798 | 0.0110 | -0.1037 | 0.1297 | -0.0891

code and the parallel one, are very small. The little discrepancies between the results
are due to floating point accuracy. These differences can be explained by the fact
that, when performing their partial addition on each processor, the summation order
(adding first the biggest values or the smallest ones) can slightly affect the results

by neglecting some small contributions.

2.5.2 Speedup

To evaluate the performance of our parallel program, we use the speedup S and the
efficiency £ as global metrics. The speedup is defined as usual by the ratio of the

serial execution time to the parallel execution time
T.
S == 2.11
Tp ) ( )

and the efficiency of the system

(2.12)

F| @
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As stated above, the sequential program is highly optimized and generates a single

tracking file. The parallel program generates local tracking files (in the /tmp direc-

tory.

The number of characteristics lines is linearly decreasing with the number of

Pprocessors.

For our tests, we use the following machines:

a Beowulf cluster of 16 disk-less nodes equipped with AMD Athlon 1.4 GHz
processor and 1 GB memory connected by a fast Ethernet switched network.

The message passing library installed is the LAM MPI implementation;

a SMP cluster composed of 8 QuadXeon multiprocessors, each of these 8 nodes
has 4 processors sharing a 4 GB memory. Nodes are connected with a Myrinet
switch. Two MPI implementations are available on this machine: LAM and

MPICH,;

a SGI shared memory machine with 16 IP35 Processors (500 MHz) sharing
16 GB memory connected by a Gigabit Ethernet switched network. The MPI

implementation used is SGI proprietary version of MPI.

a NUMA cluster composed of 32 nodes, each node has two AMD Opteron
processors (2 GHz) sharing 5 GB memory. Nodes are connected with Myrinet

Fiber. The MPI implementation used is MPICH.

In Table II, we show the speedups obtained with different parallel machines. The

differences in the speedups are mainly due to the communication performances of

each machine and to the MPI implementation used. This shows also that our parallel

code is portable on different combination of architecture/implementation. Note that

both clusters use Adelie/SSI.
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Tableau 2.2 Speedups using different parallel systems

Environment Number of processors

Architecture 0N implem 2 4 8 16

Beowulf | Linux| LAM |195|3.73|6.5812.11
(P = 16)

SMP cluster | Linux | MPICH |1.98 | 3.92 | 7.93 | 15.29
(P =32)

NUMA IRIX | SGI MPI | 1.98 | 3.87 | 7.68 | 13.85
(P = 16)

NUMA cluster | Linux | MPICH | 1.97 | 3.76 | 7.54 | 13.22

(P = 64)

2.5.3 The influence of the network characteristics on the communication

time

For the same machine (SMP cluster), we study the influence of the network band-
width on the performance. In Fig. 3.4, the speedups for two different implementa-
tions using respectively Fast Ethernet (100Mb/s) and Myrinet (over 1Gb/s) switched
networks are reported. The speedup curves shows that the speedups have been
improved by using the Myrinet switch, especially when the number of processors

becomes greater than 16 where the network traffic increases.

In order to extract the influence of the network on our application and to see if our
parallel solver is optimal, we have studied more closely network characteristics. Ta-
ble 2.3 presents measured network performance for various low latency interconnect.

The numbers in bold were obtained using the MPI Performance Test version 1.3a
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Figure 2.2 The efficiency for the Fast Ethernet and Myrinet switched networks

benchmark (Groop, 1999) using two different clusters. The first is equiped with both
Gigabit Ethernet and Myrinet Fiber, the second with Fast Ethernet and Myrinet
Lan. These measures are completed with results obtained by different authors (Liu,
2003; Seifert, 2000; Baker, 2001). The results from (Seifert, 2000) were not used
for VIA performances since the authors state that the latency measurements were

unordinarly high due to the software implementation used.

If we consider a perfect butterfly network, and if we send a message with a size

Ny X Ny, the communication time at each iteration would be

Teom = [log Ny [ts + NgNyty) (2.13)

where N, is the number of processors used for the computation, ¢, is the message
startup time for the data transfert also called the MPI latency, and t,, is the per-

word transfert time and which is inversely proportional to the bandwidth.
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For a fixed number of processors, the total communication time for our application

is then a function of the network parameters

Teom = Teom(ts, tw) (2.14)

In Fig. 2.3 and 2.4, we present the communication time versus the number of pro-
cessors for those different networks presented in Table 2.3. In the first Figure, we
present the results for a short message. The curves show that networks with a
smallest per-word transfert time provide the best communication times. The best
communication times here are better for the Infiniband, QsNet and the Myrinet(3)
respectively. The same behavior is seen for a longer message (Fig. 2.4). In gen-
eral, NyN;t, >> t,;; the communication time is then practically influenced by the
per-word transfert time (or the bandwidth). The curves in these Figures could be
classified according to the per-word transfert time corresponding to each network.

If we consider the machines with similar processors resources connected with those
different networks, the best speedups expected will be those corresponding to the
networks with the smallest per-word transfert time according to the famous Amd-
hal’s law. Note that the choice of the machine connecting network should also be a

compromise between the network bandwidth and the network cost.
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Tableau 2.3 Comparison of different networks parameters for a fixed message size

Theoritical | Measured Measured
Network bandwidth | latency | transfert time
(Gb/s) (us) per-word (ns)
Ethernet:
Fast 0.1 94.60 690.87
Gigabit 1.0 72.02 160.38
Infiniband:
MT23108 HCA (Liu, 2003) 10.000 6.800 9.506
Myrinet;:
(1)M2L-PCI64A-2 1.28 16.06 82.95
(2)M3SF-PCI6,B-2 2.0 13.39 37.56
(8)M3F-PCIXD-2 (Liu, 2003) 2.0 6.7 36.45
QsNet:
FEland (Liu, 2003) 2.72 4.6 26.04
SCT:
D310 (Seifert, 2000) 3.2 8.0 112.73
VIA™
cLAN1000 (Baker, 2001) 1.25 9.0 81.58
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Figure 2.3 Communication time for different networks and with various number of
processors (message size=0.46 MB)
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2.6 Conclusion

The objective of this work was to evaluate the performance of the parallel program
used to solve three-dimensional neutron transport problems. The message passing
implementation using MPI, the particular setup using an optimized Linux kernel
and the benefits of different load balancing techniques were presented. Speedups
obtained yet are encouraging. It was also shown that the parallel code is portable
on different types of parallel machines. This will allow us to implement our appli-
cation on a small heterogeneous systems or using a computer grid.

We expect that our application will be scalable when we increase the dimensionality
of the problem according with the increase of the number of processors. Therefore,
we are currently working on improving the scalability potential of Adelie/SSI based
systems. The goal is to support a massive ad hoc cluster easily, by federating a large
number of workstations and clusters together. In order to acomplish this, we are
developing a mecanism to rapidely and with no local modification convert a work-
station into an Adelie/SSI node. Already existing Adelie/SSI servers and nodes will
be integrated in the federated cluster resource tree. There is no need for a common

architecture among nodes as heteregenous hardware will be supported.

The next step to performance analysis would be to analytically modelize the com-
munication/calculation ratio in order to be able to predict the specific performance
on different kind of architectures. In the coming years, it is expected that large-scale
transport calculations will increase the accuracy of nuclear reactor simulations, with
the direct effect of safer reactor design and operation. To perform these simulations,
we will need scalable linear algorithms that are able to run on several thousands of

nodes.
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CHAPITRE 3

PARALLEL SOLVER BASED ON THE THREE DIMENSIONAL
CHARACTERISTICS METHOD: DESIGN AND PERFORMANCE
ANALYSIS

Auteurs: M. Dahmani and R. Roy

Revue: Nuclear Science and Engineering

Abstract

This paper presents the recent advances in parallel software development for solving
3D neutron transport problems using the characteristics method. The characteristics
method solves the transport equation by collecting local angular fluxes along neu-
tron paths. In order to be able to solve large 3D transport problems in a reasonable
time-frame, the characteristics solver needs to be accelerated. After applying ade-
quately numerical acceleration techniques, the only issue is to parallelize the solver.
The parallelization of this solver is based on distributing a group of tracks, gener-
ated by ray tracing procedure, on several processors. Different distributing schemes
and load balancing techniques based on a calculation load model are presented. A
message-passing model is used to communicate the local solutions between processes
participating in solving a problem. Both analytical model of this parallel algorithm

and performance analysis are presented and illustrated by several examples.

3.1 Introduction

The method of characteristics (MOC) is now commonly used for solving the trans-

port equation in exact geometry because of its good performance for large problems
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compared to the collision probability (CP) method. Unlike the CP method, the
MOC permits the elimination of the CP matrices which have the dimensionality
of the size of the square of the number of regions, and still provides solutions as
accurate as the CP. Assuming that there are no interactions between neutrons in
the medium and the neutrons travels along straight trajectories, the MOC is based
on solving the differential form of the transport equation by following the charac-
teristics of the system (tracking lines) which simulate these neutron paths (Askew,
1972). The scalar flux per region and energy group is constructed by collecting all
mean angular fluxes in terms of the entering angular flux and the source inside the
region. The 3D characteristics solver MCI was developed to treat supercell prob-
lems with isotropic boundary conditions. This technology was found accurate with
respect to several transport problems specific to CANDU reactors, where reactivity
devices are perpendicular to the fuel channels (Wu, 2003a). It has been shown that
for relatively small problems with a limited number of regions, the CPU times ob-
served with the sequential MCI solver are similar to ones of the EXCELL module
of DRAGON (Marleau, 1997) (which is based on CP method) and with almost the
same number of outer iterations. Nevertheless, for large problems the MCI solution
is slowed down by the current convergence due to flux/current initialization (flat
flux). To accelerate the solution of the MCI, several numerical acceleration methods
were tested. The adapted Self-Collision Probability (SCR) method, based on an
equivalence theorem between the CP and MOC methods, was shown to give good
performance results in high-scattering cases(Wu, 2003b). The SCR technique uses
the collision probabilities from one region to itself in order to rebalance the energy
distribution of the scalar flux for each region separately. The Track Merging Tech-
nique (TMT) can also be used for numerical acceleration. The TMT is designed to
reduce the number of tracking lines by merging the two neighboring tracking lines
crossing the same regions in the same order into one line associated with the sum
of the weights of each of them (Wu, 2003b). Those two techniques are numerically

useful, but they still have their limitations. Another complementary way to solve the
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problem is to explore the computational aspects. For cases with a large number of
regions, even when using both TMT and SCR techniques, the iterative solver based
on characteristics method can still become very expensive. In order to solve such
a large-scale problems with a minimum amount of CPU time, the parallelization of
the MCI solver is now considered. This parallelization is based on a distribution of

a group of tracking lines on several processors.

Recently, the parallel computers got faster and more accessible economically. Great
advances have been made in the CPU and the communication performances. Ac-
cordingly, the scientists are increasingly using parallel computers to solve problems
that require large amount of computing effort. Day-to-day simulations of advanced
reactor design are now done by using these new parallel algorithms. The paral-
lelization methodologies are based on splitting the computational work, necessary
to solve the problem, on small parts that are associated to each process(Leopold,
2001). Each process is assigned to one or more processors. To construct the final
solution, the processes usually need to communicate some of their intermediate re-
sults. Because communications activities are slow compared to computation (often
by orders of magnitude), the performance is better when communications are re-
duced to a minimum, The idea is that the computation effort must dominate the

communications. Two standard parallel paradigms are commonly used:



50

Task parallelism a program is broken down by tasks, and parallelism is achieved
by assigning tasks to different processors. In that case, the parallelism is ex-
plicit and the message-passing model is used to exchange data between proces-
sors. The most widely used software interfaces are the PVM (Parallel Virtual

Machine) (Geist, 1994) and MPI (Message Passing Interface) (Groop, 1994).

Data parallelism each processor performs the same work on a unique segment
of the data. Either message passing libraries such as MPI (with implemen-
tations tuned for shared memory multiprocessors) or higher-level languages
such as HPF (or OpenMP directives) can be used for coding with this model.
For the second option, the execution of the parallel regions in the code are

automatically detected by the compiler.

The parallelization based on CP method obtained after distributing the energy vari-
able in multi-group solver, as well as the usual spatial domain decomposition meth-
ods, have already been developed a few years ago (Qaddouri, 1996). Because all
group-dependent CP matrices share the same geometric data, data parallelism can
easily be applied for computing CP just by varying the total cross sections. Domain
decomposition techniques have been also applied to large-scale transport calculations
using the method of characteristics. The spatial decomposition of multi-assembly
problems where neutron paths are directly connected when crossing assemblies ex-
hibit limited speedup (5.3 on 8 processors) on shared memory Sun Enterprise4000
because of the tight coupling between the assemblies (Kosaka, 1999). The angular
decomposition technique, where directions are distributed among a set of processors
has also been tested (Lee, 2000). Speedup obtained using this angular decomposi-
tion is of the order of 3.7 for 4 processors, and 6.8 for 8 processors. Other related
works were done in this context, we can cite (Azmy, 1993; Sjoden, 1997). Almost
all these techniques were restricted to two-dimensional problems. In this paper, we

now focus on a flexible algorithm to perform 3D state-of-the-art computations.
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The paper is organized as follows: in section 2, we present a brief review of the 3D
MOC principles and we will derive the discretized characteristics equations. In sec-
tion 3, the analytical model of our parallel algorithm is described and analysed using
different performance metrics and load balancing techniques. Section 4 is devoted to
message passing implementations issues pertinent to characteristics transport solver.
Section 5 shows numerical tests performed with the CANDU supercells. A scala-
bility study based on efficiency response when varying the problem size and/or the
machine size is discussed. In the last section, we draw some conclusions and discuss

future work needed to obtain loosely coupled scalable distributed transport solver.

3.2 The 3D characteristics formalism

The multi-group isotropic transport equation to be solved to obtain the flux from

an isotropic source is:

BY(7, 0)®9(7, Q) = QI(7) (3.1)

where:

7 is a spatial point in the domain D;

€1 is the solid angle;

g is the energy group;

o B(7 ) = Q- V + X9(7) is the transport operator in group g;

Y9(7) is the total cross section in group g;

Q?(7) is the source in group g.
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The source in Eq.(3.1) is composed of two terms, the isotropic fission and scattering

sources:

@) = 2 Tr (¢ O+ DET A (62

where ¢9(7) is the scalar flux in group g.

The main idea behind the characteristics method is to solve the differential form of
the transport equation following the straight lines (characteristics or tracking lines).
The neutron trajectories will be followed in the local coordinates system where
an observer is traveling in the neutron direction. The basic transport operator is

transformed into a total differential operator:

BI(F, ) — 09(s) = % + 29(7+ ), (3.3)

where C9(s) is the characteristics transport operator in group g, s stands for the
variable along the characteristics line. The local multi-group characteristics equation

is then given by:

C9(s)®9(7 + s, Q) = QY(F + sQ) (3.4)

The average scalar flux in region j with volume Vj; and in energy group g is obtained

by integrating over volume and direction:

V,o! = / &3 / d2Q 39(7, )
4w
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—+00 — A A
_ / &*T / dt Xy, (T, t) 89(5 + 16, Q) (3.5)
r — 00

A characteristics line T is determined by its orientation € along with a reference
starting point 7 for the line. Variable ¢ refers to the local coordinates on the tracking
line, and the function yy; (f, t) is defined as 1 if the point 7+t on the line T(Q, D)
in the region Vj, and 0 otherwise. The d*T element can now be decomposed into a

solid angle element d(2 and a corresponding plane element d?p.

3.2.1 Discretization of characteristics equations

The spatial and the angular domains are sampled using a ray tracing procedure as
described in (Dahmani, 2002). The T domain is first covered by choosing a quadra-
ture set of solid angles, composed of discretized directions and their corresponding
weights (Qz, w;). We generally use the Equal Weight Quadrature (EQy) to generate
the angular directions (Carlson, 1971). Then, the plane g, perpendicular to any
selected direction 4, is split into a Cartesian grid meshing and the starting points
Din of each characteristics are found. For each discretized direction 4, a whole set of
tracks T;n will be generated. When travellihg across different regions, the neutron
beam following the characteristics crosses K, segments numbered by index k; the
segment lengths are labeled Ly and the region numbers are Ni. Assume that the
segment k crosses region j, then the local relationship between the incoming and

outgoing angular flux is given by:

9

43(8) = 630+ | 5

_ inasg(k)] By (S9Ly) (36)

where Fi(z) = 1 — e™®. Assuming that the track lengths have been normalized to

ensure volume conservation, the average angular flux per region is given by:
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V() = ViQI + Y min Y i AL g (3.7)
n k

where A], = "¢%(k) — “*¢f(k) is the flux difference on segment k and m;, is the
weight associated with track T;n In Eqn (3.6-3.7), the same calculation is done for
every energy group. Automatic data parallelization can be performed for the group
variable, or groups can be dispatched on different tasks by compiler directives. This

can be particularly useful in shared memory machines.

The average scalar flux in region j is computed by integrating Eq. (3.7) over all

directions:

g
- 1

Q)? = E—; + Eg-Vj Zwi Zﬂ'i,n Ek: 5ijAg,n,k (3.8)
j J i n

From this equation, we see that the iteration sweep over all characteristics involves
the sequential evaluation of outgoing fluxes of Eq. (3.6) on every single track and

the adding of flux differences A}, , for each track T in Eq.(3.8).

3.3 Analytical model for the MCI parallel algorithm

3.3.1 Parallel algorithm and performance metrics

In this section, we show how the tracks are distributed in order to balance the
charge on each processor and to avoid the idle time that can lead to the decline
of the performance. The static load balancing techniques are based on calculation
load estimations on each processor. First, we provide some metrics on which our

performance analysis of the load balancing schemes will be based on.
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3.3.1.1 Atomic level

In a parallel characteristics solver, the basic computation unit is focused on repeating
the same sequence of calculations on each tracking line. The characteristics sweep on
one single line represents the atomic level for the solver from which we can construct
the overall solution for each region, each angle, and each energy group. As we have
seen before, the group variable can easily be treated using data parallelism. We now
define the finest granularity level of operations that can be performed without any
communication from the point of view of task parallelism. At this stage, the required
local data is a collection of segment lengths Ly and the region numbers encountered
along the line. The nuclear data needed are the local total cross section £ and the
scattering cross section from one group to itself (399);. No scattering matrices are
necessary; this approach is important to preserve certain linearity in calculation and
to ensure independence between the calculations performed on different tracks. The

global solution is then the combination of these atomic level solutions.

In real world applications, the number of tracks is much greater than the number of
processors available. The parallelization of the solver is then done by grouping the
tracks and each slave processor takes control of one of these groups. At each iteration
step, a reduce/broadcast operation is activated to recover the partial contribution to
the angular fluxes; each processor has its own copy of the flux and the source arrays
with a consistent unknown ordering. The scalar flux is then reconstructed on every
single processor before the iteration procedure starts (multicasting communication

process).

3.3.1.2 Calculation load and problem size

The calculation load on one processor is defined as the time required by the processor

in order to complete the computation. In our case, this time can be related to the
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number of floating point operations (flops) necessary for computing all local angular
fluxes on a single track containing K segments. The one-group atomic-level time tr

is given by:

tr = 2tx + 2t + K (te + 5tx + Tty), (3.9)

where t,, tx and t. are the time required for an addition, a multiplication and an

exponential evaluation respectively.

The total serial time Ts spent by a single processor working on N tracks and Ng

groups is:

Ts = NoNr |2t +2t; + Ky (te + 5tx + 7t

~ NgNp |4+ K (7. + 12)] top; (3.10)

where K7 is the mean number of segments for the Ny tracks, and t,, is the time
necessary for one flop (this is a machine-dependent constant). The variable 7, stands
for the mean number of flops for exponential evaluation. In our solver, two ways for
evaluating the exponentials are possible: the first one is to use the exact exponential
function, the second one is to use interpolation tables based on exponential function
values pre-calculated in given interval. The value of 7, is clearly different for the

two methods.

The size of the problem W is defined as the measure of the number of basic operations
needed to solve the problem. Here, we can assume that W is proportional to serial

time needed to solve the problem:
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Ts = Wtep. (3.11)

The size of the problem is nearly proportional to NeNrK7. In order to achieve
high performance computing on parallel machines, the calculation load must be
distributed fairly among several processors. This implies that the atomic-level load
of each track must be taken into account before statically dispatching a group of

tracks to a processor.

3.3.1.3 Communication overheads

In addition to computation time, the processor spends part of its time to communi-
cate with other processors that participate in the calculation. The communication
time depends on the number of data words exchanged at each step of the algorithm.
Here, we consider the most general case where we exchange parts of the flux vector

of dimension NgNg. In that case, the communication time is:

Tcomm = A(NP) [ts + NRNGtw} (312)

where:

e t, is the startup time for data transfer, it is the time required to handle a
message at the sending processor. This delay is occurred once for a single

message transfer;

e t,, is the per-word transfer time, inversely proportional to the available band-

width between nodes;

e A(Np) is a communicator function of the number of processors. It takes into

account the communication paths between the processors, depending on the
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network topology and the message passing implementation.
If we use Np processors to do the parallel computation and we assume that all

processors have the same load, we can write the relationship between the serial time

Ts and the parallel time Tp as:

T T
Tp = <2 4 Toomm = ~— + A(Np) [ts + NrNotu)] (3.13)
Np Np

3.3.1.4 Speedup and efficiency

The parallel speedup S is the most common performance metric used in the scientific
applications. It is defined as the ratio of the serial execution time to the parallel

execution time:

Ts Np

T NpTcomm
Tp 1+ Ts

S = (3.14)

This relation shows that the speedup tightly depends on the communication over-
heads. The ideal situation is reached when Ts > Teomm OF Teomm = 0, in these cases

S — Np, the speedup is then the same than the number of processors used.

The efficiency of the parallel system is evaluated as the ratio of the speedup to the
number of processors:

(3.15)

3.3.2 Load balancing techniques

We now study the mechanism by which the atomic tasks are assigned to run on the

different physical processors. The term process refers to a processing or computing
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agent that performs tasks (Grama, 2003); this abstract entity is more convenient to
study task-dependency and task-interaction without having to adhere to a rigorously
defined parallel architecture. Processes can then run on physical processors. The

allocation of tasks to processes is done by a mapping:

M:T — P

(in) — p

from T the domain of characteristics onto P the range of processes. As explained
above, the tracking lines T;-,n are identified by their direction ¢ and their starting
point n. A global numbering of tracks has no particular use, so we will assume
here that tracks are numbered from 1 to Ny in the order they are generated in the
sequential module EXCELT of DRAGON: that is firstly by direction and secondly
by AX and then AY incrementation along the perpendicular plane coordinates
(Roy, 1994). This global numbering scheme [(é,n) will be assumed when needed in
the following.

Since the calculation time for a track linearly depends on its number of segments,

the process calculation load defined as

Lip)= >  tr(i,n) (3.16)

(i;n)eM~1(p)
is not necessarily uniform even if we put the same number of tracks on each process.
An evenly number of segments distributed on each processor will be the major
criteria to build our load balancing algorithm. A good mapping will take into
account the total calculation load of each batch of tracks. The options currently

implemented to distribute tracks in the MCI module are:

SPLT option Distribution of beams of tracks: in this option, we simply subdivide
the tracks in batches of %ﬁ tracks, as these are generated by the EXCELT
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module. The first process will work on the first %ﬁ generated, the second
process takes the next %};— and so on. For domains that contain a lot of small
regions, one of these track batches may contain larger number of segments

than other ones.

STRD option Round-robin distribution: the tracks are distributed in the sequen-

tial order of processes coming back to the first when all processors have been
given a batch. It is a cyclic mapping of all tracks to a single processor,
such that p = I(i,n) mod Np. The first process takes the tracks numbered
1,1+ Np,1+42Np,..., the second process 2,2 + Np,2 + 2Np, ..., etc. Using
this option, it is statistically unexpected to have two batches of tracks having

a substantial difference in the average number of segments;

ANGL option Distribution on angles: all the tracks having the same direction are

grouped together. So, each process takes the tracks with the same direction, so
the mapping is p = ¢ or M(%,n) = i. Because the number of tracks generated in
one direction is not necessarily the same as in other directions, this option may
lead to imbalance the load. This option also limits the number of processes to

be a multiple of the number of angles.

Several tests were done to show that the STRD option is more balanced than the

two other options. Each processor is loaded almost evenly, and the average number

of segments on each processor is almost the same (Dahmani, 2003a; Dahmani, 2002).

3.4

Implementation issues using message exchange

3.4.1 Parallel solution of the transport equation

Once a static load balancing scheme is chosen, there exists a mapping p = M(i,n)

that gives for any characteristics T;n the process p where computation is performed.
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Two computational approaches for distributing the groups of tracks over the proces-
sors can be considered. The first approach is that one processor (master) distributes
the tracks to other processors (slaves); the second approach is that every processor
generates tracks by calling the EXCELT module and takes its own batch of tracks.
In our implementation, we do not use the first approach because when the master
processor is working to generate the tracks, the slaves remain in wait status. In
addition to that, because the size of the tracking file is generally quite large, the
communication times become non negligible. With the second approach, we can

avoid to have the processors in wait and also to reduce the communications.

At the solver level, each processor takes control of batches of tracks to accumulate
contributions to average angular fluxes; a partial sum of flux differences is accumu-

lated by region and energy group.

I T O (317)

777 (im)eM~1(p) k
At each inner iteration, the processors communicate their results to all other pro-
cesses by using a reduce/broadcast procedure. This total reduction operation is
necessary to add all the contributions together in order to construct the scalar flux

by region and energy group from the partial sums of Eq. (3.17).

Q
®f =g + ; A,®Y (3.18)
J
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Each process, working on its own group of tracks, executes the following iterative

scheme:

1. Guess new fission sources and incoming current (outer loop);

(a) Guess scattering sources (inner loop);
(b) Compute the flux for each energy group:

i. compute local solution for each characteristics line;
ii. perform a reductive sum of all contributions to flux;

iii. apply global inner acceleration technique.

(c) If flux map are not converged, go to (a).
2. Apply global outer acceleration techniques;
3. Compute the K g for next neutron generation;

4. If not converged, go to 1.

After the reduction sum operation, at the end of the inner loop, all processes have

the same copy of the flux.

3.4.2 Message-Passing Implementations

To perform the communications between processes participating in calculation, we
use message passing. It consists of the use of precompiled libraries at high level pro-
gramming. Two different libraries corresponding to two different implementations
are used. To evaluate the communicator function A(Np) for the two implementa-

tions, we made these assumptions:

e all processors are directly connected (switched networks);
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e the machines are homogeneous: all the processors have similar power;

e we have a perfect load balancing: Vp e L(p) = Ts/Np.
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Figure 3.1 The communication process using the multicast operation

3.4.2.1 PVM implementation

The processors participating in calculation build a virtual machine where the com-
munications are managed. In the original PVM implementation of the MCI solver,
we used a SPMD-style of programming where each process participates on a peer-
to-peer basis to the flux calculation. The routine pvmmcast multicasts a message
stored in the active send buffer to nproc tasks specified in the tids array. The

message is not sent to the caller even if it is listed in the array of tids. The con-
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tent of the message can be distinguished by msgtag. Each receiving processes calls

pvm_recv to receive their parts of the flux.

The routine pvm_mcast is asynchronous and is based on a minimum spanning tree
algorithm between the pvmd daemons. The message is passed to the pvmd daemons
containing the specified task identifiers, which in turn distribute the message to their
local tasks without further network traffic. The PVM implementation corresponds
to the step (i7) in the previous iterative scheme, and the MCI/PVM code is the
following:

msgtag= 12;

call pvmfinitsend ( PYMRAW, info )

! pack my part of the scalar fluz array ”partF”
call pvmfpack ( REAL8, partF, NrxNg, 1, info);

! mcast to all "tids” (message not sent to the caller!)

call pvmfmcast ( nproc, tids, msgtag, info );

! initialize scalar fluz array "totF” with my part
do j= 1, NrxNg
totF (j)= partF(j)
enddo

do i=1, nproc-1

! receive from any other
call pvmfrecv( —1, msgtag, info )
call pvmfunpack ( REAL8, partF, NrxNg, 1, info)

! add to scalar fluz array
do j= 1, NrxNg
totF (j)= totF(j) + partF(j)
enddo
enddo

As shown in Fig. 3.1, this multicast communication operation is completed in Np
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steps. The overhead due to communications is driven by the communicator function:

A(Np) = NP(NP - ].),

(3.19)

and the efficiency for the parallel program with PVM implementation as given by

Eq. 3.15 can be approximated by:

1
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Figure 3.2 The communication process for all-reduce on a butterfly network
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3.4.2.2 MPI implementation

All MPI communications require a communicator and the MPI processes can only
communicate if they share the communicator. The standard MPI includes a whole
set of routines that can be used for collective communications. When implementing
the MCI solver, we used the variant of the reduce operations where the result is
returned to all processes in the communicator. On that case, the standard specifi-
cation requires that all processes participating in these operations receive identical

results.

The whole set of instructions associated to message passing in MCI/PVM simplifies

into a single Fortran call:

call MPLALLREDUCE(totF ,partF , NrsxNg, MPI.DOUBLE_PRECISION , MPLSUM,
$ MPLCOMM.WORLD, ierr )

equivalent to the following C instruction:

MPI_Allreduce( partF, totF, NgxNrs, MPIDOUBLE, MPISUM, MPLCOMMWORLD )

Note that these all-reduce operations can be transformed into a one-node reduce,
followed by a broadcast of the resulting values. However, a better performance is
obtained if we take into account the possibility to send several synchronous point-

to-point messages on the local switched network.

If we consider a perfect butterfly network as shown in Fig. 3.2, we can minimize the
number of synchronized steps that are needed to add the contribution to the scalar

flux; in that case, the function A is given by (Grama, 2003):

A(Np) = log(Np); (3.21)

and the total communication time:

Tcomm = lOg(Np) [ts + NRNGtW] . (322)
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The efficiency for the MCI/MPI implementation is then:

1 1

E= 1+ Nelog NPt NaNgta] ~ 71 NelogWe)ist NaNgta] (3.23)
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Figure 3.3 The MCI parallel model applied to CRAY/T3D and IBM SP2 computers
The efficiency curves for the two implementations are presented in Fig.3.3 when
using data of two common parallel machines: CRAY/T3D and IBM SP2. The
characteristics of these computers and the parameters used in the calculations are
described in (Wilkinson, 1999). The curves shows that the efficiencies are much
better for the MPI implementation on a butterfly network because the number of
the communication steps to do the reductive sum is largely reduced comparing to

the PVM multicast operations (3 versus 7 for 8 processors) (see Figures 3.1 and 3.2).

In Table 3.1, we show results of the parallel model using the exact exponential
function and the table of the interpolated exponential values. These results are

obtained by using 32 and 64 processors. In the all cases, the efficiency decreases
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Tableau 3.1 Efficiency obtained using exact or interpolated exponentials

N, =32 N, =64
Exact | Interpolated || Exact | Interpolated
Computer/Network | exp() values exp() values

C/T3D - Mcast | 95.33% 91.64% 71.52% 57.43%
C/T3D - Butterfly | 99.98% 99.96% 99.96% 99.92%
I/SP2 - Mcast 68.94% 54.38% 21.45% 12.79%
I/SP2 - Butterfly | 99.84% 99.70% 99.62% 99.30%

when using the interpolated values. This can be explained by the fact that the
computation time is reduced and the communication time becomes more important.
The differences are bigger when we use the I/SP2 machine because already the
communication time parameters (¢, and t,) are very large than those of C/T3D

machine.

3.4.2.3 Comparison between the two implementations

In order to verify the accuracy of our analytical model, the same calculations were
performed, using a distributed memory Beowulf cluster (Beowl) with 16 proces-
sors for the PVM and MPI versions of the MCI solver. The 3D problem treats a
CANDU-6 supercell composed by two bundles containing the Uranium oxide fuel,
and one vertical absorber rod. An EQ, angular quadrature is used. The dimensions
are 89 energy groups, 46 regions and 275262 tracks were generated after using a

density of 10 tracks/cm?.

In Table 3.2, we compare the speedups obtained with the two implementations in
two situations: with and without merging lines. The results shows that the MPI
implementation is more efficient than the PVM one, especially when the number of

processors is greater than 8. The speedups with MPI are better than those of PVM
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Tableau 3.2 Speedup for PVM and MPI implementations

Number of processors

Implementation | Merging 2 4 8 12 16
PVM No TMT | 194 | 3.68 | 6.53 | 8.68 | 9.60
MPI No TMT | 1.95 | 3.73 | 6.58 | 8.65 { 12.11
PVM TMT1 |1.89 345|547 642 | 6.37
MPI TMT1 189|343 |543|6.70 | 9.72

for both cases because of the performance of the MPI message passing routines. With
PVM, we begin to lose a performance after 8 processors because the communication
time becomes important. For both implementations, when using the track merging
option TMT1, (Wu, 2003b) the speedups are less than those without merging the
lines. This is due to the fact that the number of tracks becomes insufficient; the
computation time is comparable to the communication time. The metrics defined
in our analytical model show a similar behavior, but we will now concentrate on
realistic numerical results and analyze the performance of the parallel solver with

different problem sizes.

3.5 Numerical results and discussion

All the results presented in this section are obtained for CANDU-6 3D supercell
problems. A supercell is composed by two horizontal bundles containing the Ura-
ﬁium oxide fuel, and one vertical absorber rod. The transport equation is usually
solved by critical buckling search with first order leakage treatment B1l. Homoge-
nization and condensation processes are then made with the resulting multigroup
fluxes. Nuclear properties are condensed to a limited number of energy groups; only
2 groups are generally sufficient for good on-power followup in CANDU-6 reactor
cores, keeping the small up-scattering effect from the thermal to fast group. For

standard tests, we use an FQ4 quadrature and 89 energy groups. The spatial mesh-
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Tableau 3.3 Validation of the parallel algorithm on several processors

Number of processors 1 2 4 8 16
Incr. cross-section Relative errors (%)

AT} 0.0124 | 0.0124 | 0.0124 | 0.0083 | 0.0083

AV 0.0211 | 0.0361 | 0.0273 | 0.0237 | 0.0458

AYLE 0.0145 | 0.0137 | 0.0072 | 0.0012 | 0.0087
ATLe2 0.0103 | 0.0084 | -0.0466 | -0.0068 | 0.0143

A2 -0.0177 | -0.0088 | -0.0266 | -0.0266 | -0.0266

A2 -0.0068 | -0.0123 | -0.0062 | -0.0053 | -0.0037

AT ! -0.0094 | -0.0251 | 0.0482 | -0.0110 | 0.0180
AR%2 -0.0798 | 0.0110 | -0.1037 | 0.1297 | -0.0891

ing and the density of tracks will be changed as needed. In cases presented here, we

use the MPI implementation and the STRD option for the load balancing.

3.5.1 Validation of the parallel solver

The parallel program was run on several processors (from 1 up to 16 processors)
and the results were compared with those given by EXCELL module. The relative

error for a calculated value, presented in Table 3.3, is defined as follows:

AEcal - AEref
AXref

x 100% (3.24)

Results show that errors have the same order of magnitude. However, some little dis-
crepancies between results have been detected due to floating point accuracy. These
differences can be explained by the fact that, when performing their partial addi-
tion on each processor, the summation order (adding first the biggest values or the

smallest ones) can slightly affect the results by neglecting some small contributions.
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Tableau 3.4 Speedups using different MPI parallel systems

Number of processors
Machine OS | implemetation | 2 4 8 16
Beowulf cluster (P = 16) Linux LAM 1.95 {3.73 | 6.58 | 12.11
Cluster of SMPs (P = 32) Linux MPICH 1.98 | 3.92 | 7.93 | 15.29
NUMA (P = 16) IRIX SGI MPI 1.98 | 3.87 | 7.68 | 13.85
Cluster of NUMAs (P = 64) | Linux MPICH 1.97 | 3.76 | 7.54 | 13.22

3.5.2 The portability of the parallel program

Our parallel program is designed to run on different parallel systems: machine ar-

chitecture, operating system and MPI implementation can vary as long as these are

compliant with the MPI standard. In Table 4.1, we show the speedups obtained with

three different combinations of machine architectures, operating systems, network

bandwidth and MPI implementations:

a Beowulf cluster of 16 disk-less nodes equipped with AMD Athlon 1.4 GHz
processor and 1 GB memory connected by a fast Ethernet switched network.

The message passing library installed is the LAM MPI implementation;

a cluster of SMPs composed of 8 QuadXeon multiprocessors, each of these 8
nodes has 4 processors sharing a 4 GB memory. Nodes are connected with

a Myrinet switch. Two MPI implementations are available on this machine:

LAM and MPICH;

a SGI shared memory machine with 16 IP35 Processors (500 MHz) sharing
16 GB memory connected by a Gigabit Ethernet switched network. The MPI

implementation used is SGI proprietary version of MPI,

a cluster of NUMAs composed of 32 nodes, each node has two AMD Opteron
processors (2 GHz) sharing 5 GB memory. Nodes are connected with Myrinet

Fiber. The MPI implementation used is MPICH.
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The differences in the speedups are mainly due to the communication performances
of each machine and to the MPI implementation used. It is also due to the imbalance

between the computation power and the network speed.

3.5.3 Performance analysis

In this subsection, we present some results of the performance tests that we have
done. All these tests were executed on the cluster of SMPs with MPI implementa-

tion.

IR s e S
......... o ":ﬂ“““-*--"-"""""""—m-..,___ - T
""“:.—%: _______________
09 F ]
08 F N
g “
5
5 07 =
= L
w
06 _
05 | R
Fast Ethernet Network [
Myrinet switch o
0.4 L 1 ! 1
2 4 8 16 24

Number of processors

Figure 3.4 The efficiency for the Fast Ethernet and Myrinet switched networks

3.5.3.1 Network bandwidth

We begin by testing the influence of the speed of the network on the performance of

our parallel program. We use then two different networks: Fast Ethernet (100Mb/s)
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and Myrinet switch (over 1Gb/s). The efficiency curves in Fig. 3.4, shows that the
efficiencies have been improved by using the Myrinet switch, especially when the

number of processors become greater than 16 where the network traffic increases.

3.5.3.2 Scalability

Scalability analysis is aimed at answering to the following question: How is it possible
to change the problem size and/or the machine size (Np) to keep the efficiency fixed
at its maximum value ? For a given parallel computer, the efficiency function depend
on the number of energy groups, the number of regions, the number of tracks and

the number of processors:

E = E(NG,NR,NT,NP); (325)

while the number of tracks depend on the number of regions and the density of

tracks Dy

Nr = Np(Ng, Dy). (3.26)

We study the behavior of the efficiency when varying the parameters of the problem.
In these tests, the number of energy groups kept constant (still equal to 89). If we
fix the number of regions Ni and the number of tracks Ny and we vary the number
of processors, the efficiency function variations depend essentially on the variation

of the function NpA(Np) as:

1

NpA(NP)NeNG | matis +w
NgN732KT

E~

(3.27)
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Figure 3.5 The efficiency using different models

For large messages (NgNg > t;), the communication time is dominated by the

network bandwidth. The efficiency can be written as follows:

1

FE ~
1+ NPA(NP)—B——?,;]VV;;T

(3.28)

For Np > 16, the efficiency linearly decreases. Thus, for a fixed problem size,
the peak performance is reached in this interval where the speedups are at their

maximum (Fig.3.5).

Now, let us vary the number of regions by choosing different mesh sizes (46, 368 and
560 regions). Obviously, the number of tracks and the mean number of segments
also varies and so the ratio N—gﬁ; This means that the computational time and the
communication time (the size of the message) change at the same time. Thus this

ratio slightly varies as we can see in Table 3.5. For Np = 8,16, the efficiency for
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Figure 3.6 The speedups with different mesh sizes

the three cases varies also slowly. For Np = 24, differences are much larger between
the two first cases and the third one. We can remark also that, for the case where
Ng = 560, the efficiency is more stable than in other cases. The ratio between the
efficiency for Np = 8 and Np = 24 is 1.15 as compared to 1.33 which is the same

ratio for other cases. The speedups for these three cases are presented in Fig.3.6.

For a fixed number of regions, we now increase the number of tracks by varying the

user-input value for the density of tracks (tracks/cm?). Computation time increases

Tableau 3.5 Efficiency for different mesh sizes

Number of processors
Mesh size | Number of tracks | Ng +~ N 8 16 24

Ngr =46 Np = 275262 0.016 % | 0.962 | 0.918 | 0.720
Nr =368 | Np=1101048 0.033 % | 0.991 | 0.955 | 0.741
Nr =560 | Np= 1646825 0.034 % | 0.943 | 0.910 | 0.820
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Tableau 3.6 Efficiency for different number of tracks (Ng=368)

Number of processors

Number of tracks | Ng + Nt 8 16 24
Nr = 439004 0.083 % | 0.937 | 0.896 | 0.783
Nr = 1101048 0.033 % | 0.991 | 0.955 | 0.741
Np = 2207552 0.016 % | 0.951 { 0.908 | 0.687

when increasing the number of tracks. However, a nice property of our parallel
code is that the size of messages is kept constant because the number of regions
is constant. The communication time essentially depends on the variation of the
function A(Np). The ratio N—JTVI%; considerably changes in this case, and so the
efficiency, as one can see from results in Table 3.6. The speedups curves for this case
are also shown in Fig. 3.7. This nice behavior implies that an accurate large-scale

3D characteristics solver could use a multigrid method with different mesh sizes in

a rather independent way of the communication overhead costs.

3.6 Conclusion

An analytical model of our parallel algorithm used in the context of a 3D character-
istics solver has been presented. The message passing issues, the scalability analysis
based on the efficiency response when we change the size of the problem and/or the
size of the parallel computer were discussed. Our results show that the efficiency of
the system is very sensitive to the ratio of the number of regions to the number of
tracks in the domain. However, a good combination between the number of regions,
the number of tracks and the number of processors used to solve a given problem
can be used to preserve the global efficiency of the parallel system constant at its
maximum value. It was also shown that our parallel code is portable on different

type of parallel machines with different OS and MPI implementations.
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For very large problems, since tracking lines are often stored in sequential files and
the solver needs to access these data, we are faced with some I/O and memory
bounds. In order for parallel computers to be fully usable in solving such large-scale
problems, the I/O performance must also be scalable and balanced with respect to
the CPU and communication performance. Thus, in order to be able to solve larger
3D transport problems, the implementation of parallel I/O or the elimination of the

tracking file needed in the solver will be considered in our future work.
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CHAPITRE 4

SCALABILITY MODELING FOR DETERMINISTIC PARTICLE
TRANSPORT SOLVERS

Auteurs: M. Dahmani and R. Roy

Revue: International Journal of High Performance Computing and Applications

Summary

In this paper, we propose a new parallel solver for the large-scale 3D neutron trans-
port problems used in nuclear reactor simulations. Modern large-memory com-
puters have made possible direct application of transport methods to large-scale
computational models. However, many numerical acceleration techniques common
to lattice transport codes are not applicable to heterogeneous geometry, especially
high-dominance ratio when eigenvalue problems are solved. Consequently, large
heterogeneous reactor problems have remained computationally intensive and im-
practical for routine engineering applications.

Based on the characteristics method, this new code solves the transport equation
by following neutron tracks. Due to the excessive number of these tracks in the
demanding context of 3D large-scale calculations, the parallelization of the solver is
the only way to obtain a fast solution. The parallelization is based on distributing
a group of tracks, generated by a common ray tracing procedure, on several pro-
cessors. An analytical model for the communication/computation ratio is presented
in order to predict the specific performance on different kind of architectures. A
scalability analysis based on the isoefliciency function is performed on our parallel

code when we increase the size of the problem and the number of processors. Tests
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are done to validate the analytical model by comparing the results to those given

by the empirical tests. Results show that our parallel code is scalable and portable.

4.1 Introduction

The transport theory focuses on the mathematical description of the motion of par-
ticles through a host medium. The ’'particles’ of interest might be neutrons, ions,
electrons, molecules or quanta (photons or phonons). The ’host medium’ might
consist of the materials comprising a nuclear reactor core, a stellar atmosphere, or
even a burning thermonuclear plasma. The goal of the transport theory is thus
to determine the distribution of particles in the medium, taking into account their
motion and interaction with atomic nuclei in the medium. The derivation of the
neutron transport equation uses several physical assumptions based on the neutron
observed behavior when traveling in matter. Moreover, if we further assume that
there are no external sources and that the neutrons are generated in multiplying
media, the time-dependent transport equation can be expressed mathematically as

(Duderstadt, 1983; Lewis, 1984)

%%@(ﬁ O, E,t)+ Q- VOF Q, B, t) + T,(F, E)®(F, O, E,t) =
/ Y 4E / &2 2,70 — U E — B, Y, B t)
0
4

+x(F, E) /0 " dE vE(7 E) / &2 o7, Y, E 1), (4.1)
4r

where v and € are the neutron speed and its solid angle direction. ¥;, ¥,, and £y are

known as the total cross section, scattering cross section, and fission cross section
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respectively. Those quantities are directly related to the probability that a given
interaction holds and are considered as a nuclear data for the reactor calculations.
v is the secondary number of neutrons generated by the fission reaction, and y is
the energy-dependent neutron spectrum. Equation (4.1) is the integrodifferential

form of the transport equation for the unknown dependent angular flux variable

(7, Q, E, 1).

The complexity of this equation describing the neutron transport processes in hetero-
geneous forces one to implement numerical methods for its solution. Such methods
usually seek to introduce approximations that convert the integrodifferential (or in-
tegral) form of the transport equation into a system of algebraic equations that is
more amenable to solution by a computer. Concurrently, increasingly sophisticated
methods have been developed over the past decades, associated with the rapidly
increasing computational power of computers. It is these methods, incorporated
into general-purpose computer codes, that one must turn to for the solution of mul-
tiregion, multidimensional transport problems that are most often encountered in
the analysis of nuclear reactors, radiation shielding, and other applications. These
methods can be classified into two categories: the stochastic methods based on the
probabilistic approach (Monte Carlo method) and the deterministic methods based
on conventional numerical methods. The most widely used solvers in deterministic
neutron transport codes are based on the Discrete Ordinate method (Sy), the Col-
lision Probability method (CP), or the Method of Characteristics (MOC). Here, we
shortly describe these three methods:

e The Sy approach is the most direct procedure in which the dependent vari-
able is replaced by a discrete set of values at specific points in the domain.
The derivative and integrals appearing in the transport equation must also be
replaced by a corresponding discrete representation using finite difference and
numerical integration. In this way, one arrives at a set of algebraic equations

for the discrete representation of the dependent variables. (Carlson, 1968;
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Lewis, 1984)

e The CP method is based on the integral form of the transport equation. After
computing the collision, escape, and transmission probabilities, we also end

up with an algebraic system of equations. (Roy, 2003; Sanchez, 1982)

e In the method of characteristics, the differential form of transport equation
is solved by following the characteristics of the system (tracking lines) which
simulate the neutron paths. Unlike the previous two methods, the MOC does
not end up with an algebraic system. (Askew, 1972; Halsall, 1998)

The vast majority of numerical transport calculations are carried out using a form of
the equation in which time dependence is not treated explicitly. The energy domain
is also discretized on G discrete intervals called, energy groups according to the
multi-group formalism. The scattering operator generally depends on the angular
deflection pg = Q.0 resulting after a neutron collision. The K-eigenvalue form of
the criticality problem is formulated by assuming that v can be adjusted to obtain a
time-independent solution. Hence, v is replaced by v/Keg leading to a multi-group

eigenvalue problem

(2 V+20(M) 29(7, Q) =
Xg G ' ’ A G ' AA ’
DG /dm'qﬂ "0+ Y /dm'zgw 7 Q.0") 09'(
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where g is the energy group index. The solution of K-eigenvalue problem is usually
required for the analysis of fission-based systems such as nuclear reactors. The prime
interest is to evaluate the fundamental mode eigenvalue (Kg) and the associated
shape of neutron flux. The K¢ is called the effective multiplication factor. The

dominant K-eigenvalue(s) and corresponding eigenfunction(s) for criticality prob-
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lems are often computed with classical iterative methods such as the power iteration
method. To obtain a closed system, some boundary condition equations are derived

to take into account the neutron behavior at the external boundary of the domain.

In reactor calculation, lattice codes are used to calculate the spatial and energy
distribution of neutrons in a multiplying media (reactor). It takes, as input, a
multi-group library of isotopic nuclear data and a geometric description of the reac-
tor lattice, and solves the transport equation over a specified region of the reactor
lattice. The smallest reactor component of interest is often a unit cell (for example,
a CANDU ! cluster surrounded by the pressurized tube and D20 moderator), a fuel
assembly (for PWRs 2 and BWRs 3) or, depending on the availability of computer
resources, a part of the core. The calculated flux can be used to produce a set of
macroscopic cross sections homogenized over chosen subregions and a broad energy
group structure. Those sets of cross sections are then used as nuclear properties for
the input for various codes simulating the time-dependent neutron behavior over
parts or the whole reactor. The calculated flux can be also used for reaction rate
calculation or in fuel depletion calculations. (Glasstone, 1991) However, there is a
loss of accuracy when using this two-step process. This is due to the spatial homog-

enization and energy condensation needed to produce nuclear property database.

Using a fine transport calculation in unit cell and a coarser approximation in whole
reactor was necessary because of the limited computer resources (in terms of mem-
ory size and CPU power) for large-scale transport problems. Modern large-memory
computers have made possible direct application of lattice transport methods to
large-scale computational models. Concurrently, the recent advances in computer
capability in terms of memory size and processor speed, on one hand, and the devel-
opment of high performance computing methods on the other hand allow investigat-

ing the boundaries of the old models in many scientific and engineering applications.

1CANada Deuterium Uranium reactor.
2Pressurized Water Reactor.
3Boiling Water Reactor.
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Like other applications, the advanced reactor core designs require advanced com-
putational methods in order to achieve high accuracy in reasonable computational
time. In order to solve such large-scale problems, the parallelization of our solver,
based on anisotropic characteristics method, has been performed. This paralleliza-

tion is based on the distribution of the group of tracking lines on several processors.

In order to solve the large-scale reactor problems using our parallel algorithm, it is
important to analyze the variations of the performance according to the changes in
the parallel system (formed by the parallel algorithm and the parallel machine) in
terms of problem size or machine size (number of processors). This type of analysis
is known as the scalability analysis. The scalability can be defined as the system
ability to maintain as best the speedup when increasing the number of processors.
It permits for a given problem to determine an algorithm-machine combination in
order to obtain the best performance. Evaluation of scalability can also predict
the performance of large problems on large systems based on the performance of
small problems on small systems. There are many scalability metrics cited in the

literature, we can cite:

e The isoefficiency function (Grama, 2003; Kumar, 1994): relates the problem
size to the number of processors required to maintain a system’s efficiency, and
it can be used to determine the scalability with respect to the number of pro-
cessors, their speed, and the communication bandwidth of the interconnection

network;

o The isospeed function (Sun, 1994): based on the speed definition which is the
work 4 divided by the number of processors. The algorithm-machine combi-
nation is then scalable if this metric remains constant while increasing the
number of processors, provided the problem size can be increased with the

system size;

4In many applications, the work is measured as the number of floating point operations
performed.
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e The Latency metric (Zhang, 1994): uses the network latency to measure and

to evaluate the scalability.

Zhang, Yan, and He have proved mathematically the equivalence between the three
metrics by giving the analytical relationship among those metrics (Zhang, 1994). In
this paper, we will present the analytical model on which our parallel algorithm is
based on. The isoefficiency function will be used for the scalability analysis. Several
numerical tests are done to analyze the performance of the algorithm and to validate

the model.

In section 2, we present a brief overview of the method of characteristics used to
solve the transport equation for reactor calculations. The analytical model for the
parallel algorithm and the isoefficiency modeling are presented in section 3. The
section 4 is dedicated to the MPI implementation. Tests and numerical results are

shown in section 5.

4.2 Background and related work

4.2.1 Neutron transport solvers

Assuming isotropic source and scattering operator, the multi-group linear transport

equation to be solved to obtain the angular flux

(2 V +39(7) (7, Q) = Q*(7); (4.3)

where Q9(7) is the source in group g.

The source in Equation (4.3) is composed of two terms, the isotropic fission and

scattering sources
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@O = PG S OF O DO e

where ¢9(7) is the scalar flux in group g defined by

¥ = [ Qe Q). (45)
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Figure 4.1 Iterative transport solvers

The solution over a single group proceeds by assuming that all sources depend upon
fluxes in other groups; the within-group fission source is assumed to be known,

thus only the within-group self-scattering source depends upon the fluxes in the
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group. Solution of this group equation is obtained by iteration on the magnitude of
the system-wide self-scattering source. Solution proceeds to the next lower energy
group until convergence is reached and the solution is obtained for all groups. Once
this solution is obtained, an inner iteration is done. At this point, a solution over
the entire system has been obtained; but now the sources that were assumed to be
known (e.g., fission and upscattering sources) must be re-evaluated. This procedure
introduces another level of iterations, called outer iteration. In each of these iteration
levels described, it is necessary to decide when a solution has been obtained, i.e.,
that satisfies a convergence criterion. In Figure 4.1, we show a typical inner-outer
iteration procedure used in transport solvers. The power iteration method is often

used to solve this kind of problem.

4.2.2 Ray tracing

Neutron paths, between nuclear interactions, are straight lines. We generally neglect
the neutron/neutron interactions. Stochastic solvers attempt to generate neutron
histories using the following approximations: a neutron will collide at a certain point
following the attenuation probability law in materials, and scattering direction after
this collision is also randomly determined. In deterministic characteristics solvers,
the ray tracing is quite different from what it is in stochastic solvers or computer
graphics applications. In these solvers, no secondary ray is followed; however, the
primary rays must cover all angular direction in the geometric domain. A char-
acteristics line T (tracking line) is defined by its orientation (solid angle ) along
with a reference starting point g for the line. The domain is first covered by choos-
ing a quadrature set of solid angles, composed of discretized directions and their
corresponding weights (Qi, w;). Then, the plane Iy, perpendicular to any selected
direction ¢, is split into a Cartesian grid of n elements and the starting points p; ,, of
each characteristics are found. For each discretized direction %, a whole set of tracks

T;,n will be generated. For a chosen ’f(fl, P), the collection of segment lengths Ly and
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numbers of regions Ny, for each region encountered along the line must be calculated
(and can eventually be recorded in sequential binary files). In order to accurately
cover a 3D domain with reflected boundary conditions, we need ~ 103 — 108 such

tracks depending on the spatial mesh dimensions.

4.2.3 Solution of transport equation with characteristics method

The main idea behind the method of characteristics (MOC) is to solve the differential
form of the transport equation following the straight lines (characteristics or tracking
lines). The neutron trajectories will be tracked in the local coordinates system where
an observer is traveling in the neutron direction. (Askew, 1972) The basic transport
operator is then transformed into a total differential operator. The local multi-group

characteristics equation is then given by

(% + 29(7 + sfl)) ®9(7+ s, Q) = QU(F + sQ); (4.6)
where s stands for the variable along the characteristics line. Assuming that the

segment k crosses region j, the local relationship between the incoming and outgoing

angular fluxes is given by

<

(k) = "2Y(k) + {29.
J

- ma3(0)| P (47)
where E(z) =1—e7*.

The average scalar flux in region j is calculated using

Qf L 1
9 = z—-“ng.sz-Zm,nZ<5mAi-’,n,k; (48)
i HiYii w k
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where A, = "®I(k) — °*®9(k) is the flux difference on segment k and m;, is
the weight associated with track T;n The usual Kronecker symbol ¢ is used here to

ensure that each contribution is associated with the correct region flux component.

From this equation, we see that the iteration sweep over all characteristics involves
the sequential evaluation of outgoing fluxes of Equation (4.7) on every single track

and the addition of flux differences A, , for each track T, in Equation (4.8).

4.2.4 Definition of the problem

The transport calculation for large systems is very expensive in terms of CPU time
and computation resources. Therefore, the sequential run time increases at least
linearly with problem size (number of regions for fixed number of energy groups).
Typical large-scale problems can take weeks. (Dahmani, 2003a) In addition to that,
the tracking data must be stored in a sequential binary file which size can reach
hundreds of GB. Thus the storage resources can become prohibitive in addition to the
related I/O operations which are often bottleneck for such applications. (Dahmani,
2003b) Moreover, conventional transport acceleration techniques, such as Diffusion
Synthetic Acceleration (DSA) (Adams, 2002) are difficult, if not applicable, for MOC
equations. Transport Synthetic Acceleration (TSA) methods have also been applied
recently to MOC acceleration (Zika, 2000), but these are still inefficient for large-
scale problems. In order to overcome such limitations, an alternative to improve
the performance of the transport solvers is to use the high performance computing

methods.

4.2.5 Parallelization of transport equation: Related work

Recently, the scientists working in nuclear engineering field have increasingly used

parallel computers to solve problems that require large amounts of computing re-
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sources. Simulations involving advanced reactor design are now done using these

new parallel algorithms.

The parallelization of the transport equation, based on Collision Probability method,
obtained after distributing the energy variable in multi-group solver, as well as the
usual spatial decomposition methods, have already been developed a few years ago
(Qaddouri, 1996). Domain decomposition techniques have also been explored for
large-scale transport calculations using the method of characteristics. The spatial
decomposition of multi-assembly problems where neutron paths are directly con-
nected when crossing assemblies exhibit limited speedup (5.3 on 8 processors) on
shared memory Sun Enterprise4d000 because of the tight coupling between the as-
semblies (Kosaka, 1999). The angular decomposition technique, where directions are
distributed among a set of processors, has also been tested (Lee, 2000). Speedup
obtained using this angular decomposition is of the order of 3.7 for 4 processors, and
6.8 for 8 processors. Other works were done in this context (Azmy, 1993; Sjoden,
1997). In these works, based on Sy method, the domain decomposition techniques

are used for the spatial and/or the angular variables.

Almost all these techniques were restricted to two-dimensional problems; this is
mainly due to the fact that PWR reactors can be accurately represented using 2D
models. However, in CANDU reactors as in many newer designs, the geometry of
the core is three-dimensional, with control mechanisms perpendicular to the fuel

channels.

In the present work, we analyze the computational solutions for 3D large-scale trans-
port calculation using the method of characteristics. We conceive an analytical
model for the communication/computation ratio in order to be able to predict the
specific performance on different kinds of architecture. The speedups obtained for up
to 32 processors on different parallel machines are encouraging. Scalability analysis

based on the isoefficiency function is applied to our parallel code when we increase
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the size of the problem and the number of processors.

4.3 Analytical model for the MCI parallel algorithm

4.3.1 Parallel algorithm and distribution of tasks

In this section, we show how the tracks are distributed in order to balance the charge
on each processor and to avoid idle time that can decrease the overall performance.
Our static load balancing techniques are based on calculation load estimations for

each processor. First, we provide some metrics useful for our performance analysis.

4.3.1.1 Finest granularity level

In a parallel characteristics solver, the basic computation unit is focused on repeating
the same sequence of calculations for each tracking line. The characteristics sweep
on one single line represents the atomic operation for the solver from which we can
construct the overall solution for each region, each angle, and each energy group. As
we have seen before, the group variable can easily be treated using data parallelism.
We now define the finest granularity level of operations that can be performed with-
out any communication from the point of view of task parallelism. At this stage,
the required local data is a collection of segment lengths L and the region numbers
encountered along the line. The nuclear data needed are the local total cross section
¥? and the scattering cross section from one group to itself (£979);. No scattering
matrices are necessary; this approach is important to preserve certain linearity in
calculation and to ensure independence between the calculations performed on dif-
ferent tracks. The global solution is then the combination of these huge amounts of

these atomic solutions.
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The solution on a single track:

For a given track T (formed by K segments), we define the crossing points in local
coordinates: s, Sy, ..., sk (Figure 4.2). Assuming a known flux @y entering the
domain, for each segment of the track, the Equation (4.6) is solved. The angular

flux at the end of each segment is recursively given by

(1—e™™)
Xy,

k

(I)k = <I>k_16_"’° +- QNk (49)

where Yy, and Qu, are the local total cross section and isotropic source in the

region Nj. 7 is the total optical path when crossing the region Ny defined by

= /s‘"‘ S (F + 1), (4.10)
Sk—1

Equation 4.9 represents the exponential attenuation of the neutrons when crossing

different regions along the track.

Isotropic currents

Figure 4.2 The neutron attenuation law across a track.

In practice, the number of tracks is much greater than the number of processors

available. The parallelization of the solver is then done by grouping the tracks and
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each slave processor takes control of one of these groups. At each iteration step,
a reduce/broadcast operation is used to recover every partial contribution to the
angular fluxes; each processor has its own copy of the flux and the source array with
a consistent unknown ordering. The scalar flux is then reconstructed on every single

processor before the iteration procedure starts.

4.3.1.2 Calculation load and problem size

The calculation load on one processor is defined as the run time required by the
processor in order to complete the computation. In our case, this time can be
related to the number of floating point operations (flop) necessary for computing all
local angular fluxes on a single track containing KCr segments. The atomic one-group

time ¢7 is given by

tp = 2ty + 2ty + K (te + 5tx + T4 ; (4.11)

where t, ty and t. are the time required for an addition, a multiplication and an
exponential evaluation respectively. Two options are available : either exponential

calls, or the use of linear tables for interpolating exponential values (Dahmani, 2002)

The total serial time Ts spent by a single processor working on N tracks and Ng

groups is then

Nrp
Ts = NgNp |2tx+2ty + > K7 (te + 5tk + Tty)
T=1

~ NgNp [4+Kr (o + 12)] top; (4.12)
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where K is the mean number of segments for the Ny tracks, and t,, is the mean
time necessary for one flop (this is a machine-dependent constant). The variable 7,

stands for the mean number of flop for exponential evaluation.

The size of the problem W is defined as the measure of the number of basic operations
needed to solve the problem. Here, we can assume that W is proportional to serial

time needed to solve the problem

Ts = Wtep. (4.13)

In the following, we assume ¢,, = 1. The size of the problem is nearly proportional
to NgNpKr. In order to achieve high performance on parallel machines, the calcu-
lation load must be distributed fairly among several processors. This implies that
the atomic-level load of each track must be taken into account before statistically

dispatching a group of tracks to a processor.

4.3.1.3 Fair distribution of the tracks

We now study the mechanism by which the atomic tasks are assigned to run on
different physical processors. In order to keep our model general enough to cover
most parallel architectures, we will decouple the running 'processes’ from the phys-

ical processors (Leopold, 2001). The allocation of tasks to processes is done by a

mapping:

M:T —- P

(i,n) = p
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This mapping goes from 7, the domain of characteristics onto, P, the range of
processes. As explained above, the tracking lines T;n are identified by direction 4
and starting point n. A global numbering of tracks has no particular use, so we
will assume that tracks are numbered from 1 to N in the order they are generated.

This global numbering scheme (i, n) will be assumed when needed in the following.

Since the calculation time for a track linearly depends on its number of segments,

the process calculation load defined as

Lip)= > tr(i,n); (4.14)
(im)eM—1(p)

is not necessarily uniform, even if we put the same number of tracks on each process.
An evenly distributed number of segments on each processor will be the major
criteria to build our load balancing algorithm. A good mapping should take into
account the total calculation load of each batch of tracks. The options currently
implemented to distribute tracks are called: SPLT, STRD and ANGL (Dahmani,
2004; Dahmani, 2003a).

Several tests were done that show the STRD option is better balanced than the
two others. This technique is based on a round-robin distribution of tracks. It is
a cyclic mapping of all tracks to a single processor, such that p = I(4,n) mod P.
The first process takes the tracks numbered 1,1+ P,1+ 2P, ..., the second process
2,24+ P24 2P,..., etc. Using this option, it is statistically unexpected to have
two batches of tracks having a substantial difference in their average number of

segments. (Dahmani, 2002)

4.3.1.4 Parallel algorithm

At the solver level, each processor takes control of batches of tracks to accumulate

contributions to average angular fluxes; a partial sum of flux differences is accumu-
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lated by region and energy group in a flux scalar array. At each inner iteration, the
processors communicate their results to all other processes by using a reduce/broad-
cast procedure. In Figure 4.3, we show how the partial sums P.S, are collected from

all processors. These sums are defined by

1
PS, = Ay¢d = SV Yo wimig ijaijA;{n,k; (4.15)
J

(i,n)eM~1(p)

where ¢7 is the flux for region j and energy group g. After the reduction operation,

at the end of the inner loop, all processes have the same copy of the scalar flux

g

] P
=55+ 2 A (4.16)
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4.3.2 Modeling the overhead function

The overhead function T} is defined as the total time collectively spent by all proces-
sors in addition to the one required by the sequential algorithm for solving the same
problem on single processor. The major sources of overhead, in a well-parallelized
code, are the interprocessor communications and the load imbalance. If we assume
that the tasks in our parallel program are evenly distributed, then the overhead
function will be dominated by the communications overhead. The communication
time depends on the amount of data exchanged at each step of the algorithm. Here,
we consider the most general case where we exchange parts of the current/flux vec-
tor of dimension (Ng + Ng + 1) x Ng, where Ng and Ng stand for the number of
regions and the number of external surfaces respectively. In the following, we set

Ngg = Ng 4+ Ng + 1. In that case, we have

To = CV(P)tS + [th + NRsNgtw] ,B(P), (417)
where

o t, is the startup time for data transfer, it is the time required to handle a
message at the sending processor. This delay is occurred once for a single

message transfer;

e t, is the per-word transfer time, inversely proportional to the available band-

width between nodes;

e i, is the per-hop time, time taken by the header of the message to travel
between two directly-connected processors in the network. In general this

time is very small. In the following, we take t; = 0;

e o and g are functions of the number of processors. They take into account

the communication paths between the processors, depending on the network
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topology and the message passing implementation.

If we use P processors to do the parallel computation and we assume that all pro-
cessors have the same load, we can write the relationship between the serial time T'g

and the parallel time Tp as

Ty = PTp —Ts (4.18)

4.3.3 Modeling the isoefficiency function

Using the Equation (4.13), the parallel execution time Tp can be expressed as func-

tion of the problem size, overhead function, and the number of processors as

_ W4+ Ty(W, P)

Tp 5

. (4.19)

The parallel speedup S is defined as the ratio of the serial execution time to the

parallel execution time

Ts WP

S==——-_ -
Tp W+ Ty(W,P)

(4.20)
The efficiency of the parallel system is evaluated as the ratio of the speedup to the

number of processors
S 1

=S =" 4.21)
To(W,P) (
P14 7

For scalable parallel systems, efficiency can be maintained at fixed value (0 < E < 1)

if the ratio Tp/W is maintained at a constant value.
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= ; (4.22)

Let K = E/(1 — E) be the parameter depending on the efficiency to be fixed

constant. Equation (4.22) can then be written as

W = KTy(W, P). (4.23)
This equation leads to the relationship between the problem size and the number
of processors. It defines the isoefficiency function of the parallel system. For our

application, in the general case where no specific parallel architecture is chosen, the

isoefficiency function, W(P), is expressed as

W(P) =K {O‘(P)ts + NRSNGtwﬁ(P)]' (4'24)

This function is useful to determine the rate at which the problem size must increase

with respect to the number of processors to keep the efficiency fixed.

4.4 Parallelization methodology

4.4.1 MPI Implementation
To perform the communications between processes participating in calculation, we

use the Message Passing Interface (MPI) (Groop, 1994). In the following, for ana-

lyzing our model, we make the following assumptions:

¢ all processors are directly connected (switched networks);
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e the nodes are homogeneous: all the processors have similar power;

e we have a perfect load balance: Vp e L(p) = Ts/P.

All MPI communications require a communicator and the MPI processes can only
communicate if they share the communicator. The MPI standard includes a whole
set of routines that can be used for collective communications. When implementing
our solver, we use the variant of the reduce operations where the result is returned to
all processes in the communicator. On that case, the standard specification requires
that all processes participating in these operations receive identical results using a

single function call:

MPI_Allreduce( partF, totF, NgxNrs, MPIDOUBLE, MPIL.SUM, MPLCOMMWORLD )

Note that these all-reduce operations can be transformed into a one-node reduce,
followed by a broadcast of the resulting values. However, a better performance is
obtained if we take into account the possibility to send several synchronous point-

to-point messages on the local switched network.

If we consider a perfect butterfly network 5, we can minimize the number of syn-
chronized steps that are needed to add the contribution to the scalar flux. The
MPI.Allreduce routine is implemented in the last version of MPICH (1.2.5) using
an optimized recursive doubling algorithm where the processes exchange data with

each other in log(P) steps.

For a power-of-two number of processors, each process gets the final results in log(P)

steps. This communication time is

Sinterconnection network composed of log(P) levels and Plog(P) switches.
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teom = log(P)ts + NRsNgthOQ(P); (425)

This interprocessor communication contributes as P X .., to the overhead function.

Therefore, the total overhead function when using P processors is given by

To = Plog(P)ts + NrsNgt, Plog(P); (4.26)

And the efficiency for the MCI/MPI implementation is then

1
Plog(P)[ts+NprsNatw] *
NgNr[4+Kr(7e+12)]

£

- (4.27)

4.4.1.1 Generalization of the model

In all these equations involving the communication time, we consider implicitly that
the machines used are composed of nodes with only one processor. However, for
machines containing nodes with several processors, the communication overhead
function must take into account these two mechanisms used for the communication:
the shared memory when processors belong to the same node and the network com-
munication when the processors belong to the different nodes. Let us assume that
there are m processors per node. If the recursive doubling algorithm for commu-
nications is applied, the first log(m) communication steps will not involve message

passing between nodes. Thus, the communication overhead function becomes

TO =P (log(P) - log(m)) [ts,net + NRSNGtw,net] +
Plog(m) [ts,sh + NrsNetw,snl ; (4.28)
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where £, et and ty, ne: are the startup time and the per-word time for the message
passing network communication. t,, and t, s, are the startup time and the per-
word time for shared memory communication. In the following, for the seek of
simplicity, we generally continue use the Equation (4.26). However, numerical results

are provided for the corrected Equation (4.28) in the case of hybrid machines.

4.4.2 Isoefficiency analysis

From Equation (4.24), we can write

W(P) = KPlog(P) [ts + NRsNgtw] ; (4.29)

The isoefficiency function varies asymptotically as ©(Plog(P)). Thus if the number
of processors is increased from P to P’, then the problem size must be increased by a
factor of (P'log(P’"))/(Plog(P)) to maintain the same efficiency as on P processors.
We can do the same thing by using Equation (4.27), the parameter K is given by

_ NgNr[4+Kr (7 +12)]
~ Plog(P) [ts + NrsNcty|

(4.30)

Since t; << NpgrgNgty,, the dominating term in the overhead function is then

Plog(P)NgsNgty,. Then K can be approximated by

D

K~ PlogP)’ (4.31)

where the factor D = (NT—IGT (Te + 12)) / (Ngst,,) depends only on the dimension-
ality of the problem.



102

In order to maintain K constant when increasing the number of processors by
a factor of P'/P, D'/D must be equal to (P'log(P’))/(Plog(P)). Actually, the
number of tracks depends on the number of regions and dr the density of tracks

tracks/cm?); and the mean number of segments depends on the number of regions:
g g

NT = NT(NR, dT) and KT = KT(NR, NT)

The variation of the problem size affects the overhead function by varying the size
of the message. For a fixed problem size, the efficiency varies asymptotically as
@(@E) To keep the efficiency at acceptable values, it is necessary to find
the best trade-off between the problem size and machine size (number of proces-
sors). In other words, the algorithm is scalable if the factor D increases by a factor
of (P'log(P'))/(Plog(P)) when increasing the number of processors from P to P’
leading to an increase of the speed up by a factor of P’'/P.

4.5 Results and discussion

All the results presented in this section are obtained for CANDU-6 3D supercell
problems. A supercell is composed by two horizontal bundles containing the Ura-
nium oxide fuel, and one vertical absorber rod (see Figure II1.3). The transport
equation is usually solved by critical buckling search with first order leakage treat-
ment. (Roy, 1994) For most of our tests, we use 24 discrete directions and 89 energy
groups. The spatial meshing and the track density can be changed as needed to
ensure accuracy of the multigroup solution. In all cases presented here, we use the

STRD option for the load balancing.



Figure 4.4 CANDU-6 supercell

4.5.1 Program portability
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Our parallel program is designed to run on different parallel systems: machine archi-

tecture, operating system and MPI implementation which can vary as long as these

are compliant with the MPI standard. In Table 4.1, we show the speedup obtained

with three different parallel systems.

Tableau 4.1 Speedups using different MPI parallel systems

Number of processors
Machine OS | implemetation | 2 4 8 16
Beowulf cluster (P = 16) Linux LAM 1.95]3.73 | 6.58 | 12.11
Cluster of SMPs (P = 32) Linux MPICH 1.98 | 3.92 | 7.93 | 15.29
NUMA (P = 16) IRIX SGI MPI 1.98 | 3.87 | 7.68 | 13.85
Cluster of NUMAs (P = 64) | Linux MPICH 1.97 | 3.76 | 7.54 | 13.22
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4.5.2 Performance analysis

In the following subsections, we present our performance analysis tests for two ma-
chines: a cluster of SMP computer (Charybde) with 32 processors and a cluster
of NUMAs (Hydra) with 64 processors, both using the MPICH implementation of
MPL

4.5.2,1 Performance tests

In order to validate the performance of the model, empirical data was gathered to

complete the machine specific aspects of the model.

The actual floating point performance of the system is evaluated using the ”flops.c”
benchmark developed by Al Aburto (Aburto). We choose the MFLOPS[4] result,
which does not involve any floating point divisions (only the addition and the mul-
tiplication are performed), to calculate the time per flop t,, because it reflects more
accurately the distribution of floating point operations for our application. The
evaluation of the average number of flops per exponential 7, is done by using a sim-
ple benchmark. Random numbers were generated and their exponential evaluation
timed. This evaluation makes sense because the total cross section varies from one
energy group to the other and is not predictable along a characteristic. An average
time, 7., was derived from theses results, which was converted to flops using %,
(Table 4.2). For modern NUMA nodes, pipelining makes it difficult to count the
calculation load in terms of counting the exact number of flops. However, we shall

see that this model still gives a crude estimate of the load.

These data were used to calculate both the startup time for data transfer (¢, ne; and
ts,sn) and the per-word transfer time (fy net and ty, s4). Communication timing was

collected using the MPI benchmark suite (Table 4.3).



4.5.2.2

Tableau 4.2 Empirical data for two machines

Machine (us) (flops)
Charybde | f,, | 0.00445 | 1
Te | 0.4225 | 94.885
Hydra | ¢, | 0.000827 1

Te 0.028

34.5

Tableau 4.3 Communication timing for two machines

Machine ts,net (/J,S) ts,sh (,U,S) tw,net (,LLS) tW,Sh(Ms)
Charybde 17.1 2.11 0.08 0.079
Hydra 13.3 0.6 0.0612 0.01

Model validation
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Numerical tests done for various problems ¢ are summarized in the following table:

Tableau 4.4 Problem size parameters for different tests

Test | Nr | Ns | Ngrs | dr (track/cm?) Nr

T 46 35 82 10 275262

T 368 | 280 | 649 10 1101048
T3 560 | 376 | 937 10 1646825
Ty 944 | 568 | 1513 4 1078084
T5 | 1136 | 664 | 1801 4 1293560
Te | 1712 1 952 | 2665 4 1928506
T, | 2480 | 1336 | 3817 4 6965508

Efficiencies obtained by the model are compared to those given after running the

parallel code. In Figures 4.5 and 4.6, we show the results obtained on machine

Charybde for two different problem sizes (T3 and T,). The curves show a good

agreement between the experimental data and the analytical model. Small diver-

gences are observed for P = 32 when all the cluster nodes are used. This can be

6The problem corresponding to the test T} is shown in Figure 4.4
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explained by the fact that node 01 is also the server for the cluster.

In Figures 4.7 and 4.8, results on Hydra using over 64 processors are reported. The
results show small discrepancies between the calculated and measured efficiencies.
This could be due to the fact that for this specific machine the communication over-
head is not very well estimated or the machine communication parameters measured

(especially t,,) are not accurate enough.
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Figure 4.5 The measured and predicted efficiency on Charybde for (T3 with Ngs =
937)

In our model, the overhead function T, grows faster than ©(P). Following an ar-
gument explained in (Gupta, 1993), from Equation (4.19), the term W/P keeps
decreasing with increasing P, while the term T,/P is increasing. Therefore, the
overall T, will first decrease and then increase with increasing P. It means that

3 Py, for fixed problem size W, that minimize T, as
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Figure 4.6 The measured and predicted efficiency on Charybde for (T4 with Ngg =
1513)

d (W+T°> = 0; (4.32)

dP\ P

In Figures 4.9 and 4.10, the T}, and T, functions are presented for two test cases (T3
and Ty). It shows that T, slightly varies when varying the problem size while the

differences in Ty are more important because of the increase of the message size.
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Figure 4.7 The measured and predicted efficiency on Hydra for (Ty with Npg = 1513)
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Figure 4.8 The measured and predicted efficiency on Hydra for (Tg with Npg = 2665)
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Figure 4.9 Parallel time Tp using different problem sizes
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Figure 4.10 The overhead function Tj for different problem sizes
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4.5.2.3 Scalability

We now study the behavior of the efficiency when varying some main parameters
of the problem. All the following results are obtained using Charybde machine. For
a given parallel machine, the efficiency function depends on the number of energy
groups, the number of regions and surfaces, the number of tracks and the number

of processors

& = &(Ng, Ngs, Nr, P) = £(D, P); (4.33)

where D = (NTKT (Te + 12)) / (Ngst,,) was defined as the dimensionality of the

problem.

In the following tests, the number of energy groups is kept constant (still equal to
89). If we fix D and we vary the number of processors, the efficiency function varies

asymptotically as

1
1+Pl0gP!.

D

&~ (4.34)
If D — oo then £ — 1. For P > 16, the efficiency decreases faster. Thus, for a fixed
problem size, the peak performance is reached in this interval where the parallel run

time is minimum.

Now, let us vary the number of regions by choosing different mesh sizes (46, 368,
560, 944, 1136, 1712 and 2480 regions). Obviously, the number of tracks and the
mean number of segments also vary and so does the factor D. This means that the
computational time and the communication time (the size of the message) change at
the same time. The comparison between the measured and predicted values of the

efficiency are reported in Tables 4.5 and 4.6. The results are very close except for
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P = 32 for reasons explained above. The small discrepancies are also due to the load
imbalances (even if the tracks are distributed evenly over all processors, the number
of segments per track is not automatically the same) and the synchronizations that
we did not take into account in our analytical model. However, the results show the
dependence of the efficiency on the D factor. The efficiency is very sensitive to the

variation of D especially for P > 8 in all cases.

For T} and T of the Tables 4.5 and 4.6, the efficiency values are very close. Those
values correspond to almost the same D factor, though Ngs and Nr are different.

For P > 8, the efficiency values are more stable as D increases.

Tableau 4.5 Predicted efficiency by varying the problem size (values in bold are
similar to Table 4.6)
Problem size parameters Number of processors

Test | Ngs Nrp D 2 4 8 16 32
T, 82 | 275262 | 49222 | 0.992 | 0.971 | 0.916 | 0.801 | 0.616
T, 649 | 1101048 | 75540 || 0.995 | 0.983 | 0.950 | 0.876 | 0.738
Ty 937 | 1646825 | 95647 || 0.996 | 0.986 | 0.958 | 0.895 | 0.773
T, | 1513 | 1078084 | 45903 | 0.991 | 0.966 | 0.903 | 0.775 | 0.578
Ty | 1801 | 1293560 | 49747 | 0.992 | 0.971 | 0.916 | 0.802 | 0.617
Te | 2665 | 1928506 | 55720 | 0.993 | 0.971 | 0.917 | 0.806 | 0.625
T, | 3817 | 6965508 | 140514 || 0.997 | 0.987 | 0.962 | 0.906 | 0.794

Tableau 4.6 Measured efficiencies by varying the problem size (values in bold are
similar to Table 4.5)
Problem size parameters Number of processors

Test | Nrs Nr D 2 4 8 16 32
T, 82 | 275262 | 49222 | 0.992 | 0.974 | 0.913 | 0.802 | 0.634
T, 649 | 1101048 | 75540 || 0.989 | 0.97 | 0.932 | 0.851 | 0.603
T 937 | 1646825 | 95647 || 0.989 | 0.962 | 0.942 | 0.893 | 0.61
T, | 1513 | 1078084 | 45903 | 0.988 | 0.951 | 0.8927 | 0.765 | 0.46
Ts | 1801 | 1293560 | 49747 || 0.991 | 0.972 | 0.908 | 0.804 | 0.602
Te | 2665 | 1928506 | 55720 || 0.991 | 0.964 | 0.897 | 0.801 | 0.607
T; | 3817 | 6965508 | 140514 || 0.994 | 0.975 | 0.946 | 0.892 | 0.688
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For a fixed number of regions, we now increase the number of tracks by varying the
user-input value for the density of tracks dr. Computation time increases when in-
creasing the number of tracks. However, a nice property of our parallel code is that
the size of messages is kept constant because Ngg is constant. According to the isoef-
ficiency analysis (see section 4.3), to maintain K constant when increasing number of
processors from P to P’, D must be increased by the factor of (P'log(P’))/(Plog(P))
which is equivalent to increase the ratio Nj/Nr by the same factor because Ngg,
Kr, 7. and t, remain constant. In other words, since, for fixed Nrg, Nr depends

only on the density of tracks dr, we should have

Ny _dp _ P'log(P")

Ny dr  Plog(P)’ (4:35)
or
, _, Plog(P")

To test this behavior, we did some experimental tests. For fixed Ngs = 82, we
vary the density of tracks dr in such a way that the ratio to the new value respects
Equation (4.36). Thus, we increase dr by a factor of 4 for P = 4 and by 2.5 for
P = 16. The results in Table 4.7 show that the efficiency values are improved in
both cases and the efficiency is kept almost constant (the first two values and the

last two values).

Tableau 4.7 Efficiency by varying dr
dr | 10 40 10 25
p 2 4 8 16
E 10.992 | 0.984 || 0.913 | 0.892

Following the same reasoning, in order to keep the efficiency constant by changing
the machine size from 2 to 32 processors the density of tracks must be multiplied

by 60. Note that, since the tracks are stored in sequential binary files, increasing
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the density of tracks is equivalent to increase the file size by almost the same fac-
tor. Therefore, it is practically impossible to scale our application on such a large
number of processors by varying only the density of tracks because of the machine
storage capacity (I/O bound). In all cases, the increase of dr generally improves
the computational precision, but it does not increase the physical dimensionality of
the problem. In large-scale 3D problems, the ideal way to scale is to find a good
combination when varying the global dimensionality of the problem, D, in order to

keep the efficiency constant when varying the number of processors.

4.6 Conclusion

Nuclear engineering has introduced many industrial strength applications, namely in
order to follow the neutron behavior in reactor cores. The parallel strategy described
in this paper allows reactor physicists to accurately solve neutron transport problems
over large-scale domains (whole reactors or large parts of them). In the coming
years, day-to-day runs for core follow-up may need the direct solution over large 3D

problems to get accurate results in a reasonable amount of CPU time.

In this paper, we have introduced a computational method to solve such problems.
An analytical model for the communication/computation processes, on which our
parallel algorithm is based, has been presented. The validation of the model using
empirical data shows its good accuracy. Using this model, we have extended our
study to the scalability tests. Based on the system efficiency responses, we have done
several tests by increasing the dimensionality of the problem and/or the number of
processors. Results show that by choosing an adequate combination of the problem
size parameters, we can keep the efficiency almost constant. These tests, done using
an cluster of SMPs with 32 processors, show that the algorithm is conditionally

scalable.
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The method of characteristics has been shown to provide a linear and scalable ap-
proach to solve large-scale transport problems. Moreover, this work could be ex-
tended in the context of heterogeneous architectures and for a very large number
of processors. However, in that case, the static load balancing should be revised
to take into account the CPU resources. For very large 3D problems, since tracks
are stored in sequential files and the solver needs to access these data, we are faced
with some 1/O and memory bounds. In order for parallel computers to be fully us-
able in solving such large-scale problems, the I/O performance must also be scalable
and balanced with respect to the CPU and communication performance. Thus, the
implementation of parallel I/O or the elimination of the tracking file needed in the

solver shall be considered in future works.
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Abstract

The Generalized Minimal RESidual (GMRES) method, using a Krylov subspace pro-
jection, is adapted and implemented to accelerate a 3D iterative transport solver
based on the characteristics method. Another acceleration technique called the
Self-Collision Rebalancing technique (SCR) can also be used to accelerate the so-
lution or as a left preconditioner for GMRES. The GMRES method is usually used to
solve a linear algebraic system (Az = b). It uses K(r(®), A) as projection subspace
and AK(r(), A) for the orthogonalization of the residual. This paper compares the
performance of these two combined methods on various problems.

To implement the GMRES iterative method, the characteristics equations are derived
in linear algebra formalism by using the equivalence between the method of char-
acteristics and the method of collision probability to end up with a linear algebraic
system involving fluxes and currents. Numerical results show good performance of
the GMRES technique especially for the cases presenting large material heterogene-
ity with a scattering ratio close to 1. Similarly, the SCR preconditioning sligthly

increases the GMRES efficiency.
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5.1 Introduction

The method of characteristics (MOC) solves the differential form of the neutron
transport equation by following the characteristics of the system (tracking lines)
which simulate the neutron paths (Askew, 1972). The scalar flux per region and
energy group is constructed by collecting all mean angular fluxes in terms of the
entering angular flux and the source inside the region. The sequential 3D character-
istics solver MCI was developed to treat supercell problems with isotropic boundary
conditions. This technology was found accurate with respect to several transport
problems specific to CANDU reactors, where reactivity devices are perpendicular
to the fuel channels (Wu, 2003a). It has been shown that for relatively small prob-
lems with a limited number of regions, the CPU times observed with the sequential
MCI solver are similar to ones of the EXCELL module of DRAGON (Marleau,
1997) (which is based on Collision Probability (CP) method) and with almost the
same number of outer iterations. Nevertheless, for large problems the MCI solution
is slowed down by the current convergence due to flux/current initialization (flat
flux). However, several acceleration techniques have been developed which are par-
ticular to the method of characteristics. CACTUS has used the same algorithm for
many years: the energy group rebalancing algorithm (Halsall, 1998). This algorithm
consists in solving a homogeneous problem at the end of every iteration and rescal-
ing the characteristics flux according to the homogeneous solution. Larger spatial
problems benefit less from the energy rebalancing of the homogeneous calculation
because the spatial dependence of the flux solution converges much more slowly.
Zika and Adams employ a Transport Synthetic Acceleration (TSA) in their long
characteristics code (Zika, 2000). Like others synthetics methods, the idea is to
solve a low-order approximation which is represented using a simplified transport
operator in order to accelerate the high-order approximation which is the original
transport operator. The low-order equation used in TSA is a modified transport

problem in which the scattering cross section is artificially reduced. The low-order
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equation is also solved by a long characteristics method but using a cruder angular
quadrature and a coarser ray spacing than the high order problem. These two sim-
plifications significantly reduce the number of unknowns in the low order equations
and result in considerable savings in computational cost.

Unfortunately, for several categories of problems restriction and prolongation oper-
ations must be defined in order to map between the high and low order boundary
angular grids. The Angular Dependent Rebalance (ADR) iteration method was
studied when applying to the Step Characteristic (SC) scheme for transport prob-
lems in equilateral triangular meshes where the unknowns are surface-averaged and
the volume-averaged quantities (Hong, 1999) The rebalancing factor is only defined
on the edges of the triangular meshes and its angular dependency is assumed to be
uniform for each sextant. However, it would be very difficult to generate the ADR
method for an arbitrary geometry and the accuracy of the SC scheme is not very
good. In the environment of the interface-current code TDT (part of APOLLO2
(Loubiére,1999)), Sanchez and Chetaine have developed a characteristics method
for unstructured two-dimensional geometries (Sanchez, 1999). Based on piecewise
uniform and isotropic approximations for cell entering and exiting fluxes they have
developed a synthetic acceleration technique for their characteristics method. How-
ever, the synthetic acceleration equations are nonsymmetrical and the size of the
system of equations is very large. There are two methods for the inner iteration
acceleration in the MCCG code (Method of Characteristics in Complicated Geom-
etry) (Suslov, 1994): the most of the standard acceleration techniques cannot be
directly used (namely, diffusion synthetic acceleration cannot be directly used due
to their restricted geometrical application) or were not found efficient enough (Wu,
1999).

To accelerate the solution of the MCI, several numerical acceleration methods were
tested. The adapted Self-Collision Rebalancing (SCR) method was shown to give
good performance results (Wu, 2003b). This technique is based on the equivalence

theorem between the CP and MOC methods, The SCR technique uses the collision
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probabilities from one region to itself in order to rebalance the energy distribution
of the scalar flux for each region separately. The Track Merging Technique (TMT)
can also be used for numerical acceleration. The TMT is designed to reduce the
number of tracking lines by merging the two neighboring tracking lines crossing the
same regions in the same order into one line associated with the sum of the weights
of each of them (Wu, 2003b).

Recently, remarkable progresses has been made in solving linear systems with sparse
non-symmetric matrices using algebraic iterative methods because of the introduc-
tion of methods based on Krylov subspaces (Saad, 1986). Consequently, the use
of these methods has been increasingly applied in many different fields. In neutron
transport applications, many researchers have been using these methods either as in-
tegrated solvers or to accelerate the solution (Patton, 2002; Hanshaw, 2003; Warsa,
2003). In all these works, the Krylov-based subspaces methods are combined with
the Sy method. Unlike the Sy method, the solution of the characteristics equa-
tions does not end up with a solution of a direct linear algebraic system which is
not trivial for the implementation of these techniques. Thus, the derivation of the
characteristics equations in operator form is needed. This is done by using the
equivalence between the characteristics method and the CP method. The solution
of the characteristics equations is then obtained by solving a linear algebraic system
involving fluxes and currents.

In this paper, we investigate the application of the GMRES method, using a Krylov
subspace, as an accelerator for 3D sequential characteristics solver. The SCR tech-
nique is also used either for the acceleration or as a left preconditioner for the system.
The remainder of the paper is organized as follows. In section 2, we present a 3D
characteristics formalism with brief review of the SCR technique. In section 3, a brief
overview of the methods based on Krylov subspaces used to solve the linear alge-
braic systems, GMRES iterative method and the computational schemes used for the
implementation are discussed. Section 4 is dedicated to the derivation of the char-

acteristics equations in operator form and the implementation of the GMRES method
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to accelerate the solution. We will show also how the SCR can be used as left precon-
ditioner for the GMRES system. Finally, numerical results showing the performance

of these acceleration techniques will be reported.

5.2 The 3D characteristics formalism

The multi-group isotropic transport equation to be solved to obtain the flux from

an isotropic source is

BY(7, Q) ®4(F, ) = Q(7); (5.1)
where
e 7 is a spatial point in the domain D;

€ is the solid angle;

g is the energy group;

o BI(F, Q) =Q-V+xo (7) is the transport operator in group g;

Y9(F) is the total cross section in group g;

Q9(7) is the isotropic source in group g;

g is the group index with G the total number of groups.

The source in Eq.(5.1) is composed of two terms, the isotropic scattering and fission

sources:

Q(r) = S9(7F) + F*(7); (5.2)
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where

F(7) = 225 v s ()97 (53)

S9(7) = 3 LB () 5.9

gl

and ¢9(7) is the scalar flux in group g.

The characteristics method solves the differential form of the transport equation fol-
lowing the straight lines (characteristics or tracking lines). The neutron trajectories
will be followed in the local coordinates system where an observer is traveling in the
neutron direction. Along these lines, the basic transport operator is transformed

into a total differential operator

BO( ) — 0%(s) = = + 29(7 + 562 (5.5)

where C9(s) is the characteristics transport operator in group g and s stands for
the variable along the characteristics line. The local multi-group characteristics

equation is then given by

C9(s)DI(7+ s, Q) = QU(F + s%). (5.6)

The average scalar flux in region j with volume V; and in energy group g is obtained

by integrating over volume and directions

V! = /dBr /dzﬂ 39(7, Q1)
V; 4
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“+o0 - A A
- / T / dt Xy, (T ) @ (7 + 102, 2). (5.7)
S —00

A characteristics line T is determined by its orientation € along with a reference
starting point p'for the line. Variable ¢ refers to the local coordinates on the tracking
line, and the function vy, (ZI_”, t) is defined as 1 if the point 7+ ) on the line T(Q, D)
is in the region Vj, and 0 otherwise. The d*T element can now be decomposed into

a solid angle element d() and a corresponding plane element d2p.

5.2.1 Discretization of characteristics equations

The spatial and the angular domains are sampled using a ray tracing procedure as
described in (Dahmani, 2002). The T domain is first covered by choosing a quadra-
ture set of solid angles, composed of discretized directions and their corresponding
weights ({4, w;). We generally use the Equal Weight Quadrature (EQy) to generate
the angular directions (Carlson, 1971). Then, the plane Ilg perpendicular to any
selected direction ¢, is split into a Cartesian grid meshing and the starting points
Din Of each characteristics are found. For each discretized direction 7, a whole set of
tracks T;n will be generated. When travelling across different regions, the neutron
beam following the characteristics crosses K, segments numbered by index k; the
segment lengths are labeled Ly and the region numbers are N;. Assuming that the
segment k crosses region j, then the local relationship between the incoming and

outgoing angular flux is given by

93(6) = ")+ [ - 80| B (55)

where 75 = Ztgf’“ is the neutron optical path and E(z) = 1 — e™®. Assuming that
the track lengths have been normalized to ensure volume conservation, the average

angular flux per region is given by
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DV; (%) = V;QI + Y in ; Oin AL ks (5.9)

where A, = ™¢9(k) — °"*¢¥(k) is the flux difference on segment k and 7;, is the
weight associated with track T;n In Eqn (5.8-5.9), the same calculation is done for

each energy group.

The average scalar flux in region j is computed by integrating Eq. (5.9) over all

directions:

g
~ 1

o] = f}% T %7V, D_Wi ) Tin Zk:‘stkAg,n,k‘ (5.10)
J J i n

From this equation, we see that the iteration sweep over all characteristics involves
the sequential evaluation of outgoing fluxes of Eq. (5.8) on every single track and

the adding of flux differences A, ; for each track T, . in Eq. (5.10).

At the boundary of the external surfaces, the outgoing current is calculated using

the angular flux computed on the segment K crossing the surface o

J:’g = Zwi Zﬂ'imxa,}( (QZ . Na) OUt¢§(K), Qi . Na > O; (511)

1

and X,k is defined as

1,if 7€ S,
Xo, K = (512)
0, otherwise.

The isotropic reflection condition with an albedo is then applied as follows
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Jo ! = Bada?; (5.13)

where (3, is the albedo factor on surface S,.

5.2.2 SCR formalism

In the following, the group index will be dropped unless necessary. From the Eq.
(5.7), one can calculate the region integrated scalar flux by using the segment inte-

grated angular flux as

Vi®; = [ TS b5, Lachs (k); (5.14)
T k
where
Ly
Lid;(k) = / dtd(F + 1, ). (5.15)
0

The integration of the Eq. (5.15) leads to the following equation

3(k) = Py ) Qg

Tjk 47T2tj Tjk

); (5.16)

By adding all the angular flux contributions, the region scalar flux can be calculated

as
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®; = Et,v/d4T{ ] 8 Ny, "¢i(k)E (Tjk)}

+ 47r2t d'T {Z%Nk Li(1 - Bl k))}; (5.17)

Tjk

The outgoing current at the crossing surface S, is then given by

A AT Xo,x 950 (K) (1 — E(Tjok))

@ / AT Xox E(Tj, k). (5.18)

+ 47T2tja T

The equations above can be rewritten as

®; = "®;+p;;Q; (5.19)
JC—:- = inJ(;t'--*_pjaaViana; (520)

where the index j, indicates the last region encountered before the sub-surface

1 E(7ik)\ | . .
Sa. The pj; = ym /*r d'T {zk: 6;n, Li(1 - fi) is the reduced collision
probability from region j to itself (reduced self-collision probability) and pj.o =
W—— / d*T x. kE(7j,K) is the leakage probability from a convex region j, to
t.?u Ja
the surface a. Both are expressed with the characteristics formalism.

The use of the SCR to accelerate the MCI solver is based then on splitting the total

sources in two terms, the self-scattering term and the fission with the scattering of

all other groups as: @ = X7;7®7 + Fy;. The Eqn.5.19 and 5.20 can be rewritten
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then as

(1-piiZe)® = ™®;+pj; Fy (5.21)
J;- = inJ‘;I— + pjaa‘/ja Esjaq)ja + pjaa‘/janja' (522)

More details on the derivation of the SCR method and its use to accelerate the

characteristics solver are fully presented in (Wu, 2003b).

5.3 Krylov-based iterative methods

The objective of these methods is to solve the linear system of the form

Az =b (5.23)

performing a projection of the solution onto a Krylov subspace and orthogonalizing
the residual with respect to another subspace. The different methods of this class
arise from the choices of these subspaces and the orthogonalization process. Among

these methods, we can distinguish: (Meurant, 1999; Saad, 1996)

1. Methods based on the Arnoldi orthogonalization process which is a modified
version of the well-known Graam Schmidt method to construct an orthonormal
basis of the subspace K, (7o), PH). Among these algorithms, we can cite

GMRES, GCR and ORTHOMIN.

2. Methods based on the Lanzcos bi-orthogonalization process which constructs

a bi-orthogonal basis of the subspaces K (75, PH) and Kn (), (PH )T)
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This technique is an extension of the Lanzcos orthogonalization pfocess for
symmetric system in the general non-symmetric case. It is used for instance

in BCG, BiCGSTAB and QMR algorithms.

Considering two subspaces generated by N vectors K = span{vy,vs,...,un} and
L = span{w;, wy, ..., wy}, the projection-orthogonalization process can be written
as

£ = z™ 4 an element of K; (5.24)

th

where (1) is the result of the n®? iteration with 2™ as input subject to

pln+l) = “m("H) - w(")H 1L. (5.25)

5.3.1 GMRES method

As highlighted in many works, each specific problem has its optimal method; one
can not expect to find a method that would be the most efficient in every configu-
rations. In our case, the system is non-symmetric and the matrix A is not directly
available; the choice is then restricted. A successful approach was to symmetrize
the transport operator (Santandrea, 2002) and to use a Krylov technique specific
to symmetric operator. However, with such a technique, many interesting precon-
ditioners are useless because of the symmetrization issues. In these conditions, we
tried one of the most popular method for non-symmetric systems which has been
shown to perform well in several computational fields. The GMRES method is easy
to implement and its restarted version, permits to control the storage amount. This
method uses K(r(), A) as projection subspace and AK(r{), A) for the orthogonal-
ization. This orthogonalization is equivalent to minimize the 2-norm of the residual
”b — Ag(ntl) “2 at each step. The restarted version GMRES(m) used for our implemen-
tation limits the dimension of the Krylov subspace K(r(®), A) to m. The orthonormal

basis is constructed using the modified Graam Schmidt method with Arnoldi step.



127

The new estimate and its residual are obtained by the Q)R decomposition of the
Hessenberg matrix obtained during the orthonormalization process. This decom-
position is updated at each iteration applying Givens rotations to the Hessenberg
matrix. A brief summary of the iterative scheme is given in Fig. 5.1. Details on

this algorithm can be found in the original paper (Saad, 1986).

5.4 GMRES implementation

5.4.1 Characteristics equations in operator form
5.4.1.1 Inner Iterations

The usual characteristics solution does not involve directly linear algebra opera-
tions. However, by using its equivalence with the CP method, we can derive the
characteristics equations in operator formalism. The equivalence theorem between
the two methods is demonstrated in (Wu, 2003b) where the collision probabilities

are written in characteristics formalism. We start from the system

Vi®; = ZJ,;paj-FZQinij

J;_ = Z J;pa'y + Z Q'L‘V;pi'y; (‘526)

where the pij, Daj, Pay, and piy are the reduced collision probabilities. By using the

sources decomposition described above, the system (5.26) becomes

(V;®; — Zzsiwpijq)i) - Z JoPaj = ZWPisti



initialization

choose initial guess z(®) and calculate the first vector of the orthonormal basis of K(r(®), A) v
(o)

[

2

iterations: for j =1,...,m while (”r(j)”2 >¢€ ||:c(j)||2) do:

Computing the Ax
Arnoldi process to update the orthonormal basis

hij = (Avj,v;) for i € [1, ] (scalar product)
J
Dj41 = Avj - Z hij’Ui
i=1
hivii = |95+l
_ Vj+1
vi+1 T Rt
j+14 .
Updating the QR decomposition of the upper Hessenberg matrix H )
bt g O,
ho1  h22 haj 0
O = T L
0 hjj—1  hjj :
0 hjt1 0

where Q; is an orthonormal matrix and R; is an upper triangular matrix of dimensions
((i+1) x (G +1)) ‘
Calculation of |[r(9) “2 and (%) based on the R; calculation

convergence reached ?

11,
=1,
if not reached, go back to “initialization step” with 7(0) — £ to compute vy

less than convergence criterion ?

Figure 5.1 The GMRES(m) iterative scheme
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(ﬁ"/ny_ - Zpa'yt];) - Z Vipi'yq)i = ZFsiwpiw- (527)

This linear system represents the inner iterations for the characteristics method for

each energy group. We introduce these notations:

- ®;);
o & = SQEEE : vector of (Ng + Ng) elements, composed of region

(Ja Jael,Ns]
scalar fluxes and incoming currents. Ng and Ng are respectively the number

of regions and the number of surfaces;

° F‘;, = (Fy)iep,ng): vector of Np elements containing the region sources com-

posed of the fission and the out-of-group scattering sources.

The system (5.27) can be written in condensed form as

A® = BF,; (5.28)
where
Azs | Ass | . .
s A= is an (Ng+ Ns) X (Ngr+ Ng) matrix. Its blocks are defined
Ase | Ags
as follows:
— Age = (Vidy; — ESJ'Vipﬁ)()Optziell,NRIjell,NRJ
— Agy = (p’Yi)()0pt2i€[1,NR]'y€[1,Ns]
- Aje = (Esjvjpja)()Optzae[1,Ns]je[1,NR]
- Ay = (ﬂa‘saw - pa’Y)()0pt2a€[l,Ns]'y€[1,Ns]
Bsr | | .
e B= is an (Ng + Ng) x Ng matrix and where
Bsr

— Bgp = (V}‘pji)()Optzieu,NR]je[l,Nal
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- Byr = (Vjpjoz)()Optzae[1,Ns]je[1,NR]'

If we introduce an iteration index, (n), we can consider standard iterations of the

method of characteristics

3" = PBE,
3O = O 4 (Iy. v, — PA)DM, (5.29)

where

o In.+Ng 18 the (Ng + Ng) X (Ng + Ng) identity matrix
e Pisa (Ng+ Ns) x (Nr+ Ng) left preconditioning matrix approaching A~*.
This iterative procedure converges if one can find a norm definition such that

I — PA|| < 1. We can express these iterations in practical way in terms of the

residual at the nt? iteration as
P(BF, — A3™) = D) _ (), (5.30)

This algorithm takes F, and ®™ as inputs and delivers dr+D) in output.

Using this linear algebra formulation, the solution of the system at the inner itera-
tions of the characteristics solver can be done by using any linear algebraic methods
especially those based on Krylov subspaces. In this context, the GMRES method has

been chosen as the accelerator of the characteristics solver.
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5.4.1.2 Multigroup iterations
For each group g € [1, G, the inner iterations in multigroup formulation are written

as

AIP9 = BIFY (5.31)

The multigroup iterations can also be viewed as a linear system by extracting the

fission source FY from the region source F¥ and constructing a system for the multi-

Fo = (Ff)ienng
P! F
® = and F =
group flux. If we define: &¢ F¢

B = diag(B%)geq,q)
A = diag(Ag)ge[LG]

o ; g—g'
Y47 = diag(357 )ieq, Nl
12 1—G
ONRX(NR+N3) Esé— ONRXNS v Zs ONRXNS
21 2G
Es(— ONRXNS ONRX(NR-l-Ns) e Es‘" ONRXNS
*
* >, = ;
Ge1 G—G-1
s ONpxns e s ONgxNs ONRX(NR+NS)

where On,xng is the Ng x Ng zero matrix, we can then write the system as
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A3 =B(T:3+F); (5.32)

and the free iterations take this form

BF — (A— BYH)3M = §r+D) _ ), (5.33)

5.4.2 SCR as a left preconditioner
5.4.2.1 Inner Iterations

The SCR technique has been investigated as a left preconditioner of the original
system. Indeed, the SCR acceleration equations for the inner iterations can be written
as
(n+3) (n)
prt) — B T Py (5.34)
J 1—p.3.. ’
Djjsas;
+(n+1)
TEO = T 4 praViBasa (@5 - @); (5.35)

where the index (n + 1) corresponds to the result of a free iteration with fluxes and
currents indexed (n) and (n+ 1) to the final result of this accelerated iteration. This

system can be rewritten in operator form as
FortD) _ §m — p(@rd _ §oy (5.36)

where

(1]

Thus, the SCR technique stands for a left preconditioner of the linear system (5.28).
The system to solve is now

PA® = PBF.. (5.37)



P = (INR - PR Zs)_l O(NRXNS)
PsyEY((In, — PrYs)™ | Ing
Prp = d’L:ag(pJJ)JE[l Ng]
Es = dl'ag( sj )16[1 Ng|
Psy = diag(pj.a Ja)ae[l Ng]
E = ( aJ) ()0pt2a€[1,Nglj€[1,NR] such as Ea] {

5.4.2.2 Global SCR for Multigroup Iterations
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1f sur faceSyisinregionj

0 otherwise

In the same way, we can extend the linear algebra formalism for SCR in a rebalancing

method for the multigroup system. If we introduce, [h!] we can write SCR as a left

s
Psy

Pr

e

diag (

diag

diag (

o
ding (
(

ONRXNS

>t
(l: ONsXNR ONsXNs

ONgxNg
OnNgxNg
P
OnNgxNg
ONgpxNg
F

Iy

R

OnNgxNp
ONRXNR
ONsXNR

Is — PpY,

ONRXNS
Py

ONRXNS

ONsXNs ]

ONgxNg

ONsXNS ]

ONgxNg

ONsXNS

ONRXNS
Ing

preconditioner of the multigroup system (5.33)

1) _ F) — (IJ + (INp+Ns — PSVE) ¥, C”

] ) ()0pt2g€[1,Glhe[1,G]

9€(1,G]

QE[I!G]
- )gG[l,G’]
3 %QE[LG']

9€(1,G]

Y (@ - §

(5.38)
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5.4.3 Computational schemes

To implement the GMRES iterator in our solver, we use two computational schemes.

e In scheme 1, the GMRES is implemented at the inner loop level, here is to say
that GMRES carries out the convergence for each group concerning the within
group scattering, GMRES replaces the standard scattering source iterations. For
each tracking sweep, all the non-converged groups are calculated at the same

time.

e In scheme 2, we have suppressed the inner loop as it is done in the standard
MCI solver and GMRES procedure is used for the multigroup system. GMRES con-
verges on the total scattering source and takes the place of the standard multi-
group iteration scheme. This second scheme was tested because in common
flux calculation, the inner loop is not needed and increases the computational
time. However, when the method of characteristics is used for a self-shielding
subgroup model, this inner loop is essential because groups are not correlated.

The Fig. 5.2 shows in detail those two computational schemes.

5.4.4 Convergence Criteria
5.4.4.1 Scheme 1
In this scheme, the GMRES iterator is implemented at the inner iteration level accord-

ing to the MCI standard implementation. The number of the multigroup iterations

allowed to reach a convergence is defined as

Ny, = min(2toyt, Nihmeaz); (5.39)
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loop
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!

Compute Keff for next neutron generation

Figure 5.2 The computational schemes using the GMRES Iterator
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where it,,; is the number of the outer iteration and Nimaz 18 the maximum number

of the multigroup iterations. The precision is & given constant

€th = €tho- (5.40)

For the GMRES loop, the number of iterations Ngmres and the precision €yp,,es are set

constant. There is no loop needed for the SCR.

5.4.4.2 Scheme 2

Here, a lot of changes needs to be done for the optimization. For the GMRES loop,

we have

1 if ttoys = lor2
Nyres = f ou (5.41)

Nygmresmaz Otherwise
g

The precision is given by

€gmres — max(’y, 6gmresO); (542)

where 7y is defined as

0.1F; if By > ¢
Y= b i B> e (5.43)
0.0lEf if Ex < e

E) and Ey are the errors on the K¢ and the flux respectively and ¢ is the precision

on K.g. Ejy and ¢ are replaced by Ep and €p if a calculation with buckling search is
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performed. Here, Fp and €p are the error on a buckling value and the corresponding
error respectively.

Between the outer iterations (power iteration like) and the GMRES, the method of
contraction on the expected precision of the GMRES is used (Bouras, 2000a). More-
over, between GMRES and SCR iterations, we use the relaxation method (Bouras,
2000b). The number of iterations N, is set constant and the precision is defined

as

€scr i1f omres = 1
€scr = ° f grmres (544)

. . .
0.1 max <Escr0> min(1, P (A Egmres,l)) otherwise

where Egpyes is the precision on the GMRES iterations.

5.5 Numerical results

5.5.1 CANDU 3D-Supercells

The numerical results are obtained for a CANDU-6 3D supercell problems. The su-
percells are composed of two horizontal bundles containing the Uranium oxide fuel,
and one vertical absorber rod (Fig. 5.3). The transport equation is then solved by
critical buckling search with first order leakage treatment B1. Homogenization and
condensation processes are then made with the resulting fluxes. The properties are
condensed to 2 energy groups keeping the small up-scattering effect from the ther-
mal to fast group. For all tests, we use an F(Q)4 quadrature and 89 energy groups.
The spatial meshing and the density of tracks may be changed as needed.

For each case, two types of calculation were performed, using the GMRES implemen-
tations corresponding to scheme 1 and 2. the results in Table 5.1 show the number
of iterations for different techniques when using the scheme 1 for the GMRES. Using

only the SCR acceleration gives the best performance. The GMRES takes much more
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Figure 5.3 CANDU-6 supercell

iterations to converge on flux calculation; even more than the free iterations when
using the scheme 1 because of the indroduction of the inner iterations. In this case
GMRES is badly inefficient. When the scheme 2 (where the GMRES takes care of the
multigroup calculation) is used, the number of iterations is considerably reduced
but the technique still remains inefficient (Table 5.2). These difficulties come from
a limitation imposed by the use of GMRES. When a group has converged, one can
not omit this group in the next iteration because the linear system has to be kept

untouched; this fact compromises the efficiency of GMRES in these tests.

5.5.2 PWR Assemblies

To evaluate the performance of these techniques, numerical tests based on 9 x 9

assemblies were performed. The assemblies are composed of three different types of
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Tableau 5.1 Number of iterations for CANDU reactor’s adjuster calculation (Scheme

1)

Adjuster type | GMRES | GMRES+ SCR | SCR | Free iterations
BCAINT 175 118 24 35
BCAOUT 168 115 23 39
BCBINT 168 120 25 37
BCCINT 168 120 23 35
BCCOUT 169 114 23 39
BCDINT 166 118 24 35

Tableau 5.2 Number of iterations for CANDU reactor’s adjuster calculation (Scheme
2)

Adjuster type | GMRES | GMRES+ SCR | SCR | Free iterations
BCAINT 37 45 24 35
BCAOUT 37 45 23 39
BCBINT 38 46 25 37
BCCINT 36 45 23 35
BCCOUT 37 46 23 39
BCDINT 37 45 24 35

cells (Fig. 5.4). In order to generate a corresponding 3D tests, the third dimension of
the benchmark is extended from 0 to 1 ¢m with isotropic reflection at the boundary.
To reproduce the difficulties highlighted in previous works with diffusion synthetic
acceleration techniques (Warsa, 2003; Warsa, 2003; Le Tellier, 2004), large material
discontinuities and scattering ratio (¢ = £,/%;) close to 1, using monoenergetic
cross sections, have been chosen. These calculations have not directly a physical
meaning but were performed to highlight the capability of such a method in very

heterogeneous situations. Fixed source calculations have been then performed.
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Figure 5.4 The geometry of the assemblies

5.5.2.1 Results using a fixed scattering ratio

We begin these tests with a fixed scattering ratio (¢ = 0.9) using different cross
section configurations as reported in Table 5.3. In these tests, we use 20 angles and
40 tracks/cm? for density of tracks.The maximum dimension of the Krylov subspace

is set to 20.

Tableau 5.3 Cross sections of the 9 x 9 assemblies for ¢ = 0.9
Casel | Case2 | Case3d | Cased

Talem™) | 10 | 10.0 | 0.1 | 10.0
S(em )| 0.1 | 001 | 0.01 | 100.0
Si(em™) | 10.0 | 100.0 | 0.001 | 1000.0
—)
—)

1
1

Yu(em™1) | 10.0 | 100.0 | 0.001 | 1000.0
Yes(em™D) | 10.0 | 100.0 | 0.001 | 1000.0

The results in Table 5.4 show that even with a fixed scattering ratio, the number of
iterations for the all techniques varies considerably with respect to the degree and
the order of the material heterogeneity in cells. In all cases, the GMRES technique
reduce considerably the number of iterations comparing to the SCR preconditioned

and free iterations techniques. In these cases, the SCR technique does not perfom
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well. Almost the same number of iterations than with the free iterations. The GMRES
preconditioned with SCR produces good results, the smallest number of iterations.
The CPU time spent with all of these techniques follow the number of iterations.
The minimun of the CPU time corresponds to the GMRES preconditioned by SCR
(Table 5.5).

Tableau 5.4 Number of iterations using different acceleration techniques

Method | GMRES | GMRES+ SCR | SCR | Free iterations
Casel 17 15 63 87
Case2 16 13 27 27
Case3 11 12 386 389
Cased 16 9 47 47

Tableau 5.5 CPU time with different acceleration techniques

Method | GMRES | GMRES+ SCR | SCR | Free iterations
Casel 102 87 356 501
Case2 100 79 158 163
Case3 72 76 2226 2252
Cased 105 60 287 285

We also present, in Fig. 5.5, the convergence rate of the MCI solver when using

different acceleration techniques.

5.5.2.2 Increasing the scattering ratio

Now we vary the value of the scattering ratio c. We use three tests with respectivly
c = 0.9 ¢ = 0999 and ¢ = 0.99999. The number of iterations with the GMRES
technique grows as ¢ — 1. By using the SCR as preconditioner, the number of these
iterations is reduced. SCR does not reach convergence for the two last tests when cis
close to 1. The same behavior has been observed with the DSA method (Le Tellier,
2004). The results of these tests are reported in Table 5.6.
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Figure 5.5 Convergence of the MCI solver with different acceleration techniques

In order to test the behavior of these techniques according to the domain refinement,
we first vary the number of angles for a fixed ratio ¢ = 0.9 and density of tracks.
For all these tests, the number of iterations does not vary. The CPU time varies
slightly (Table 5.7). The same statement can be done when we vary the density of
tracks for a fixed number of angles. However, the CPU time varies linearly. The

results are shown in Table 5.8.

Tableau 5.6 Number of iterations and (CPU time in second) for different scattering
ratio

Method GMRES GMRES+ SCR SCR
c=09 17 (102) | 15 (87) | 63 (356)
c=0999 |28 (173)| 19 (118) -
c=0.99999 [ 55 (332) | 19 (116) -
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Tableau 5.7 Number of iterations and (CPU time in second) by varying the number
of angles

Method {| GMRES | GMRES+ SCR SCR

8 17 (30) | 15 (26) |66 (104)
20 17 (125) | 15 (118) | 63 (363)
32 17 (131) | 15 (124) | 66 (391)
48 17 (143) | 15 (130) | 66 (406)

At the end, we vary the maximum dimension of Krylov subspace (m). If the dimen-
sion is not enough to construct the corresponding basis, the GMRES method needs
a lot of iterations to reach the convergence. For m > 15, the number of iterations
becomes stable and equal to 17. Thus, there is no need to further increase the value

of the dimension (Table 5.9).

Tableau 5.8 Number of iterations and (CPU time in second) for different density of
tracks (tracks/cm?)

Method | GMRES | GMRES+ SCR SCR

10 17(26) | 15 (24) | 63 (93)
20 17 (55) | 15 (47) | 63 (195)
40 17 (104) | 15 (94) | 63 (363)
60 17 (155) | 15 (140) | 66 (554)

Tableau 5.9 Number of iterations and (CPU time in second) by varying the Krylov
subspace dimension

Method GMRES

10 141 (836)
12 19 (155)
15 17 (110)

20 17 (102)
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5.6 Summary and Conclusions

The implementation of the GMRES Krylov subspace iterative method in our sequential
3D characteristics solver introduces a new approach to the solution of the character-
istics system by using the linear algebraic formalism. Recently, several works have
been presented on the application of the Krylov subspace methods to the numerical
solution of the neutron transport equation. The results show that the efficiency
of the methods, in terms of acceleration, varies with the nature of problems. For
each specific problem, one can find an optimal technique to accelerate effciently the
solution.

In our numerical experiments, tests on realistic CANDU 3D supercells and some 3D
extensions of PWR assemblies were performed. In the first category of tests, the
GMRES method is inefficient. It needs a lot of iterations to converge on flux. The SCR,
as confirmed in previous work, gives good performance for these kind of problems.
In the second category of problems, the GMRES method and GMRES preconditioned

with SCR produce best results. SCR alone is less efficient.

In conclusion, for problems presenting high material discontinuities, a GMRES method
can significantly improve the efficiency of the characteristics calculations for which
the SCR technique will be ineffective. In these cases, according to our results, the
SCR can be used as an efficient preconditioner for GMRES method. The number
of iterations is considerably reduced when the GMRES system is preconditioned with
SCR. However, for the CANDU type calculations, the SCR technique still remains the
most efficient. The number of iterations is substantially reduced and the technique
is not memory intensive, requiring only new arrays of the size of multigroup flux.
For these relatively small cases, the memory requirement and the storage capacity
needed by the GMRES calculations were acceptable. However, it is expected that for
large problems, large capacity of storage will be needed in order to store the vectors

of the orthonormal basis and more computational effort to do the dot product. In
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CANDU type of calculations, the GMRES method is inefficient and its use is not

recommended.

In this context, we plane to extend this study for large 3D calculations, includ-
ing problems with upscattering and anisotropic scattering. In order to reduce the
computational time and to distribute the resources in GMRES calculations for large
problems, the parallelization and the implementation of the parallel GMRES method

in our 3D parallel characteristics solver will be also considered in future work.
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CHAPITRE 6

DISCUSSION GENERALE ET CONCLUSIONS

Dans ce travail, une nouvelle approche aux calculs de transport de neutrons im-
pliqués dans la chaine de calculs de réacteurs a été introduite. Cette approche
est basée sur l'utilisation d’un modele informatique que nous avons congu. Des
problémes de taille de plus en plus grande ont été résolus.

Afin de prévoir les performances de notre code sur des machines massivement par-
alleles, une grande partie des travaux de cette thése a été consacrée a ’étude de
I’évolutivité. Nous avons ainsi trouvé une relation analytique entre la taille du
probléme, le nombre de processeurs et I'efficacité du systeme. Cette relation permet
de trouver le meilleur compromis entre la taille du probleme et le nombre de pro-
cesseurs afin de maintenir I'efficacité constante.

Basé sur une nouvelle méthodologie de calcul, le solveur MCG a aussi été développé
pour remédier aux problémes liés au stockage des lignes d’intégration dans le con-
texte de problemes de grande taille.

Dans la section suivante, nous allons faire une synthese de ces travaux.

6.1 Discussion générale

Dans les articles constituant les chapitres 2, 3, 4 et 5, dans un premier temps, le
modele analytique a été dérivé dans le cas général, pour n'importe quelle architec-
ture. Puis, les résultats pour deux machines paralléles ont été analysés : un cluster
de SMP (avec 32 processeurs) et un cluster de NUMA (avec 64 processeurs). Le
modele a ensuite été généralisé pour tenir compte des architectures hybrides. Nous

avons utilisé le modele pour expliquer 'impact des parametres réseau sur le temps



147

de communication (et donc sur la performance), I'impact des parameétres propres
de chaque machine (puissance de calcul) sur le rapport calcul/communication et
Iinfluence de I'augmentation du nombre de processeurs sur la performance. Les
premiers tests portent sur l'utilisation d’une variété de réseaux d’interconnexion
comme Fast Ethernet, Myrinet, Infiniband... Les temps de communication les plus
faibles ont été obtenus avec des réseaux ayant les temps de transfert par mot les
plus petits, la latence n’ayant presque pas d’effet sur le temps de communication.
Ces comportements ont été expliqués par le modele en comparant des résultats an-
alytiques & ceux obtenus par des expériences. Des tests similaires ont été faits avec
des machines différentes utilisant des réseaux semblables pour tirer des conclusions
concernant I'influence de la puissance de calcul ou exactement le rapport calcul/-
communication sur la performance.

Le modele est aussi utilisé pour I’étude de ’évolutivité de ’algorithme parallele
dans le but de prévoir les performances de l'application sur un trés grand nom-
bre de processeurs. Les résultats sur la validation de notre modele montrent une
bonne concordance entre les résultats prévus par le modele et ceux donnés par les
expérimentations. L’analyse d’évolutivité nous a conduit & la conclusion suivante
: notre application est évolutive (‘scalable’) si nous arrivons a avoir une meilleure
combinaison entre la taille du probléme et la taille de la machine paralléle (nombre
de processeurs).

Une méthode d’accélération GMRES utilisant une projection de sous-espaces de
Krylov a également été adaptée et implementée. La méthode SCR peut aussi étre
utilisée comme précoditionnement pour GMRES. De bonnes accélérations ont été

observées surtout pour des problemes comportant de fortes hétérogéneités spatiales.
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Dans les publications en annexe, nous avons présenté un apergu général des méthodes
d’accélération numériques utilisées dans le solveur des caractéristiques. La par-
allélisation du solveur est introduite, en passant en revue les différentes techniques
d’équilibrage de charges statiques utilisées.

Des résultats comparatifs entre différentes techniques d’équilibrage de charges ont
montré que STRD est plus balancée que les deux autres : SPLT et ANGL.

Quant a la gestion des données liées aux lignes d’intégration, nous avons proposé
deux solutions : la premiére est la parallélisation des E/S utilisant MPI-IO, dans ce
cas les lignes d’intégration sont stockées dans des fichiers séquentiels. La deuxiéme
solution consiste & stocker les données dans une base de données centralisée et &
utiliser des accés paralléles et concurents. Avec une variété de tests, nous avons
montré les limitations de chacune de ces approches.

Nous exposons aussi d’autres développements. Dans le contexte de probléemes de
grande taille, I'utilisation de fichiers pour stocker les lignes d’intégration reste tou-
jours le probleme majeur a cause du dépassement de la capacité des machines. Pour
éliminer ces problémes, nous avons proposé une solution qui consiste & éliminer
'utilisation de ces fichiers. Il s’agit d’un nouveau solveur des caractéristiques MCG
qui est basé sur une autre approche, les lignes d’intégration sont alors générées au
fur et & mesure que le calcul se déroule. Ce solveur nécessite beaucoup de ressources
de calcul mais aucun stockage de lignes. Nous avons fait aussi une comparaison en-
tre les différents solveurs de transport dans le cadre des problémes de grande taille.
Les tests de validation du solveur ont montré de trés bonnes concordances avec les
résultats de référence issus d’autres solveurs.

Finalement, nous avons considéré un traitement linéaire de la dépendance angulaire
des sections efficaces de diffusion et de 'opérateur de diffusion pour tenir compte
de l'anisotropie. Des résultats comparatifs entre la solution anisotrope et isotrope
montrent que dans certains cas des écarts importants peuvent étre observés a la

frontiére du domaine.
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6.2 Recommendations pour les travaux futurs

Bien que nous ayons montré que le code est évolutif, le suivi de ces études est
nécessaire pour valider expérimentalement le modele analytique sur des machines
massivement paralleles comportant un trés grand nombre de processeurs.

L’un des inconvénients des solveurs caractéristiques est la convergence lente qui est
due & un démarrage du processus itératif en utilisant un flux constant partout. Un
nombre important d’itérations est donc nécessaire avant que la convergence ne soit
atteinte. Une des fagons de contourner ce probléme est d’utiliser un flux non uni-
forme qui peut étre obtenu en utilisant une approximation de I’équation de transport
(ou Péquation de diffusion) sur un maillage grossier. Ce processus peut servir alors
pour accélérer le solveur et diminuer le nombre d’itérations.

La parallélisation du solveur MCG sera aussi importante pour pouvoir accélérer la
solution en tirant profit du calcul parallele. Un modéle de programmation hybride
serait ainsi le plus approprié.

Au niveau de la validation et des tests, une collaboration avec d’autres équipes ou

le développement de nouveaux benchmarks seront nécessaires.

Dans un futur proche, le développement de nouveaux solveurs de transport basés
sur des algorithmes évolués utilisant des méthodes du calcul de haute performance
et la révolution actuelle au niveau de 'informatique parallele vont nous permettre
de réaliser des calculs de transport a la place des calculs approximatifs de diffusion
pour résoudre les problemes de coeur de réacteur. On pourrait alors se permettre

Papplication de modeles théoriques toujours plus fins et plus précis.
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ABSTRACT

In this paper, recent advances in parallel software development for solving neutron transport problems
are presented. The method of characteristics is based on the resolution of the ditferential transport
equation following the tracking lines in order to collect the local angular flux components, Due to the
excessive number of tracks in the demanding context of 3D large-scale calculations, reliable
acceleration techniques are developed in order to obtain a faster iterative solver, especially for
problems with high-scattering ratio. The load balancing strategies include a global round-robin
distribution of tracks, an approach where we forecast the calculation load implied by each track length
and a macro-band decomposition where tracks crossing the same regions are grouped together. The
performance. of the PVM and MPI implementations in the characteristics solver is analyzed for
realistic applications.

1. INTRODUCTION

DRAGON(1] is a lattice cell code which uses the Collision Probability (CP) method for solving the
neutron transport equation in arbitrary geometrical domain. A new solver (called MCI) based on the
method of characteristics (MOC) was developed as an altemnative technique for 3D domains. For large
problems, the MOC technique is very promising because it does not generate huge CP matrices, and
still provides solutions as accurate as the CP method for general 3D geometries. However, the MCI
iterative solver can converge slowly, especially in the presence of high-scattering media. [n order to
minimize the number of ilerations, a Self-Collision Rebalancing (SCR) method was designed as an
acceleration method for the MCI sequential solver[2]; this method uses first-collision probability to
recover from the local self-scattering effect. Another new technique, the Track Merging Technique
(TMT), was also designed to reduce the number of tracking lines. Using this technique, two tracking
lines crossing the same regions in the same order are merged together. It can be easily implemented
inside the ray tracing routine that computes the tracks. The TMT is gencrally very efficient because
more than half of tracking lines can be merged together without loosing any accuracy.

* GJ.Wu can now be reached at E-mail address: Guangfun Wu@netscape.net
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Based on these ideas, a sequential module MCI was developed in DRAGON to treat supercell 3D
problems with isotropic boundary conditions. This technology was found accurate with respect to
several standard transport problems specific to CANDU reactors, where reactivity devices are
perpendicular to the fuel channels [2]. Using this sequential module, most of regular supercells have
been solved in approximately the same number of outer iterations as in the CP method, even with the
high-scattering ratio due to the heavy water moderator.

Nevertheless, it is still far from possible to solve the transport equation over the complex geometry of
a whole power reactor core without various approximations. However, the exponential growth in
capacity and power of computer resources enables the nuclear engineering community to improve
their computational models and to explore the limits of older models. Nowadays, the three-
dimensional effects for various critical configurations can be simulated using new parallel algorithms.
Here, we will present one of the most flexibie and well-organized algorithms known to perform such
3D state-of-the-art computations in a distributed environment,

The simplitied static transport equation for obtaining a flux ¢ from a source @ is given by:

AV, Q,E)+ L, (F, EYD(F,QLE) = QF,Q, E), )

where 7 is a spatial point in the domain D, Q is a solid angle and £ is the energy. The parallel-
ization based on CP method obtained after distributing the energy variable in multi-group solver, as
well as the usual spatial domain decomposition methods, have already been developed a few years
ago (3], and the spectrum of applications for similar techniques has been extended to other related
ticlds such as radiography [4]. The aim of this paper is to explain the newest approaches based on the
characteristics formulation of the transport equation (1) and to introduce the new parailel
computational techniques implemented to extend the MCI sequential solver.

Recently, domain decomposition techniques have been applied to large-scale parallel transport
calculations using the method of characteristics. The spatial decomposition of multi-assembly
problems where neutron paths are directly linked together when crossing assemblies exhibit limited
speed up (5.3 on 8 processors) on shared memory Sun Entreprise4000 because of tight coupling
between the assemblies (5]. The angular decomposition technique, where directions are distributed
among a set of processors, has also been tested [6]. Speed up obtained using this angular
decomposition is of the order of 3.7 for 4 processors, and 6.8 for 8 processors. These techniques were
restricted to two-dimensional problems, but they give the trend that we are looking for when we apply
our characteristics method to three-dimensional geometries.

The paper is organized as follows. [n section 2, we present a brief review of MOC principles, and the
particular 3D implementation of these principles in our solver. Our iterative MOC scheme is also
described with the related acceleration techniques that can be applied in the 3D context. In section 3,
we present different options for the implementation of a general MCI parallel solver. Section 4 is
composed of aumerical tests, most of these appearing in CANDU supercells, and the parallel
performance for various parallel options is studied. In the last section, we conclude by a discussion on
prospective future work in order to obtain a large-scale distributed transport solver in the coming
years.

2
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2. THE 3D CHARACTERISTICS SOLVER MCI
2.1 MOC PRINCIPLES AND SPECIFIC 3D IMPLEMENTATION

The main idea of the method is to solve the differential form of the Bolt.zm:mn cc_;u:}lion following the
tracking lines (also called “characteristics™). Assuming a finite domain V split into homogeneous
regions, each having a volume V}, the average (one-group) flux @ is given by:

r

Vo, = [d'r [drq0 (7,9) = Id‘TTJtzy,(f,l)rD(ﬁ +19,90) @

A characteristics line T is determined by its orientation Q along with a reference starting point j
for the line. The variable ¢ refers to the local coordinates on the tracking line and the function
Xy, (T\0) is defined as 1 if the point p +1C2 on the line T in the region ¥, , and 0 otherwise.
Aaaumc that a line T crosses K regions before reaching the external boundary, and define the
crossing points £, =5 + lkﬁ ordered in the neutron traveling direction. The d ‘T element is then
decomposed into a solid angle element d*Q a corresponding plane element ' p. The [ domain is
covered by a quadrature set of solid anglc.s and by scanning the plane 7, perpendicular to the
selected direction Q for the starting point 5 . The differential transport cquauon for angular tlux that
has to be solved on each segment & is now:

(%4-:\, }D(rk  +sQ.Q) = Q (3)

For the chosen line T(ﬁ.ﬁ). the collection of segment lengths L, and region numbers N, for each
region encountered along the line must be calculated (and can eventually be recorded in sequential
binary files). Assuming isotropic input currents at the extemal boundary and isotropic sources, a
recursive solution can be found from the following simple attenuation equation:

¢.=¢,_.e-'-+§-:-(l-e-'~), 4)

where local sources are given by ¢, = =Q,, /4r, the local total cross sections are 0, =Z, and total
optical paths when crossing the region Ni are 7,=E, %Ly . Reciprocity relations allow us 1o solve
concurrently for direction  and for its reverse dxrecuon -Q using the same line; however, the input
currents are not the same at both ends. The scalar flux in region j can be recovered by a reductive
operation over all lines:

T R L @

-
where § is the Kronecker symbol and Ag, =g, —¢_, is the local flux difference.
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Equations (2-5) are the basis of all characteristics solvers that will be used here under the following
multi-group iterative scheme:

1. Guess new fission sources and incoming currents (outer loop).
Guess scattering sources (inner loop).
3. Compute the flux map for each energy group:
(a) compute local solutions for each characteristics line;
(b) apply local acceleration techniques;
(c) perform a reductive sum of all contributions to the flux moments;
(d) apply global inner acceleration techniques.
If flux map are not converged, go to 2.
Apply global outer acceleration techniques.
Compute critical factors for next neutron gencration,

Nawm s

{{ not converged, goto 1.

This iterative scheme exhibits good performance only if consistent acceleration lechniques are used.
We will now present the current state of work on these acceleration techniques pertinent to the MCl
module in DRAGON.

2.2 SELF-COLLISION REBALANCING TECHNIQUE

As we can see from the iterative scheme described abave, we apply at Step 3.(b) any local
acceleration techniques to reduce the number of inner iterations. Several acceleration techniques are
developed and used for MOC (7], In our characteristics solver, we use the Self-Collision Rcbnlm;u_:xpg
(SCR) technique [8]. This technique is based on the equivalence between the collision probablh.ncs
method and the method of characteristics. The SCR uses the self-collision probabilities (ﬁrs(-ﬂxght
collision probabilities from one region to itself) in order to rebalance the energy distribution of the
scalar flux for each region separately.

2.3 TRACK MERGING TECHNIQUE

In the process of generating tracking lines for a large domain, two successive lines can cross exactly
the same regions with the same direction. Segment lengths can be slightly different: for a reference
length L, one track may have length L+& while another has L~¢. [t was shown that ll.ie two tracks
could be merged together with O(&?) -order of error on the local angular flux. The rcsgllmg line takes
the averaged segment lengths and additional weights of the original lines as its properties (81

Another step in attempting to group together characteristics lines having the same behavior is the
macro-band grouping [7]. In this concept, we identify tracks by the region numbers that they are
crossing. This classification encompasses two different attributes: the spatial regions that are crossed
plus the set of directions that allow this crossing sequence. Once the finite set of these attributes has
been identified, it is possible to define an almost perfectly vectorized process for each macg‘o-band.
This approach could be useful in the context of SMP processors, providing another (finc-grain) level
of parallelism.

“)
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3. PARALLELIZATION IN THE MCI SOLVER

For cases with a large number of regions, even when using both TMT and SCR techniques, the
iterative solver based on characteristics method can become very expensive. In order to solve such a
large-scale problems with minimum amount of time, we use a parallel approach in the MCI solver.
Parallelization of transport solvers is gencrally based on domain decomposition; however, this can
include spatial, angular or energy decomposition. In characteristics methods context, the basic
computation unit is focused on repeating the same sequence of calculations on each tracking line.
Obviously, this is the finest granularity level of operations that can be performed without any
communication, The idea is to distribute the tracking lines on several different processors. The
number of lines is much larger than the number of processors available. Therefore, the lines are
grouped and each processor takes control of a group. Several strategies are used to group the lines in
order to load balance the parallel calculation. In the following, we assume that N, represents the
number of tracks and that N, is the aumber of processors.

3.1 STATISTICAL LOAD BALANCING

These options are statistical in the way that they rely on the uniform distribution of number segments
when grouping tracks. Three of these options have been developed:

* ANGL: all tracks of the same direction are grouped together; the number of directions must
be equal to the number of processors:

* SPLT: subsets of N, /N, tracks respect the order in which these would be sequentially
generated;

* STRD: cach tracks is given in a round-robin fashion to each processor, so that track i is on
processor / mod p.

Different tests were performed with these options, and it was shown that the STRD option is the most
efficient in statistically preserving the load balance [9].

3.2 DETERMINISTIC LOAD BALANCING

Only one option was encoded using a deterministic approach based on the calculation load of each
single track:
* MCRB: the number of segments of each track is taken into account as a weighting factor ‘t‘or
distributing tracks; each processor receives an equivalent total weight based on the calculation
load.

This option represents the most uniform load balancing. The tests done using this option show
speedups nearly linear and similar to the statistical STRD option [9]. The MCRB option is still under
investigation and, in the context of distributed grid computing, it could help to synchronize the
reduction operations.

)
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3.3 PERFORMANCE OF MESSAGE-PASSING ALGORITHMS

After using one of the options described above, the total number of tracks N, is distributed on the
processors. At each iteration step, a multicasting communication process is used to recover the partial
contribution to the angular fluxes; each processor has its own copy of the flux and the source arrays
with the same consistent ordering for unknowns (regions and energies). The scalar flux is then
reconstructed on every single processor before the iteration procedure starts (multicasting
communication process). The original MCI parallel solver was designed and coded in such way it
runs on an arbitrary number of processors using the parallel virtual machine (PVM) environment [10}).
Recently, an MPI version of the MCI parallel solver was also implemented to improve the message
passing performance,

3.3.1 PVM IMPLEMENTATION

The angular flux is scattered by one given processor to all others processors belonging to the virtual
machine, A process begins to construct their subpart of the flux and then scatters its results‘to all other
processes using a pvmimceast subroutine call. At this level, all processes are synchronized. Alfter that,
every process will reccive (pvmfrecy) the results from the others and accumulate their contributions
(loop on other processors). The pvmfrecy subroutine is called NV, —1 times for cach process, this
non-collective operation can increase the communication time and can therefore downgrade the
parallel performance.

3.3.2 MPl IMPLEMENTATION

Recently, the MPL version was implemented in the MCI solver to take advantage of the growth of the
MPL library regarding o the collective communication subroutines and of its extended portability [11].
The angular tlux is then scattered to all processors by using the Mpi_Bcast subroutine that performs
the send and receive in one synchronized step. When constructing the {lux, we have used the
Mpi_Allreduce to perform the collective communication between the process, making the reduction
sum on all contributions at the same time. The reduction sum is then stored in the buffer and a copy is
scattered to all processes (see Fig. 1). In the following, we will compare both implementations.

1 2 i
| ] 1
D Dy, Dyp
®:; ® P - Dep
o .,.«"'..
Synchronization

D+ Dy +...+.. 4Dy

Figure 1. Collective communication by reduction sum in MPI implementation.
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4. NUMERICAL RESULTS

Tests were done for CANDUS absorber rod supercell calculations in 3D geometry {2]. Two horizontal
fuel bundles and one vertical rod compose the domain. Tests were performed on two Beowulf clusters
located at the Center for Research in Computation and its Applications (CERCA) (12}
« Beowulf 1 is a cluster of 16 nodes equipped with AMD Athlon 1.4 GHz processor and 1 GB
memory connected by a Fast Ethernet switched network;
«  Beowulf 2 is a small SMP composed of 8 QuadXeon multiprocessors, each of these 8 nodes
has 4 processors sharing a 4GB memory. Nodes are connected with a | Gb/s Myrinet switch.

All the tests were done using the STRD option with SCR acceleration and with three different levels
of track merging;
*  NoTMT: no track merging at ail;
«  TMT-L: one line can be merged to the next one as the ray tracing is performed, thus this is
equivalent to merging lines on a unique dimension;
« TMT-2: more than the previous option, lines are sorted and merging is done on both
dimensions of the perpendicular plane.

In Table [, we vary the density of tracks (DT) (tracks/cm®) and show the CPU time spent by the PVM
implementation of the MCI solver for different number of processors on Beowulf 1. The CPU time
decreases with the number of processors, but this decreases is little lower for the TMT-1 option and
even lower for TMT-2. This is due to the insufficient number of lines of TMT-2, so the
communication time increases faster than computation time as we can sce in Figure 2 which
tepresents the speedup variation with the number of processors. In Table U, we show the speedup
variation of the PVM implementation on both clusters, The speedup on the SMP cluster is almost
linear and the closest to the ideal speedup because the communications are faster. [n Figure 3, we
compare the respective speedup curves of the MPl and PVM implementations with and without
merging lines. The MPI speedup curve is more linear than the PVM one for both cases; this is due to
the increased performance of the message-passing MPL collective subroutines. With the PVM
implementation, we begin to lose performance after 8 processors when the communication time
becomes important; this shows that the MP1 implementation is more scalable.

CONCLUSIONS

We have presented here the recent developments done in the characteristics solver MCL. To obtain a
fast iterative solver, self-collision rebalancing and track merging techniques were used. Results have
shown that this characteristics solver can offer fast and accurate solutions when implemented with
efficient parallel computation algorithms. The decrease in the computational time strongly depends on
the number of tracks in the domain. When this number is significantly larger than the number of
regions, the computing time is dominant and the parallelism is efficient.

Next step would be to introduce modular ray tracking schemes based on pattern recognition for the
macro-bands. Calculation along characteristics is so simple that mobile agents could be defined to
compute on very limited view of the whole-core system, allowing these solvers to evolve on grid
computers. In order to further improve the parailel performance and to allow for the solver to become
more portable to the SMP architectures clusters, /O operations could also be performed on the
tracking file using MP(-2.

™
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Table 1. CPU time for the PVM implementation of MCI vs. the number of processors

on Beowult | when varying the tracking density and the track merging.

Number of processors
DT | Track merging l 2 | 4 8§ | 12 6
MCI CPU time (s)

2.5 No TMT 70.96 37.38 19.68 11.81 9.93 9.4
2.5 TMT-1 36.28 19.77 10.90 7.13 6.55 6.51
2.5 TMT-2 10.39 6.14 4.36 3.9 4.34 4.5
4 No TMT 114.49 58.92 3111 17.53 13.66 12.3

TMT-1 54.14 28.31 15.67 9.88 8.43 8.28
4 TMT-2 12.29 7.27 4.76 4.25 5.24 5.12
10 No TMT 254.43 | 132.54 65.95 35.3 25.19 21.52
10 TMT-1 86.61 45.53 23.62 13.43 10.63 9.86
10 TMT-2 13.78 3.16 5.38 4.46 491 5.4

Table U. Speedup variations on both clusters for the PVM implementation of MCI
(results are for No TMT or TMT-1 and a fixed density DT = 4).

Number of processors
Beowulf Track { 2 4 8 12 16
merging
Speedups
| (REF) | No TMT 1 1.94 3.68 6.53 8.68 9.60
2(SMP) | NoTMT 1 1.98 3.88 7.48 10.69 13.60
1 (REF) TMT-1 l 1.89 3.45 5.47 6.42 6.37
2 (SMP) TMT-1 1 1.96 3.78 6.99 9.38 12.28
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ABSTRACT

In this paper, we present the recent advances in parallel software development for soiving neutron
transport problems in context of the 3D characteristics method. The method ol characteristics is
based on the resolution of the differential transport equation following the tracking lines to collect
the local angular flux components. The parallelization of this solver is based on distributing a
group of tracks, generated by the ray tracing procedure, on several processors. Different
distributing and load balancing techniques are presented. Due to the excessive number of the
tracks in the demanding context of 30 large-scale calculations. two different strategies for data
management for these large amounts of data are implemented. The first strategy uses the regular
files and the second one uses the database. To access the data, we use cither the regular sequential
mode or the MP1-[OQ as APL.

Key Wards: Neutron transport, characteristics method, parallef (0.

{. INTRODUCTION

The method of characteristics (MOC) has been largely used to solve the transport equation
because of its good performance for large problems regarding to the Collision Probability (CP)
method. Unlike the CP methad, the MOC does not generate huge matrices, and still provides
solutions as accurate as the CP method. Assuming that there are no interactions between
neutrons in the medium and the neutrons traveling take a straight trajectories, the characteristics
method are based on the resolution of the differential transport equation following the track.ing
lines to collect the local angular flux components. The solution of the transport equation using
MOC can then be split into:

- Geometry preparation and tracking generation; .
- Integration of differential transport equation using the generated tracking lines and then
computation of the scalar flux.

In the context of the 3D large-scale calculations, the number of tracking lines can become
prohibitive. Therefore, the data management for these tracks is a real challenge: at same time, we
want to reduce the CPU time and to avoid the problems with the [/O operations which is often
the bottleneck for such applications.



174

M Dahmam, R. Rov and 1. Kuclas

[n recent years, the paralle! computers get faster and more accessible economically. The great
advances have been made in the CPU and the communication performances. Accordingly, the
scientists are increasingly use parallel computers to solve problems that require a large amount of
computing etfort. Most of these applications need also to perform [/O operations, such as reading
data and writing the results. [n general, the /0 speed is slower than the CPU and communication
speed. In order for parallel computers to be tully usable in solving large-scale problems, the [/O
performance must be scalable and balanced with respect to the CPU and communication
performance of the system. The studies have shown that an inappropriate Application Program
Intertace (AP1) is often the cause of poor 1/O performance in applications [1].

Like in many scientific applications, the nuclear engineering applications. especially the aeutron
transport calculation for large domains, generate and use a large amount of data. The static
transport equation must be solved to obtain the flux from a source Q :

Q-VOGF, Q. E)+ S (FEYD(F,Q,E) = Q(F,QE) )

where 7 is a spatial point in the domain D, Q is the solid angle and £ is the energy.

{n this paper, we will present the developments made to optimize the data storage of the tracks in
context of the 3D characteristics tormulation. To reduce the number of these tracks in the
domain, Track Merging Technique (TMT) was implemented. Using this technigue, two tracking
lines crossing the same regions in the same order are merged together. The TMT is generally
very etficient because more than half of tracking lines are merged together without loesing
accuracy. lt can also be easily implemented inside the ray tracing routine that computes the
tracks. In order to access the tracking data stored in the files, we need to do the /O operations.
We will also present here the developments made to perform such operations. An MPI-{O
implementation has been used as an API, so the processors belonging to the same communicator
can access the data in the same tile collectively. Anather alternative and complementary method
is to use a database to store and access the information about the tracking lines. Once the
tracking lines are gencrated and stored, we have to answer to the question: how to distribute
these trackinyg lines among ditferent processors on parallel machines without loosing a
pertormance? We will explain the load balancing strategies, including a global round-robin
distribution of tracks where we forecast the calculation load implied by each track length and
also a macro-band decomposition where tracks crossing the same regions are grouped together.

The paper is organized as follows: In section 2, we represent the briet review of the 3D MOC
principles, the tracking generation procedure, and the resolution of the transport equation on one
tracking line. Section 3 is dedicated to the strategies we use to distribute and to manage the data
associated with the tracks: track merging and load balanciny techniques will be explained.
Section 4 shows numerical tests performed with the CANDU supercells. [n the last section, we
conclude by discussion on prospective future work in order to obtain a loosely coupled large-
scale distributed transport solver in coming years.

American Nuclear Society Topical Meeting in Mathematics & Computations, Gatlinburg, TN, 2003 213
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2. THE 3D CHARACTERISTICS FORMULATION

Assuming a finite domain V split into homogeneous regions, each having a volume V,, the
average (one-group) flux ©, is given by:

Vo, = jd!r jdzm)(;,ﬁ) 2
ix

¥,

The main idea of the method is to solve the differential form of the Boltzmann f:qua.tion
following the tracking lines (also called “characteristics™). To involve the tracking lines, we
change the reference using the local coordinates, equation (1) becomes:

Viv= fd T far 2, (TOOFE+ELO) 3)
r

-

A characteristics line T is determined by its orientation Q along witha rcf'cx:cncc starting pou‘nt
p for the line. The variable ¢ refers to the local coordinates on the tracking line and the function

x,(T.t) is defined as 1 if the point p+QQ on the line T in the region ¥, , and 0 otherwise.
2.1. Tracking Genceration Procedure

The d'T element is decomposed into a solid angle clement d*Q and a corresponding p.lanc
clement d° p. The € domain is covered by a quadrature set of solid angles and by scanning the
plane r, pcrpcndi'cular to the sclect direction € for the starting point 7 . The quadrature used

in our code DRAGON {2] is the Equal Weight Quadrature EQn. The directions in EQunare
c.hoosing, to be axially invariant.

Let Q be one of the values of angular quadrature, the set of the planar quadrature to the

directionQ i is a set of the equidistant and paraile tines to Q. : this s the characteristics lines or
tracking lines. [3]

Assume that a line T crosses K regions before reaching the exteal boundary, and define the
crossing points n=§+hf2 ordered in the neutron traveling direction. We obtain then K

segments {i-fi ] and we define length of segment £, as:

Le=(7, —".-.)-fl. k=12,...K (4)

and N, is the region where the segment & is located.
For the opposite direction £2 '=—Q, we use the same lines but in the opposite way:

R=fe k=1.2,..K
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LkzLK»l—k! k=l.2.....K_

This will allow us to decrease the number of tracking sweep. .

The procedure is to define the geometry, to split the domain into regions, and generate the lines
according to techniques explained above. To solve the ditferential transport equation, we have to
associate to each region its nuclear data (cross sections).

2.2. The 3D characteristics Solver MCI
2.2.1. Solution on a single track

Fora given track line T | we define the crossing point & . ,..... ’ . For cach segment of line, we
must calculate the integrated angular flux:

L (D)= [ did (G +1€2.52) ()

The angular lux ©(F,, +Q.Q) is obtained by solving the differential transport equation on each
segmentk

d = A M=2v.
(LT, YO(R-1+5Q.Q)=5— se[0.L«] 6)

Assuming isotropic input current at the external boundary and isotropic sources, a recursion is
based on the following simple attenuation equation:

bi=peae + L(1-e™), (7

where local sources are q,:E-‘:—;- , local total cross section arc o, =X " and total optical path when
crossing the region Mi are r,=I  xL, . Reciprocity relations allow us to solve concurrently for
Y

direction Q and for the inverse direction -Q using the same line; however, the input currents
are not the same at both ends.

At this stage, the required local data is a collection of segment lengths Lo and numbers V4 f:or
each region encountered along the line. The nuclear data needed are the local total cross section

g,=Z, and the scattering cross section from one group to it self (™), . No scattering
.

matrices are necessary; this approach is important to preserve certain linearity in calc.ulatlon and
to preserve independency between the calculations performed on different tracks. .Thls represents
the atomic level for our application from which we can construct the overall solution for each
region, each angle, and each energy group.
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2.2.2. The MCI solver

Using equation (3), we get the integrated flux:

Viv,= [ Ty, L (D) (8)
¢ e

where & s the Kronecker symbol, and where & runs over all integers. All the characteristics
lines are accepted. but only the contributions of segments crossing the same region / are added
together.

To preserve the exact volumes, the characteristics lines have to be normalized. This is achieved
by evaluating for each angle a numerical approximation V; for volumes using segment lengths,

We define then the angular volume for each direction €. ;

V/((-)v )=Z p’.nZJIN. Ll
L] &

integrating over all angles, we obtain :

V;:I';Zw, Vi(Q,)

where the p, , is the weight associated with the line 7., having a point 3, , center of the mesh 3s
origin in the perpendicular plane r, + and where @, is the weight corresponding to the direction

Q, in the quadrature. The normalization is done by multiplying £, by the factor —%—. The

) 4

scalar tlux in region / can be recovered by a reductive addition:
ot TaSs, anel ©
4xZ .V, 4 el P

where § is the Kronecker symbol and Ad, =¢; ¢, .

The basic computation unit is focused on repeating the same sequence of calculations on each
tracking line. Obviously, this is the tinest granularity level of operations that can be performed
without any communication. The number of lines is obviously much larger than the number of
processors available. Therefore, the lines are grouped and each processor takes c_ontrol ofa
group. At each iteration step, multicasting is used to recover the partial contnbuuoq to the
angular fluxes; each processor has its own copy of the flux and the source arrays with a
consistent unknown ordering. The scalar flux is then reconstructed on every single processor
before the iteration procedure starts (multicasting communication process). [n our MCI parallel
solver, we use the message-passing interface MP! to communicate between the processes [4]. To
reduce the number of iterations the self-collision rebalancing acceleration technique is used [5].
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3. LOAD BALANCING AND DISTRIBUTION OF THE TRACKING

Since the time spent in calculation on one track depends linearly on the number of segments (3],
the number of tracking distributed on each processor will be the major criteria to build our load
balancing algorithm.

3.1. Track Merging Technique

In process of generating the tracking lines for a large domain, two successive lines cross exactly
the same regions with the same direction. Segment lengths can be slightly different: for a
reference tength L, one track may have length L+¢ while the other has L-¢ . It was shown that
the two tracks can be merged together with O(£2) -order of error on the local angular flux, The
resulting line takes the averaged segments length and additional weights of the original lines as
its propertics. Two levels of merging are applicable:

- TMT-1: onc line can be merged to the next one as the ray tracing is performed, thus this
equivalent to merging lines on a unique dimension; )

- TMT-2: lines are stored and the reduction is done on both dimension of the perpendicular
plane.

3.2. Load balancing strategics
3.2.1. Statistical load balancing

« Distribution on a beam (SPLT option): in this option, we subdivide the number of track on

packs of %1- tracks generated by EXCELT module. The first processor will work on the
Ny

P
distribution of the tracks using this option considering one direction with its associated

perpendicular plane for four processors. .
For the domains that contain a lot of small regions, if we don't choose the right number of

processors, one of the track groups may have a large number of segments than other ones.

first %L generated, the second processor takes the next %L and so on. Figure | shows the
FJ

* Round-robin distribution (STRD option): the tracks are distributed using constant intervals.
However, the first processor take the tracks number [, 1+ ¥, 142 ,.... the second processor
2,2+N,, 242N,,.. In genenal, the processor i take the tracks i+1 mod N, .

Using this option, it’s statistically unexpected to have two groups of tracks having great
difference in the average number of segments. We represent this option of distribution of
tracks over four processors in Figure 1.
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Figure L. Distribution of the tracks on 4 processors for SPLT and STRD options.

= Distribution on angles (ANGL option): all the tracks having the same direction are grouped
together. In this option, the aumber ot processors has to be equal to the number of angles,
So, each processor takes the tracks with the same direction. ) )
The disadvantage of this option is the limitation in the number of processors, for example, if
we have four processors and five directions, one of the processors will be doubly |oadgd. For
two directions, two of the four processors will don't be used (see Figure 2. for this option).

pA
o}

(1) (P2)

Figure 2. Distribution of the tracks with 2 directions and 2 processors for ANGL options.

3.2.2. Deterministic load balancing

The only one option was coded using a deterministic approach based on the calculation load of
each single track is the macro-band (MCRB option). The macro-band can be defined as

combination of a section of a geometric volume ¥,, and an angle Q ,, that satisfied the

following condition: all tracks T in Q direction are considered either they don't cross the
volume ¥, or they cross always the same regions in same order no matter where they traverse
the macro-band.

In this option, the number of each track is taken into account as a weighting factor for )
distributing tracks; each processor receives an equivalent total weight based on the calculation
load. This option s still under investigation.
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Once the one of these options is chese, two approaches for distributing the groups ot"tra.cks over
the processors can be considered. The first approach is that one processor (master) distributes the
tracks on other processors (slaves); the sccond approach is that every single processor generates
all tracks by calling the EXCELT module and then takes its own aroup of tracks allocated after
calling the TCHTRK module. [n our calculation, we dont use the first approaqh because when
the master processor is working to generate the tracks, the slaves remain in walit status. In
addition to that, the size of the tracking file is generally very large so that the time of
communication is non negligible. With the second approach we can avoid to have the processors
in wait and also the communications.

3.3. Performance of the VO operations

To generate tracks. to merge them, and to distribute them over processors, we need t9 do the I/O
operations to access and to store the data (read/write). The speed and pertormance ot t.hc /0
operations depend essentially on File System (FS) and the Application Program Interface (AP!).
Usually the tracks are stored in sequential binary file created by the EXCELT mod.ulc, 1:th
sequential access in file with conventional APIs is very expensive when the size of the h!c is.
large as in our applications. [n parallel calculation, this is also often the bottleneck. To climinate
such encountered problems and to improve a performance, we introduce two strategies to
manage the data:

« using the files to store the data via a FS. To access the data, we use the sequential mode and
MPL-10 as AP, ]

< using a database to store the data; a high level interface integrating MPI-10 is used to access
the data.

In the following, we will describe both of these strategices.
3.3.1. MPI1-1O implementation

To avoid the concurrency access problems that we faced especially when we run our a.ppllcatxons
on SMP parallel machine, and to improve, in general, the performance for thtt' read/write -
operations on files, we have implemented the MPI-IO for a file /0. MPI-10 implementation,
ROMIO, a part of the MP!-2 standard [6]. is an interface designed spcc§hcally for portable high-
performance parallel /0. MPI-(O allows the users to specify a noncontiguous access pattern and
read or write all the data with a single /O function call. [t allows also performing collective VO
requests of group of processes. .

[n order to achieve a good performance, we use the collective read/write func'uons. We also use
the explicit collective pointer with offsets to locate the data directly in file, this allow us to
reduce the access time.

3.3.2. Database implementation
For large problems, the size of the tracking file can reaches hundreds of Megabytes to Gigabytes.

Thus, storing and managing this large amount of data is very difficult ar‘xd it sm:'ssesl thc:l erface
computer resources. We use the database to store the data as an alternative. A high level interfa
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integrating MPI-1O is used to store the data in and to retrieve the data from the database. A
database tables are used tor storing: the mean table contain the name of the tracking file,
application options and the dimension of the problem like the number of tracks. the spatial
dimension. and number of regions... On all our applications, we use MySQL as database server

(71.

- Preparation of ..

geometrv:

-Seq.
-MP1-10

!
I |
¥ Y
ST IS 4 ) wimm LW '.hﬂw
;Duclear data; % ;-*!-:: | “# Read/ Datahase
';;L‘En:;"pmtf‘ LS ok Write:
,f-“rb_\C.};,,‘%;g “LEXCELT &

TR R

Read/ E_ ___________ 2
Write:
-Seq. ( ‘.M\"IM"\PSJM‘!(’ Read:
-MPL-{i0 ;eCharncteristicy
— oA Solver K7 Seq
Sea FMCL LR MPL-0
-MPUO i ae et alvet m?: -

Figure 3. The transport calculation scheme using ¢ither a file or a database.

In Figure 3., we represent the transport calculation scheme using the DRAGON code with the
two strategies described above. The first step is to prepare geometry of the problem, to define
meshes using the GEO module. This geometry is passed to the ray tracing generator and a
tracking file is created by the EXCELT module. At this step, we have to choose cither to use
regular files or the database to manage the data:
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a) using files: in this case. every processor will have a copy ot'the tracking file by calling the
EXCELT module and will be used by the TCHTRK module to do the merging using the TMT
techniques and then cach processes will take a group of tracking allocated to him according to
one of the load-balancing options. At the end, all the a file containing the tracking data is
created by each processes; this will be the file used by the characteristics solver MCI to solve
the transport equation on each processor and then the partial results will be communicated
between a processes using the message passing as we have explained above. The read/write
operations use either the sequential mode or the MPI-[O interface.

b) using the database: one process will create the database and stores all the tracking data
generated by the EXCELT module in the database using the database tables. After that, the
merging operations will be performed using the operations on the database tables; and then
using one of the load-balancing options, we create for each process a table containing its
aroup of data and the number of pracessor in the communicator. Once this is done, each
process will access its group of data, as client of the database (server), from the MCl module
via the read/write high tevel intertace which use the MPL-{O.

4. NUMERICAL RESULTS

Tests were done for CANDUS adjuster rod supercell calculations in 3D geometry. Two
horizontal fuct bundles (a bundle is a cluster grouped of rods containing Uranium oxide) and one
vertical absorber rod at center of the assembly compose the domain. There is 1/3 symmetry and
angular quadrature EQq is used. Dimensions are V,; =89 (number of encrgy groups),
N =48 (number of regions).
Tests were essentially performed on a two Beowulf clusters located at Center for Research on
Computation and its Applications CERCA (8]:
¢ Beowulf Lis cluster of 16 nodes equipped with AMD Athlon {.4 GHz processor and |
GB memory connected by a fast Ethernet switched nctwork;
¢ Beowulf 2 is small SMP composed of 8 QuadXeon multiprocessors; each of these 8
nodes has 4 processors sharing a 4 GB memory. Nodes are connected with a 1 Gb/s
Myrinet switch.

Our tests are done for two different densities of tracks (DT) 4.0 and 10.0 (tracks/cmz). However,
in some cases, with using the merging operations we can loose performance [3]. It is clearly
shown, for especially the TMT-2 option in Figure 4, that the performance is so poor because of
the increasing time of the communications over the computations. This is due to the insufficient
number of the tracks in the domain. For large scale problems, where the number of tracks may be
excessive, the TMT options will be more efficient. In Table [, [, and (I[, we present the .
distribution load (in Bytes) on cach processor for three load-balancing options that we described
above, respectively: SPLT, STRD, and ANGL. The STRD option is most balanced one, each of
processors is loaded almost equally than others. With SPLT option, we see some diffcrencc§ of
the size of load on each processor. The ANGL option shows large differences in load sizes, in
addition to the limitation on the number of processors. This can be due to the interaction of the
cosines directions with the cylinders main axis; in fact, for some angles, the various regions are
more likely to be crossed by tracks. The limit case would be a solid angle in the same direction
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as the cylinder axis. in which case the cylindrical regions would be crossed only once. The
results for the MCRB option are shown in Table [V. [n this option, an equivalent number of
segments are distributed on each processor. Considering the load sizes on each processor, the
MCRB option can be set between STRD and SPLT options. No TMT option is allowed in this
case. [n the tollowing tests. we will therefore use only the STRD option.

[n Figure 5, we represent the speed up curves corresponding to two different calculations: the
first one is done on SMP machine (Beowulf 2) using the MPI-[O and the second one are done on
the Beowulf 1. We can see that the performance is better on the Beowulf 2 with MPI-10 because
of the speed of the network and the performance of the collective access to the files atlowed by
the MPI-10. In the past, we had some concurrently access problems when running the
applications on Beowulf 2 with the sequential mode access. All the results shown were
performed with the FS option,

5. CONCLUSION

We have presented in this paper the parallel sottware development implemented in our 3D
characteristics solver. Ditferent techniques for distributing and merging the tracks arc used. To
manage the data associated with tracks, we can use either regular files or a database to store and
access the data. MP{-1O was also implemented to allow collective tile access. The use of the
database allows us to access a set of data in same time and to manipulate data as arrays, this
introduces another new approach to solve the problem.

Next step would be to subdivide the problem on sets where a minimum of nuclear data is locally
collected: using a solver on groups of tracks. These mobile agents will do the most of work
almost independently one of another. To attempt to solve the problem of the whole-core, we will
distribute these agents on a heterogeneous grid of computers.
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Table I. The distribution of the tracks on processors for the SPLT option (in Bytes)

Number of processors

Merging 2 4
1783116 878376 793920 |
TMT-1 3463004 1679908 904760 979960
3764920 1991080 811704 987744
1773860 363224 1003356
221288 103676 94900
™T-2 413060 191792 115492 118372
475092 161576 94004 141196
213536 97716 120916

Table [ The distribution of the tracks on processors for the STRD option (in Bytes)

Number of processory

Merging 2 4
1806456 902334 903592

TMT-1 3613224 1807756 903872 903940
3614700 1806945 904344 903152

1806788 903656 902640

232616 111152 111260

™T-2 444436 222056 110816 111434
443716 221680 (10343 110852

221840 110760 111100
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Table I1. The distribution of the tracks on processors for the ANGL option

(in Bytes)

Number of angles and processors

Merging 3 [
2117432
2271152 2243744
T™T 2244576 2676188
2712216 2107908
2043536
2698076
262560
291028 242168
TMT-2 220160 434628
376984 169020
199200
364824

185

Table [V, The distribution of the tracks on processors for the macro-band option (MCRB)

(in Bytes)
Number of processory
! 2 4
2587036 1376168 1398244
11812268 5435376 2346704 1211824 1761424
6377348 3158712 1491400 1448072
3222684 1356260 1775568
14
b e <) Owut L0 12
0 .2
34
g Beow. 1
]
®
]
2
» ’ 10 12 14
Nurber of prooessors o ‘4 s
NuTber of processars
Figure 4 Speed up with and without TMT Figure 5. Speed up on two Beowulfs
(DT=10) using files without TVIT
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Abstract

Advances in parallel software development for managing the tracking data needed to solve a 3D
neutron transport problems will be presented. Tracking data is nceded by the characteristics solver to
integrate the differential transport equation along the straight lines known as characteristics or tracks.
These tracks are generated by ray tracing methods. The data related to the tracks present the major
part of the tracking data which are usually stored in files. The parallelization of the solver is based on
the distribution of a group of tracks on several processors. Due to the excessive number of tracks in
the demanding context of 3D large-scale calculations, two different strategies for data management
are implemented. The first strategy uses the regular files and the second one uses a database in
parallel environment. To access to the data in files, we use either a regular sequential mode or the
MPI-10 as API. Different database implementations are tested in order to achieve the optimal one for
our data structure,
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Introduction

[n recent years, the parallel computers get faster and more accessible economically. The great
advances have been made in the CPU and the communication performances. Accordingly, the
scientists are increasingly use parallel computers to solve problems that require a large amount of
computing effort. Most of these applications need also to perform [/O.operations, such as reading data
and writing the results. [n general, the /O speed is slower than the CPU and communication speed. [n
order for parallel computers to be fully usable in solving large-scale problems, the /O performance
must be scalable and balanced with respect to the CPU and communication performance of the system.
The studies have shown that an inappropriate Application Program Interface (API) is often the cause
of poor /O performance in applications {1].

Like in many scientific applications, the nuclear engineering applications, especially the neutron
transport calculation for large domains, generate and use a large amount of data. The static transport
equation must be solved to obtain the flux from a source Q:

Q VO (7. Q, E)+X,(F,E)D (7,0, E)=Q(F, Q, E) M

where T is a spatial point in the domain D, Q) is the solid angle and £ is the energy.

To solve this equation, we use the 3D characteristics method (MOC) [2] [3]. Using this methad,
the transport equation is solved along the straight lines (tracks) using a discrete number of angles. The
lines stmulate the neutron paths along which the differential operator of the transport equation reduces
to a total differential. Considering an isotropic source, the differential transport equation is given by:

o ) o i+ 5O 2)
:Id_(D(F+SQ’Q)+Z(F+5Q)(D(F+5‘Q,Q):_-g_(.%t_{_._)_
AY

where 5 is the variable along the line. Using the tlat-flux assumption, the geometrical do'muin is
subdivided into regions where the material properties are assumed to be uniform. The outgoing .ﬂux
along each segment of a track is then calculated by integrating the differential transport equation given
the incoming flux [3]. In deterministic transport codes based on the characteristics method, the solver
needs to access the data related to the tracks. These data, generated by the ray tracing p.rocec.iure. are
usually stored in files. In context of 3D large-scale calculations, the number of tracking }mcs can
become prohibitive. Therefore, data management for these tracks is a real challenge. CPU time must
be reduced, and bottleneck /O operations must be avoided.

[n this paper, we will present the last developments made to optimize the data storage and to
perform the /O operations in parallel environment. Some of these developments were introduced in
the previous work [4]. An MPI-IO implementation has been used as an API, so all the process can
access collectively the data in same file. In order to reduce the storage size and the time to access to
the data, we use the database to store the information about the tracks.

Ray tracing: Generation of the tracks

To generate tracks, we use the ray tracing procedure in the EXCELT module of DBAGON code
[5]. The angular domain is covered by a quadrature set of solid angles; by scanning the plane

7 perpendicular to the select direction Q for the starting point p , we generate the tracks for this



189

direction (Fig. 1). The local variables are used to integrate the transport equation and then to compute
the angular flux on each region [6].

Figure 1. Generation of one track

For sequential applications, the data are stored in sequential binary file created by the EXCELT
module. The tracking file looks like (Fig. 2):

Geometric data l
' ""‘l‘. Numseg (i=1, Nseg) l Seglen (=1, Nseg) - 4]
: l'ﬂ.l.l.’ Numseg (i=(, Nseg) I Seglen (i=1, Nseg) J
Sequential
access
Numseg (=1, Nseg) [ Seglen (=1, Nseg)
Figure 2. The sequential file
where:

langl: Angle number of the track,
Nseg: Number of segments of the track,

Weigh: Weight associated with the track,
Numseg: Array of surface and region numbers crossed by the track, this array contain Nseg elements,
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Seglen: Array with spatial information, it contains Nseg elements.
We have to store these data for each track, these is the biggest part of the file. The top part of the file
contains the geometric information 7).

[n following sections, we will discuss the various issues accessing the tracks:

- Using files: each process will have its copy of the global tracking file. After using one of the
TMT options [4] (8], we use the load balancing strategies to distribute a data. Then each
process will have its own tracking file with its own data. We can use either the sequential
mode or the MPI-1O as APL.

- Using database: one process will creates a DB on a server node, and all other processes
participate to store a data after choosing one of TMT options. Each data is tagged by the
processor number. The distribution of data, using a load balancing strategies, is done into DB
by updating the tables by changing the processor number corresponding to each data. Thus, a
centralized DB is constructed and each process has its own data.

Parallel calculation using sequential files

For large 3D problems, the number of tracks becomes excessive. The parallelization of our code is
based on distributing a set of tracks on several processors [4] [6]. The solution of thcAtransport
equation on one single track defines the finest granularity level: the smallest CPU-feasible unit.
Atomic level

At this level, we need only the data for one track with the geometric data corresponding to only
the regions crossed by the track (Fig. 3).

Geometric data l
Numseg (I=1, Nseg) Seglen (=1, N3scg) l

Figure 3. The tracking data at the atomic level

In addition to tracking data, we need also the local nuclear data: total cross section and the scattering
cross section from the group to itself for the crossed regions. These data are used by the solver to solve
the transport equation on each segment along the track.

Groups of tracks

In real problems, the number of tracks is very large (hundred of thousands to hundred of
millions). In parallel environment, the problem can be treated as group of atomic level pro.blems
connected together. The global data are the sum of all the atomic level data. Therefore, the solution of

the problem is the combination of the solutions of these entire atomic level problems.

To distribute a group of tracks on each process using sequential files, we distinguish two cases:
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o Using distributed memory architecture: each process will have its own copy of the global
tracking file. After applying one of the load balancing techniques available [4], each process
creates its own tracking tile which is constituted by a fraction ot global data (Fig. 4).

Tracking file O

Geometne data

PartQ <

Tracking tile 1

Geometnic data

PO

P1

A copy of global tracking file 0

Geometric data

PartQ -

A copy of global tracking file |

Geometric data

Figure 4. Case 1: Distributions of the sequential tracking file on different processes

e Using shared memory architecture: a group of processes shares the same global tracking file.
Each process will take its part of data from this file. All the processes get the same copy of the
geometric data (Fig. 5).

Tracking filc 0

Teacking file |

Tracking file 2

Geometric data

PO

Geometric data

Pl

Global tracking file

Geometric data

Al Nl

Geometric data

P2

Figure 5. Case 2: Distributions of the sequential tracking file on different processes

The access to the tracking data by each solver of each process, at each inner iteration, is done by
looping over the number of tracks.
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The sequential access with conventional mode is very expansive when the size of file is large like
in large 3D problems. In parailel calculation this is also the bottleneck; in addition to the concurrency
problems encountered when several processes access to the same data simultaneously. To eliminate
such problems and to improve performance, two strategies are used to manage a data. The first one is
to use the parallel [/O techniques to access to the data in files; the second one is to use a database to
store and to access to the data.

Paraliel 1O implementation

To avoid the concurrently access problems that we have faced specially when we run our
applications on SMP parallel machine; and to improve, in general, the performance for the read/write
operations on files, we have implemented the MPI-1O for a file /O. MPI-I0 implementation, ROMIO,
a part of the MPI-2 standard [9], is an interface designed specifically for portable high-performance
parallel VO. MPI-1O allows the users to specify a noncontiguous access pattern and read or write all
the dita with a single /O function call. It allows also performing collective /O requests of group of
processes. The speed and performance of the [/O operations depend essentially on File System (FS)
and the Application Program I[nterface (API).

[n order to achieve a good performance, we use the collective operations: the processes
synchronize their access to the file to read or write. We also use the explicit collective pointer with
offsets to locate the data directly in the file, this collective operation allows us to reduce the access
time comparing to the sequential access which requires to read all the previous stored data (Fig. 6). We
don’t need to use the file view or the derived data because the data are contiguously stored in the file.

PO 1
N\ - [iaR] l | .
e e m I i Direct access:

MPI_FILE_READ_AT

P1

PO

Collective access:
MPI_FILE_READ_AT_ALL

P1

Figure 6. Direct and collective access using MPI-IOQ with two processes
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The advantages of this implementation are: elimination of the concurrency problems, performing
the collective access of a group of processes, access to noncontiguous data and it can support different
file systems (NFS, PVFS ...). However, there are some issues: the use of MPI-[O increases the
overheads due to the communications, this affect the global performance. This is explained by the
immaturity of the MPI-[O implementations in term of performance.

For large 3D applications, the size of the tracking files can reaches hundreds of Megabytes to
hundreds of Gigabytes. Thus, storing and managing this large amount of data is a difficult task which
needs a lot of computing resources. In addition to the memory and the VO bounds due to the
manipulation of these large files, these affect also the scalability: the variation of performance when
we increase the size of problem and/or the size of machine (number of processors). One solution of
this probiem is to use a database (DB) to store data in stead of files. :

Database implementation

Our choice to use a database was imposed by our needs in term of storing and managing the
tracking data for large-scale 3D problems in parallel environment, and the solutions offered by a
database approach. We have been especially attracted by these advantages:

- Multiple users (process) access ’

- Concurrently access to a shared data

- Centralized DB manage all changes occurred and preserve the consistency of a data

- The speed and the ease Lo store and to retrieve the data

However, the use ot a DB itselt does not guarantee satisfactory results in terms of storage size
and access time to the data. The design of the DB adapted with a given data structure has been
optimized. In our application, we have tested different ways to design the DB in order to achieve the
more optimized one. [n the next paragraph, we will explain the different methods used to organize the
data.

Data organization and distribution

We use the client/server mode: database is created on a server (master) node and all other nodes
are considered as clients. [n a DB approach, the data are stored in tables, each table has a name and
more often related to other tables. Once the DB is created, all the processes running on different nodes
participate to fill a data into a DB in order to avoid the idle time. The data stored are labeled by the
number of processor (Me) associated with the process. To organize the data, we have introdu;ed three
approaches corresponding to three different implementations. For all three implementations, the
geometric data are stored in separate tables: the principal table, called Datageom contains the gener:‘xl
geometric information such as number of regions, number of directions .... The Datageom table is
connected to seven tables containing other arrays (Fig. 7).

Implementation |

The tracking data are stored in two tables: the first table (Daratrk), contains fang, Nseg, Weigh
and the number of processor (Me). Each Datatrk table is connected, via the track numl?er (trkmum), to
another table containing two arrays of Nseg dimension: Numseg and Seglen, this table is called Arrerk
(Fig. 7).
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In this implementation, the tables containing the tracking data in implementation | (Daratrk and
Arrtrk) are merged together into one table with the processor number (Fig. 7).

Implementation 3 (Hybrid)

This implementation is somewhere a combination of the two previous implementations. Tracks
having the same number of segments (Vseg) are stored in the same table. We have then to create the
tables: Daratrk_3 to Datatrk_Myseg, where 3 and Mseg are the minimum and maximum number of

segments respectively (Fig. 7),

Figure 7. Three database implementations
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Comparison between the three implementations

In the implementation {, as we can sce in Table [, the time to write into a database is relatively
large because for each track data, we have to create and write in two tables. In the implementation 2,
the time to write is considerably reduced because the two tables are already merged. However, it takes
more disk space than in other implementations: to construct the track table (Datatrk), we have to
allocate a table with a size at least equal to the maximum number of segments. This generates a lot of
unused void spaces corresponding to the data with small number of segments. In the hybrid
implementation, the size is largely reduced because we have eliminated these spaces by storing the
tracks with the same number of segments together. The time to write is almost the same as in the
implementation 2 (Table 1). The hybrid implementation seems the optimal one for our data structure.

implementation 1 Implementation 2 Hybrid
Time to write (s) 500 120 115
Size (Kb) 50578 105425 29309

Table L. Time to write into DB and the size ot DB

Distribution of the data

The distribution of a data is done into a DB using the load balancing strategies available in our
code [4]. It consists to update the processor number (Me) corresponding to a data which are stored in
arbitrary order by the processes (Table 2). [n this way, we let the possibility to more than one instance
of the same process o participate in filling a data into DB and to permit the use of the heterogeneous
machines with different processor speeds.

Mc | fangl | Nseg | Wagh | Numseg | Seglen Me fangl Nseg | Wegh Numseg Seglen
2 ! 3 - . . 0 | 5 . . °
2 | 3 . . . 0 1 3 . . ¢
2 ! 3 . . . 0 ! 3 . . N
0 1 3 . . . At_\cr t ! 3 . - *
0 ! 3 . . . using 1 ! 3 - - *
0 [ 3 . . . STRD i ! 3 . . -
' ! 3 . . . : ! 3 “ . ¢
! ! 3 - . . 2 | 3 . v ¢
| ! 3 . . . 2 i 3 . * .
3 i 3 . . - 3 1 3 -« - -
3 | ] . . . 3 1 3 - . «
3 t 3 . . . 3 1 3 - - .

Table 2. Example of storing and distributing the data using four processors

Access to the data

To access to the data, two approaches are considered:

* The data are put in temporary tables in each local node memory. These tables are managed by
the same centralized system where each process has its own data. In this approach, for large
amount of data, the local memory may become insufficient.
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* The processes access their own data directly in database via a network. The access time in this
approach is slightly greater than in the first approach but it decreases almost linearly with
increasing number of processors in the two cases (Fig. 8).

—&— Ta the HD i
—8—To the memory |

140

120

N
8 8

Access time (s)

1 2 4

Number of processors

Figure 8. Access time to memory and
to hard disk

A choice of managing system

A lot of choices are possible; we separate these choices on two categories:
- Open-source solutions
- Other possibilities: ORACLE, distributed database ...

Since our code is open-source, we have opted for the first choice. Therefore, we use the MySQL
managing system as a database server [10]. This system uses the SQL (Structured Query Language)
language which is the industrial standard created to manipulate a data. The MySQL is the most
popular database on Linux; it is also available on all operating systems. The main advantage of this
DB is its speed and a minimum amount of resources needed. With MySQL, the manipulation of the
data is easy and transparent. Since our code sources are written in FORTRAN, we implemented an
interface to connect the MySQL API (written in C language) to the code.

Distributed transport calculation scheme

In this paragraph, we will present the general transport calculation scheme in parallel
environment using files or database approach. )

After the preparation of geometry (module GEO), the tracks are generated by the ray tracing
- method with EXCELT module. The tracking data are then stored in file or into a database.

Once the ray tracing procedure and the storage of the data are finished, the next step is to solve
the differential transport equation and to compute the flux. To do so, each solver of each process needs
to access to its own tracking data at each inner iteration: .

- Using files: each solver access to its own tracking file. The tracking sweep is done by looping

on number of tracks at each inner iteration. These operations are very expansive for large files.
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- Using database: each solver access directly to its own data using the processor number to
identify a data. The data can retricved as blocks or arrays and it can be stored 1n temporary
vectors to reduce the frequency of access.

The solver needs also to access to the nuclear data: cross sections per region and group. At the end of
each inner iteration, the processes broadcast their results to other processes (One-to-All
communications) and use the reductive operations to construct the global flux solution per region and

group.
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Figure 9. Parallel transport calculation scheme
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Numerical results

Tests were done for CANDU6 absorber rod supercell calculations in 3D geometry. Two
horizontal fuel bundles and one vertical absorber rod at center of the assembly compose the domain.
We use the £0Q, angular quadrature and 10 lines/cm” tracking density on the perpendicular plane. Tests
were essentially performed on a two Beowulf clusters:

* Beowulf 1 is cluster of 16 diskless nodes equipped with AMD Athlon 1.4 GHz processor and
1 GB memory connected by a fast Ethemnet switched network;

* Beowulf 2 is an SMP composed of 8 QuadXeon multiprocessors; each of these 8 nodes has 4
processors sharing a 4 GB memory. Nodes are connected with a | Gb/s Myrinet switch.

In Figure 10, we represent the time taken by the processes to read the tracking file using
sequential mode and MPI-1O. The time is larger for the sequential mode because of the sequential
access; we have to read all the previous data to get the one we want. However, when increasing the
number of processors, the time decreases considerably comparing to MPI-IO because the amount of
data decreases after the distribution of data on several processes and no communications are involved.
For the MPI-IO, the communication overheads increase with the number of processors so the time
curve gets tlat. Hence, the performance for the sequential mode is better as we can see in Figure 11
which presents the speedup curves.

Figure 12 shows the time using sequential mode and MPI-{O for different number of regions. For
the sequential mode, the time decreases by a factar of about 4 corresponding to the factor increasing
the number of tracks when increasing the number of regions from 46 to 386 (Table 3). For MPI-10, we
see small changes in time when we increase the number of regions.

Number of tracks 69801 | 362100 | 275262 | 1101048
Time to rcad using
scquential mode (s) | 0.285 1.5261 1.0721 4.641
Time to read using

MPL-1O (s) 0.0761 | 0.1362 0.126 0,147

Table 3. Time to read using sequential and MPI-1O for different number of tracks

Figure 13 represents the speedup curves corresponding to two different calculations; the first one
is done on Beowulf | and the second one on Beowulf 2. The speedup is much better on Beowulf 2
because, not only the speed of network is higher, but also all processes running on processors
belonging to the same node share the same tracking file so the communication overheads decrense‘.ln
the past, we had some concurrently access problems when running the applications on Beowulf 2 with
the sequential mode access, these problems have disappeared with the use of MPI-[O. We have tested
also  different MPI-IO  routines to read tracking file: MPI_FILE_READ_AT,
MPI_FILE_READ_AT_ALL, and the nonblocking read MPI_FILE_[READ_AT. The results are
presented in Figure 14. The read operation using a collective pointer, on distributed memory
architecture, takes more time because the processes read in different files. In this case, the
synchronization of the processes contributes to increase uselessly the overheads due to
communications. With the two others routines, the time to read is almost the same. .

Figure 15 shows the time spent to store data using a database for different number of regions. The
time to write into DB is considerably reduced by using several processors. Comparing the three

12
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options, the time spent to read a data using DB is between the sequential and MPI-IO (Figure 16). We
have also considered the scalability of DB reading with respect of the number of tracks. In Table 4, we
report the results using a single processor.

(1 (2) (3) (4)
Number of tracks | 275262 | 1101048 | 2207552 | 4422956
Time to read using :

DB (s) 0.54 2.16 5.78 8.26

Table 4. Time to read using DB for different number of tracks

The time to read, when using one processor, varies almost linearly with the number of tracks. When
increasing the number of processors, the time to read decreases until a certain limit where the time
values remain almost constant. At this point. we begin to loose performance because the access
operations become dominated by the processes queries to a DB. The access by several processes to a
same table into a DB simultaneously contributes also to cause these defays. The delay time is directly
related to the centralized managing system and the network speed. The amount of data affects slightly
the performance of reading (Fig. 17). The knowledge of that point where the performance begin to
decrease considerably is important to prevent the number of processes which will share the same
server in order to achieve the optimal performance for the distributed 3D large-scale transport
calculations.

Summary

l- Sequential mode: the time to read tracking file is relatively large, a sequential access in file
increase the time to access to a data. However, in paralle!l environment, the time to read
decreases considerably with increasing number of processors because no communications
between a process are involved. The time to read is proportional to the number of tracks.

tJ
[

MPI-10: the use of a collective or individual file pointer to locate a data reduces the time to
access to the data in file comparing to the sequential access. However, for relatively small
amount of a data, communication and synchronization overheads may dominate access time.
This clearly affects the global performance. Therefore, in this case, it is not necessary to use
MPL-I0. The use of a collective access approach permits to eliminate the concurrency
problems.

[n general, the use of files generates these major problems:

o Size of files: due to the duplicate of the tracking file on all processors, especially on
distributed memory architecture, the size of the file can exceed the capacity of the
machine or slow down the execution of the process.

o Frequency of access to a file: in addition to the time spent to access to the data, the
frequent access by the solver increases the global computing time.

o Scalability with /O bounds: how the system handle the /O operations when we
increase the size of problem (increasing a data) or a number of processors. In this
context, the test with other file systems like PVFS will be useful.

3- Database approach: using a client/server mode, data are stored in a centralized system. There
is no need to duplicate data on all processors. This contributes to reduce the storage size. 'I_'hc_:

13
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participation of all processes to store data permits to considerably reduce time to write and the
idle time. The database approach handles the muti-process access to a data. This eliminates the
concurrency problems. The use of tables makes a data access easier and transparent. The
identification of the data by the processor number facilitates the distribution of a data among
processes. The manipulation of blocks of a data as arrays reduces the frequency to access to a
data by a solver. The database approach permit also the use of some algebraic operations on
data like sum, logarithm, exponential ... However, the main issue of the database
implementation in parallel environment is the scalability at great costs: for 3D large-scale
problems, we have to increase the number of servers.

Conclusion

We have presented here the last software developments made in the paralle! version of DRAGON
code to manage a data. After the ray tracing procedure, the data are stored either in files or in database.
The use of MPL-IO to perform the collective access to the data in files allows us to eliminate
concurrency problems encountered when running on an SMP machine. For 3D large-scale
calculations, the use of a database to manage data is more suitable because the storage size and the
centralized management system which handle the parallel access to the distributed data by different
processes. The database also allows us to reduce the access time and to manipulate data as arrays
which reduces the frequency of access by the solver. The use of a database introduces a new approach
to solve the distributed large-scale transport problem on heterogeneous system of computers where all
the processes or a part of them will be associated to the database.
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Transport Problems
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P.O.Box 6079, Station CV. Montréal, Québee, Canuda H3C 347

We present 2 new computational methodology, bused on 3D
characteristics method, dedicated to solve very large 3D problems
without spatial homogenization. In order to climinate the input/output
problems occurring when solving these large problems, we set up a new
computing scheme that requires more CPU resources thun the usual one,
based on sweeps over large tracking files. The huge capacity of storage
nceded in some problems and the refated O querics needed by the
characteristics solver are replaced by on-the-tly recaleulation of tracks at
cach iteration step. Using this techaique, large 30 problems are no longer
[O-buund, and distributed CPU resources can be etticiently used.

KEYWORDS: Neutron transport, characteristicy method, iterative
linear solver, larye-veale prohlems.

L. latroduction

{n the last three decades, it has been practically obscrved that the CPU power almost doubled
cvery 18 months. This is known as Moore's law. {I] However, the VO speed increased at slower ©
pace than the CPU speed and the capacity of storage does not follow lincarly the CPU speed., -
According to these computational considerations and taking into account the limitations in term of ~
VO and memory bounds that ace faced when trying to solve large 3D problems: we decided to
investigate a computational mcthodulugy that requires more CPU power and less storage resourcces.

This paper aims to explain the acw 30 characteristics technique dedicated to solve vcry'largc 30
problems (4 part or a whole core) without spatial homogenization. [n order to climinate ic
input/output problems accurring when solving these large prablems, we detine a new computing
scheme that requires more CPU resources than the usual one, bascd an sweeps over large tracking
tiles. The huge capacity of storage aceded in some problems and the related VO queries nceded by
the charactenistics solver are replaced by on-the-fly recalculation of tracks at cach iteration step.
Using this techaique, large 30 probicms are no lunger LO-bound, and distributed CPU resources can
be efficiently used.

We begin by describing briefly, in section 2, different computational methodologies used in the
DRAGON (2] code to solve 2 3D neutron transport problems. In scction 3 we present the new
computational mcthodology that we have developed in order to solve the 3D large problems. ln. the
last section, numcrical cesults arc shown. The validation of the new solver and the comparison
between the two computational methodologies based on characteristics methad are preseated.

" Correspandiag author: Fax: § 14.340-4192, Email: mohamed, dahmani@polventt.ga
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2. Teansport Caleulation Schemes

2.1 Collinion Probuability Method . .
The wsuad detemmmistic method wsed in DRAGON tor soiviyg the 30D nsutron transport cquation
m superectl wrometry s the coilision prob 'r*:ixtj-' (CP) weshungue. la this conext, the discreti ..m‘;)n ot
he spatal domain s done by usinyg the ray racing method (2] o construct “lf' CP matrices ((';, M)
T wo ditierent methodologies can be used. [a the following, we wiil d‘-"dj-'m“ these two l(m Lien
ways o perform the transport caleulation and discuss ther limugtons o treating the large .)D
problems,

2T EXCELT-ASM Scheme nerated by the EYCELT

The inteemanon e, regrirad 1o cover the 3D Cartestan Jomaun, are u.m....'u..uﬂ v the |..'\ ¢l
module wanyg the ray tracing method and then storsd in g sequenual baan i The racking Gle
(TT) see increases wil mereamny number of regrons, munber ol angles and deming ot racks, The
ASM module accesies then to the TF an order o compute the collision, escape and transmission
probutnliues tor cach energy group (corresponding to region-to- r'"'"":" .~v-1un~!m-»u.tlf.u.:liJgti
Surtace fo-surtacs respectively). These probabihiey matrices are then .'7' ')mu.y.xl r% e . t/
chiminating the currents trom the multigroup system ‘Fi'z';[)‘ The madule FLL _b_h:;,n u:‘.‘ .Q
campute the solution o an cigeavalue probicm corresponding to 3 et of gmu{)-da.ga.n Lmb‘-!b“;-‘m
matetees. i thes eepresentation, we need to store both the trackiag tile and the collision peababidity
marrees,

fExcxLT.¥
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Fig. { EXCELT-ASM computational scheme

2.1.2 EXCELL Scheme dul
Thc fay tracing proccdure and the evaluation of the CP matrices is dom.hmnt:lt; Sarr::u;?x: :n:
EXCELL. The tracking tile does not have to be stored. This method is faster tha P
but it still aceds to store the huge CP matrices (3] (Fig. 2).



fa CP mcthod, the storage requirements increase as the squarc of the number of regions. There is
no more kimitation on the size of the TF. and thus the problem is no longzr ['O-bound:; however, the
memory resonrees could be casily exceeded. so that the problem is now memory-bound.

Storave -
GEQ

Fig. 2 EXCELL computational scheme

1.2 Characteristics Method

The 30 characteristics method was developed as an alternative for solving large problems. The
long-characteristics MOC is based on solviag the ditferential form of the transport equation by
tollowing the characteristics of the system (tracking lines) to simulate neutron paths (4. The sealar .
flux is constructed by collecting all mean angular fluxcs in terms of the entering angular flux and the
saurce of the region. Unlike the CP method. the MOC permits the climination of the CP marrices,
which have the dimensionality of the size of the square of thc aumber of regions. We have shown
that such lincar MOC solvers can give solutions cquivalent with the quadratic CP oncs. (3]

2.2.1 EXCELT-MCI Scheme )
The same ray tracing method than in CP in EXCELT module can be used to create th.c tracking
file TF. The tracking sweep is done by Looping on number of tracks at each inner iteration. A 3D
MOC sequential solver has been implemented as the MC/ module in DRAGON code. At cach loop.
the solver aceds to access the TF to read tracking data (Fig.3). These /O operations can be very
expensive for large files, and the only possible altcmative is to parailelize the VO operations. (6]

Further, because there are ao linear algebra treatments involving the m_atriccs. the memory
aceded to perform 3D calculation is greatly reduced. Howcver, the major problem that is
encountered for large problems, in addition to the fact thac the MCI solution can converge slowly, is
the lack of space to store the tracking data (7]. In some cases, we have to restrict the aumber of
wacks (less angles or smaller density of tracks) and the transport solution may not have the required
accurate.
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Fig. 3 EXCELT-MCI computational scheme

2.2.1.1 Panallelization o .

At the solver level, the smallest operation paossibic is composed by an VO Ophm“u‘" ‘01 gc‘%‘:‘—
tracking data trom the TF and 2 CPU aperatiun on this single track to computc the angular tlux. The
global computational aperations arc the combination of these atomic operations. by disteibuting the
To reduce the computation time, the parallclization of the ‘solvcr was pcrfo@cd t)tlx xlf) :alusoltgxtion e
tracks on sceveral processors. A broadcast vperation is actxv§rcd to communicate :d. ‘6]
between processes (5, 8]. The parallctization of the VO operations was also implemente

J. A New Methadolagy

The idea is to take advantage of the best features of the above methads ;1n 02(1:;;‘;:; ;2‘{;;:
solve large 3D problems. [ntuitively. the ideal choice would be a lmcar‘C s .. [t is bascd on
without VO bounds. The new MCG technique is an alternative to the M;I u.chﬂ[lq“".' bascd on this
the elimination of the use of the tracking filc to store the data. The MCG inncr solver is
procuss:

l- Generate a track;

2- Caleutate the angular flux on this track:

3- Add this contribution to compute the scalar flux;

4- Destroy the track and go to 1. . i
This new solzcr was fully irgp(cmcmcd and results were compared with the usual MCI calculations
(sce Fig. 4).

The solver gencrates tracks, as aceded, and then the angular flux is con:!putﬂi a(ongathl- ‘S;: ::
contribute in the scalar flux calculation. In this way, the storage of tracks is not n;cedssu :y;equired.
MCI, in order to reach a convergence of the solution, mare iteratioas than in CP metho
This is due to the current convergence and to the flux initialization (flat flux).
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Alvorithm

fmtalization: currents and fluxes; \

Onter iterationss
1 Update the tission source:

Inner iterationsg
2.i Update the scattering source;
2.ii Compute the lux for cach group:
- Generatron of the tracks
- Cumpute the angular flux
- Add these contnbutions to construct
the scalar llux per cegion
it Appiy glubal inner acceteration techmigue
3 (£ ux s ot converged, go to i
4 Apply global vuter acceleration
§ Compute the k etlective
6 If not converged, guto L.

Stornge

GEO

)

(i

Fig. 4 MCG computational scheme and algurithum

3.2 Summary

fn Table | we summarize the characteristics ot the tour computational methodologies described
above. For the large-seale problems, cach of these methodologics has computationat limitations. For
the acw muthodology thae we have developed, the only hypothetical limitation would be the CPU
bounds. .

Table U The summary of the four computational schemes

Computatunal | Mathud TF Storuye Parallelizanon Limitations
scheme
Tr nu Muemury and (O buunds
E.‘(CELT-P\SN' Cp ves CP.\Il
o Memory buunds
EXCELL ce o cPM
Mussage Passing : PV M, | Memory and VO bounds
EXCELT-MCI | MOC ves TF MPL MPLIO
MCG MOC ny nu no CPU buunds!

4. Numerical Results

We will present some results used to validate the MCG module. The tests were dopc for
CANDU-6 supercells with difTercnt configurations as described in (9]. Transport equation is then
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solved by critical buckling scarch with order leakags treatment By For standard tests, we use an £Q,
angular quadrature, an isotropic reflection option. and a 89 cnergy groups. -

The results given by the module £VCELL with HELD normalization option (which gives almost
the same results than the reference used in [8]) are considered as refereaces, we use thea the relative
error for the caleulated value of the incremental cross-sections. [n Table 2-3, we can see that the
cesults given by the MCG module are very close to those given by EXCELT-ASM (based on CP
method). The MCG gives beter results than EXCELT-MCI becausc it is based on the same tracking
procedure than in EXCELL and use the same variable precision. {n Table 4, we report the total CPY
tme used for these two simulations. The MCG takes more CPU time than all other methodologics.
The ratio between the toal CPU time spent by EXCELT-ASM and EXCELL is 3.6, it is only 1.9
between MCG and EXCELT-AMCT for these cascs.

Table 2 Results tor BCAINT Case

Incremental | MGG MCG ENXCELT-MC! | EXCELT-ASM

crossssectivas | Methudology t Crror (") | Crror (7%) Error (%)

Az T 16ar92sc0d | 433803 | 41603 0

ac, | iszmetsacos | soacoz | sioger | 9esazca
AZ” | oamizoncos | 245603 | avsgas | ios7aEas
I 5222793807 | 230602 | a26E.02 0.019696
as, 33607UE04 | 630602 | 7.98E02 0.017723
Z 3.6323146G04 | -L11E.02 [O7E-02 0.022467
as™ 7.03S17WEANS | 9 TIE-03 2.206.02 0.024411
Azl 7 3685341E05 | -3.26E-01 -1 3¥E.01 -0.033187

Table 3 Results tor BCAOUT Case

lacremental | MCG MCG EXCELT-MC! | EXCELT-ASM

cross-sccttons | Methodoloey Erroc (%) | Ervar (%) Error (*4)
<, 5.8347536E04 | 940E6 | -5.10€-03 0.

as, 1.0309423E.05 | -0.00011 0.00033 9 69€-03

az” 51470812604 | 1.23E.05 J3.UE0S 46.2E06

az™ L.2468421E-07 | -6.1BE-05 0.00016 0.00019
as; 2.7313534E-0¢ | 0.00039 .0.00076 0.

ax; 2.1568943E-04 | 3.56E-05 | -8.95E-05 0.00021

as- 5.7933421E-05 | 0.00024 -0.0003 0.00025

azl-r 5.7289320605_| 0.00032 -0.0029 -0.0010




Table 4 The toal CPU time Spent for the tour methodologivs

Methodoloygy EXCELL EXCELT-ASM E.\'CEL‘T-MCI Mi?
Toral CPU (51 33 176 338 Lodz

In Fig. 5, we plot the size of the tracking file in MB versus the aumber of rchons‘; we "‘1" see
that the size of TF, and therctore the capacity of storage, varics lincarly with the “f‘{“;"-’ QtE '?a“’f‘j'
By varying the number of regions from 46 to 2480, the disk space aceded ‘”C"C“‘“‘B yfad‘?!:t'oru{-"
For this test case we expect, for 4300 regions, that we will need approximately 1.3 G t? o pr';“’
In Fig 6, the CPU time spent by the twa solvers is shown when varving the .nun_abz.r 0 rc,i(;r;} 1 t:
CPU time is almost lincar for the both satvers. The MCG solver takes, ob‘«"°“5[¥t more CPU time
than MCl solver. Bath solvers reach the convergence almaost at the same aumber ot iterations,
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5. Conclusion

We have presented a new technique that we have developed in order to sal:/:;i r:hc :zrg:tlzc?r
problems. This computational methodology is no longer L/O-bound. cobmgv cengthc aced of
methodalogies that are both CPU and mcmory consuming. [t was a compromise ::nc is greater than
the huge starage resources and utilization of more CPU power. The camguﬂ;l 8 ulxc eneral storage
with MCI methodology but climinating the tracking file reduces drasucal)( . gf an adequate
resaurces aceded. However, with the parallelization of the .MCG so(vcr,' the u-; e the MCG
flux/current initialization and the application of an appropriate 3‘:‘3"!““’“’“‘ ‘ccwit: a' reasonable
methodology is the most adapted ane for solving large 3D transport problems
computing time.
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3D Characteristics Method with Linearly Anisotropic
Scattering

M. Dahmani', R. Roy and J. Koclas

Nuclear Engineering Institute, Ecole Polytechnigue de Montréal
P.0.BOX 6079, Station Centre-ville, Montréal, Québec, Canada H3C 3A7

The objective of this work is to extend the characteristics method to take into ac-
count anisotropic scattering effects in 3D geometries. Only the linearly anisotropic
scattering cross sections and sources treatment will be considered.

The method of characteristics is based on computing the angular flux following
the tracking lines. Therefore, the implementation of anisotropic sources is rela-
tively simpler than in collision probability method. However, the calculation of the
anisotropic sources requires large amount of memory in order to store the angu-
lar flux per energy group, region, direction and track. Comparisons between the
isotropic and anisotropic fluxes for different meshing and number of discretized
angles will be shown in the results section.

KEYWORDS: Characteristics methad, anisotrapic, scattering.

1. Introduction

The recent advances in computer capability in term of memory size and processor speed.
on one hand. and the development of high performance computing methods on the other hand
allow investigating the boundaries of the old models in many scientific and engineering appli-
cations. Like other applications, the advanced reactor core designs require advanced computa-
tional methods in order to achieve high accuracy in reasonable computational time. To assure
this accuracy, in advanced reactor core analysis methods based on transport equation solution
using the deterministic transport codes, the approximations used must be reviewed to take into
account of:

e Space: the 3D geometry configuration with great degree of heterogeneity;

¢ Energy: to enlarge by refining the discritization of the domain to treat well the resonance
regions;

¢ Angle: to allow the use of the large number of discrete angles to eliminate in part the ray
effects and to treat the anisotropic effects.

!Corresponding author: E-mail: mohamed.dahmani @polymtl.ca, Fax: 514-340-4192
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Ln this paper, we present the extension of the 3D characteristics method to take into account
the anisotropic effects. We will limit our analysis to the linearly anisotropic scattering cross
sections and sources. The anisotropic treatment has been presented in several papers for 2D
geometries using the Collision Probabilities method [1-3] and Method of Characteristics. [4,5]

Since MOC is based on computing the angular flux on tracks, the implementation of the
anisotropic sources is relatively simpler than in CP. However, the calculation of the anisotropic
sources requires large amount of memory in order to store the angular flux per energy group,
region, direction and track. This implementation is done in the 3D Characteristics solver [6],
a part of DRAGON code. [7] The comparison between the isotropic and anisotropic fluxes for
different meshing and number of discretized angles will be shown in the results section.

The ramainder of this paper is organized as follows. In section 2 we derive the characteristics
equations using the linearly anisotropic scattering. The discretized characteristics equations are
also presented in this context. In section 3 we describe the calculation methodology and the
algorithm used. Finally numerical results comparing the isotropic and anisotropic fluxes will be
shown.

2. Characteristics Equation with Anisetropic Scattering

The multigroup transport equation to be solved to obtain the flux from a source Q is:
BY(7,Q)87(7, Q) = Q*(7, Q) (0
where:
o 7 is a spatial point in the domain D;

o (2is the solid angle;

g is the energy group;

o« BIFQ) =0V + LI(7) is the transport aperator in group ¢,

Z7(F) is the total cross section in group g;
e QI(F, Q) is the anisotropic source in group g.

The source in Eq.(1) is composed of two terms, the fission and scattering sources:

Q7 Q) = F(7) + §°(7, Q) @)
The isotropic fission source is given by:
Xg gl ' (3)
g -
Fo(f) = = ;u:, (M4 (7)

where ¢9'(7) is the scalar flux in group g. )
Using the first order Legendre polynomial expansion on angular flux and scattering cross
section, the linear anisotropic scattering source is obtained by:



215

597, Q) = S§(7) + SI(7 Q) (@)
where:
S37) = 5= ST () ®
gl

is the isotropic scattering source. The anisotropic scattering source term is given by:
A 3
"‘Q:——E T”"" Q' QOB (7 0 6
(r‘ ) 471, = (-) / ( ) ( )

The main idea behind the characteristics method is to solve the differential form of the
transport equation following the straight lines (characteristics or tracking lines). The neutron
trajectories will be followed in the local coordinates system where an observer is traveling in the
neutron direction. The basic transport operator is transformed into a total differential operator:

BI(F, Q) = CI(s) = i— + ZI(F + 5Q), ™

where: C7(s) is the characteristics operator in group g. s is the variable along a line. The
multi-group characteristics equation is then given by:

CI(s)B?(F + 3Q) = QI(7 + sQ, Q). 8)

The average scalar flux in region j with volume equal to V; and in group g is obtained by
integrating over volume and directions:

Vo? = /d’ /d"'Q(b’FQ

+oa . n
/ d‘T / dt Xy, (T, t) O7(F +tQ, Q). 9)

A characteristics line T is determined by its orientation § along with a reference starting
point p for the line. Variable ¢ refers to the local coordinates on the tracking line, and the
function xy, (T, t) is defined as 1 if the point 7 + t£2 on the line T(£, §) in the region Vj,
and 0 otherwise. The d*T element is then decomposed into a solid angle element d*Qand a
corresponding plane element d*p which constitute the T domain.

2.1 Discretization of Characteristics Equations

The spatial and the angular domains are sampled using a ray tracing procedure as described
in [6]. The T domain is first covered by choosing a quadrature set of solid angles, composed
of discretized directions and their corresponding weights (%, w;). We generally use the Equal
Weight Quadrature (EQy) to generate the angular directions.[9] Then, the plane Iy, perpen-
dicular to any selected direction 1, is split into a Cartesian grid meshing and the starting points
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f)}n of each characteristics are found. For each discretized direction 4, a whole set of tracks
Ti» will be generated. When travelling across different regions, the neutron beam following
the characteristics crosses K, , segments numbered by index &; the segment lengths are labeled
L; »x and the region numbers are Ni. The multigroup discretized equations are then derived
from Eq. 8 as:

dsj,i,nk(pg ,nk+zgq)]:nk Fg+Sg +SIJ,1n1c (10)

The anisotropic source is obtained from the discretization of Eq. 6:

S{j,i,n,k A z z;:;y Zwm (Q Q ) jm,nk (ll)

where wip are the angular weights in thc quadrature and the solid angle vector is given by:

. V1= p?cosy; T cosw
=] Jl=-ulsing | = cos \; 12)

Ui = cos b, pi = cosb;

where cos i, cos A, y, are the director cosines on z, y and z axis respectively. Using the
relationship between these two angles representations, we obtain:

@,' m(i @) = pipim + /1= p23/1 = 32, c0s(0i = Om) = i m(its 7, A);

= Arctan (9-"%) ; (13)

S'l.]trlk 4"2 ZJIJme"‘ lm(l"v /-’\)DJ,mnk

Assume that the segment & crosses region 7, then the local relationship between the incom-
ing and outgoing angular flux is given by integrating the Eq. 10 along the track:

39 7
MY ik = "D F E; + 5-31:-5-"- - gt B (14)
j
where:
b ink = B ink(Link):
m¢lg}i.n.k = ¢g,i,n,k(0);
Tink = £ Lin s is the neutron optical path;
E(z)=1-¢"

Qf is composed of fission and isotropic scattering sources. We then integrate Eq. 14 along
the segment to get the segment average angular flux. Assuming that the track lengths have been
normalized to ensure volume conservation, the average angular flux per region is given by:

EJg' VJ“H = VQg + Z Tisn Z 611‘6. .J.i,n,k[‘iu"vk + A;’-,.-,n.k] (15)
nls
where A7, |, = i ]"l ng = "“07; a is the flux difference on segment & and m,  is the weight

associated with track T“,.



217

The average scalar flux in region j and energy group g is computed by integrating Eq. (15)
over all directions to obtain:

QJ.
4 = o ZGV Zwlzrmzéym Ui Lime + 8 4] (16)

From this equation, we see that the iteration sweep over all characteristics involves the
sequential evaluation of outgoing fluxes of Eq.(14) on every single track and the adding of flux
differences A7 for each track T, 2 in Eq.(16).

ik

2.2 Boundary Conditions

At the boundary of the external surfaces, the outgoing current is calculated using the angular
flux computed on the segment K crossing the surface a:

= Zwi Z"T:,n,‘(a,f\’ﬁl . fvn mu(ﬁj,i,n,l{; Qi . Na >0 (17)
t n
and xa.x is defined as:
Lif Fe S,

XaK = (18)
0, otherwise.

The current is composed of two terms:

J; iaoJ;- + aniSOJ;- (19)

where:

imJ: = Zwi ZWhnXa,KQi ‘ Na [ ‘b].nn K+ (
1 n

is the isotropic part of the current (S, = 0) and

. Sijin,
aniso ¥ = Zu.zmxﬁa N, ( ‘{8 "E(r,,,-,n,x)) @en

is the anisotropic part. We apply then the quasi-isotropic reflection with albedo. The reflected
neutrons are entering at the same position on surfaces but in the opposite directions:

M'@.

¢1,x n K) E(Tj,i.n,K)] (20)

b

J7 = Badt 22)

3. Calculation Methodology and Implementation

In order to compute the anisotropic sources, using the Eq. 13, we must store the angular flux
per energy group, region and direction. Therefore, two characteristics sweeps are necessary:
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1. compute and store the angular flux per energy group. region and direction;
2. compute the anisotropic scattering source.

This two steps are implemented at the inner iteration procedure. Consequently, the conver-
gence takes more CPU time than without anisotropic scattering sources and the memory size
needed is also very large. The global computational scheme is described in the next subsection.

3.1 Computational scheme
initialisation: currents and fluxes.
1. Guess new fission sources and incoming current (outer loop);

(a) Guess scattering sources (inner loop);
(b) Compute the flux for each energy group:
i. First characteristics sweep: compute and store the angular flux per energy
group, region, direction; _
it. Second characteristics sweep: compute the anisotropic scattering source;
iii. compute the outgoing current at the boundary surfaces and apply the boundary
conditions;
iv. compute the scalar flux.
(c) apply global inner acceleration technique.

(d) If flux map are not converged. go to (a).

9

. Apply global outer acceleration techniques:

(98]

. Compute the K, for next neutron generation;

§y

. If not converged, go to L.

4. Numerical results

The 3D problem we treat here is the extension of the 2D Lathrop one group problem c?e-
scribed in [4]. The geometry of the problem is a {0, 2] x [0,2] x [0, 2] cegtimeter <.:ube with
a fixed source located in [0, 1] x [0,1] x [0, 1] cube. The total and isotropic scattering cross-
sections are T, = 0.75 cm ™! and £,y = 0.5 cm ™! respectively. For the anisotropic problem, we
add a forward-scattering cross-section £,, = 0.5 cm ™! everywhere. Reflections are nssymed as
boundary conditions on all faces. Our analysis is based on the comparison between the isotropic
and the anisotropic solutions. To do so, two different metrics are used:

sy = max (@__.11_') % 100: 23)
; T

and



Table 1: Maximum percentage error for different spatial splitting
Meshing Enaz(%)
2x2 x 2 12.69
4xd x4 17.99
§x8 x 8 18.47

Table 2: CPU time for the two solutions

Solution Isotropic | Anisotropic
CPU Time (s) 59 1630
Number of iterations 13 13
' (bamlm - (bi:m l .
By = — 2 100, (24)
J

where Epnq; and E; are the maximum percentage error on all regions and the percentage
error for a given region respectively.
¢9™ and 45;"’ are the anisotropic and isotropic integrated flux in region j respectively.
The Equal Weight Quadrature EQy [9] is used to discretize the angular variable, the number
of angles is given by:

N(N +2)
8

We use different meshing by splitting the domain on equivolumetric zones, different number
of angles by varing the values of NV in the quadrature and different density of tracks (DT). In
Table 1, we show the maximum errors for different meshing. We use 8 angles and a density
of tracks equal to 20 tracks/cm?. It shows that the max error varies slightly with the spatial
meshing. However, the max error on fluxes reaches about 18%.
We have fixed the values of z and y at 0.25cm respectively and then we present the values of
the scalar flux, with and without anisotropic scattering, corresponding to different z-planes. the
percent errors between the two fluxes is important in the first four z-planes where the external
source is located Fig. 1. The anisotropic scalar flux map is also shown in Fig. 2. We observed
that the highest errors are concentrated in the corners where the neutrons are reflected on two
surfaces. In Fig. 3-4, we report the pecent errors for the z-planes 1 and 8 respectively. In Table
2 we show the CPU time spend by the isotropic and anisotropic solutions. The convergence is
reached at the same number of iterations for both solutions.

Nang = (25)

5. Conclusion

The extension of the characteristics solver to include the linearly anisotropic treatment of the
scattering sources, in 3D geometries, has been presented. The results, comparing the isotropic
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and anisotropic fluxes, show that neglecting the anisotropic effects in scattering sources may
induce significant errors on flux calculation especially on the regions near the reflected bound-
aries.
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ANNEXE II

UN APERCU SUR LE CALCUL PARALLELE

IL1 A propos du calcul de haute performance

Le Calcul de Haute Performance (CHP) peut étre défini comme la technologie
utilisée pour résoudre les problérﬁes scientifiques qui nécessitent d’énormes puis-
sances de calcul et des acces et traitements intensifs sur de grandes quantités de
données. La réduction du temps de calcul pour ce genre d’applications est le but

ultime du CHP.

Les applications du CHP peuvent étre classées en deux catégories:

1. Les applications séquentielles: La méthode traditionnelle d’exécuter une ap-
plication est de I’exécuter en série (les instructions ou les taches sont exécutées
'une apres 'autres) en utilisant seulement un seul processeur. Ces applications
sont simples & développer et sont les plus difficiles & optimiser. En effet, en
exécution séquentielle, il est impératif d’essayer d’exécuter chaque instruction
ou tache aussi rapidement que possible. Pour avoir une bonne performance
pour les applications séquentielles de CHP, la prise en considération de la
puissance du processeur et de la mémoire est primordiale. En plus de cela,
I’optimisation de ’application au niveau des sources du code et au niveau du

compilateur aide beaucoup a atteindre la performance optimale.

2. Les applications paralléles: De nos jours, la grande majorité de stratégies
de programmation en CHP utilisent le parallélisme. Le parallélisme peut étre
appliqué soit en utilisant des multi-processeurs d’un seul ordinateur ou en util-

isant un ensemble de processeurs impliquant plusieurs ordinateurs (Grappes).
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Ces ordinateurs s’appelent alors les noeuds de la grappe. Quand le parallelisme
est utilisé pour exécuter plusieurs instances de l’application en travaillant
sur differentes données sur differents noeuds de la grappe, ceci peut étre vu
comme l'exécution de plusieurs programmes séquentiels sur plusieurs noeuds
qui travaillent ensemble sur le méme probleme. Par conséquent, les techniques
d’optimisation des applications séquentielles sur chaque noeud peuvent étre
utilisées pour atteindre la performance optimale. Pour atteindre la solution
finale, souvent les processeurs ou les processus ont besoin de communiquer.
Selon la fréquence des communications, les applications paralléles peuvent étre
divisées en applications fortement couplées et applications lachement couplées

(voir Figure II.1).

e Applications fortement couplées: Ce sont des applications ou les
processus communiquent plus fréquemment. Pour ces applications, des
performances interessantes sont atteintes sur des systémes d’architectures
comme des SMP (Symmetric Multiprocessing) ou MPP (Massively Paral-

lel Multiprocessor) utilisant des réseaux d’interconnexion les plus rapides.

e Applications lachement couplées: Ces applications requiérent un
minimum de communications entre processus. Le modele de communica-
tion typique pour ce genre d’application est celui de maitre-esclave. De
bonne performances peuvent étre atteintes sur des grappes de calcul com-
posées de plusieurs ordinateurs reliés par un réseau Ethernet standard,

sur des réseaux de stations de travail (NOW) ou grilles.

Dans la suite de ce chapitre, nous allons revenir plus en détail sur le calcul parallele

a travers trois axes majeurs: ’architecture, la programmation et les performances.
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Figure I1.1 Organisation du calcul de haute performance

I1.2 Présentation du calcul paralléle

Une des définitions classiques d’un ordinateur paralléle est : un ordinateur par-
allele est un ensemble de processeurs capables de coopérer & exécution d’une
tache (Foster, 1994). Cette définition s’adapte & une grande variété de machines
qu’elles soient des super-ordinateurs comportant quelques centaines ou milliers de
processeurs, des ordinateurs vectoriels ou plus simplement des réseaux de station
de travail. Néanmoins, toutes ces architectures tendent vers le méme but : permet-
tre 'implémentation d’applications nécessitant des ressources informatiques impor-

tantes.

I1.2.1 Architectures paralleles

Une machine séquentielle de Von Neumann est constituée d’une unité de calcul,
d’une unité de mémoire et d’une unité de contréle qui gere les relations entre la

mémoire et 1'unité de calcul.
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Une machine paralléle consiste en la réplication de tous ou partie d’'une machine
séquentielle (I’unité de calcul étant toujours répliquée). Une machine parallele est,
alors, constituée de plusieurs unités de calcul, d’une ou plusieurs unités de controle,
d’une ou plusieurs unités de mémoire et d’un réseau assurant les communications

entre toutes ces unités.

I1.2.1.1 Architecture des mémoires

Une machine de type SIMD (Single Instruction stream Multiple Data stream) ou
MIMD (Multiple Instruction stream Multiple Data stream) est composée de plusieurs
unités de calcul, les processeurs, plusieurs unités de mémoire, les bancs de mémoire

et d’un réseau d’interconnexion. La mémoire peut étre:

e partagée par tous les processeurs. Le réseau d’interconnexion (bus) permet
aux processeurs d’acceder & n'importe quel élément de la mémoire par le biais
d’une adresse. L’espace d’adressage est unique pour tous les processeurs.
Cependant, on est rapidement limité par 'apparition de conflits qui se pro-
duisent lorsque plusieurs processeurs accédent & la méme zone de mémoire,
méme si on multiplie les bancs pour augmenter le nombre de chemins d’acces
simultanés. Ceci conduit & une dégradation des performances. On a rarement
construit des machines & plus de 64 processeurs, si ce n’est qu’en utilisant des

protocoles de cohérence de cache avec des acceés mémoire non-uniformes ;

o distribuée entre tous les processeurs. Chaque processeur dispose de sa propre
mémoire et n’accede qu’aux données qui y sont stockées. L’espace d’adressage
est local a chaque processeur. Le réseau de connexion, dit réseau de commu-
nication, assure I’acheminement des données non locales au.processeur qui en

a besoin.
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Memoire partagee

Figure I1.2 Organisation d’une machine & mémoire partagée

L’efficacité des chemins de communication est essentielle au bon fonction-
nement des machines. Dans les premiéres générations, on a multiplié le nombre
de processeurs dotés de petites mémoire. Ceci s’est traduit par la nécessité de
communications intenses qui ralentissaient considérablement les calculs. On a
tendance maintenant, en conséquence, a préférer des architectures basées sur
des processeurs puissants disponibles pour les stations de travail, des mémoires
de bonne capacité et un nombre plus raisonnable de processeurs, rarement

supérieur & 512;

(M ][ M ] I:M:I

I Reseau d interconnexion I

Figure I1.3 Organisation d’'une machine & mémoire distribuée

o virtuellement partagée. Une couche de logiciels permet de gérer une mémoire

physiquement distribuée comme une mémoire partagée. Cependant, cette sou-
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plesse apparente peut conduire & une mauvaise distribution des données qui

multiplie les échanges donc les attentes des processeurs.

11.2.1.2 Architecture des réseaux de communications

Dans une machine paralléle, pour assurer le transfert de données, les processeurs

peuvent étre connectés de deux facons:

1. par des bus (réseau d’interconnexion). L’échange d’information est réalisé par

le biais de la mémoire commune;

2. par des réseauz de connezion. Les processeurs sont connectés par des réseaux
externes via des switchs. Pour qu'un processeur accede rapidement & ses
voisins, des topologies de communication ont été réalisées. Comme exemple,
on peut citer les topologies en hypercube, tore, etoile...

La performance de ces réseaux est mesurée principalement par des parametres

comme:

o le diamétre: c’est la distance maximum entre deux processeurs quelcon-
ques dans le réseau. Cette distance détermine le temps de communication,

les réseaux avec un faible diametre sont les meilleurs;

e la connectivité: elle mesure la multiplicité des chemins entre deux pro-

cesseurs donnés. Un réseau avec une grande connectivité est meilleur;

e le cout: plusieurs critéres sont utilisés pour évaluer le colit d’un réseau.
On peut le définir en terme de nombre de liens de communication ou le

nombre de cables nécessaires pour construire le réseau.

Selon ces considérations, le choix d’une topologie bien définie peut améliorer
la performance et le coit du réseau selon que ce réseau est completement

connecté ou incomplétement connecté.
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o les réseaux complétement connectés offrent deux types de topologies physique:
point-a-point et topologie en bus. Ce type de topologie ne constitue
pas un bon rapport entre la connexion et la contention. En plus, leur
réalisation peut s’avérer couteuse a cause des nombreuses connexions qu’il

faut réaliser;

o les réseaur incomplétement connectés englobent deux autres types de
topologies: hypercube et anneau. Ces topologies offrent un rapport entre
la connexion et la contention équilibrée et nécessitent moins de connex-

ions.

Dans quelques applications paralleles, le choix d’une topologie physique peut
produire un gain énorme en performance en facilitant les communications entre
processeurs en établissant une équivalence entre la topologie physique et la
topologie logique qui gouverne le cheminement des messages entre processeurs

d’une machine a passage de messages.

. par la combinaison de ces deux modes de communications. On rencontre ce
genre d’architecture sur les plus récentes machines qui sont constituées par des

machines & mémoire partagée connectées par un réseau externe. Par exemple

des clusters de SMP (Figure 11.4).

L2 cache I__, [__l """"" E] Memoire
L1 cache I_J LJ ........ E:I

l Bus de memoire l

Figure I1.4 Organisation d’une machine SMP
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I1.2.2 Programmation parallele

Il existe plusieurs modeles de Programmation parallele (Gengler, 1996). Le par-
allelisme de données et le parallélisme de tdches comptent parmi les modeles les

plus utilisés. Nous décrirons dans la section qui suit ces deux modeles.

I1.2.2.1 Les modeles de Programmation paralléle

Le parallélisme de données

C’est un modele tout indiqué lorsqu’une application paralléle manipule intensive-
ment des structures réguliéres de données comme des grilles. Les données sont dis-
tribuées sur les processeurs. Cette distribution engendre une répartition du travail.
Chaque processeur exécute simultanément les mémes instructions sur la partition
de données qui lui est attribuée.

Ce modele est tres bien adapté aux machines de type SIMD dont la caractéristique
principale réside dans une exécution synchrone d’instructions sur des flots de données.
Pour une machine de type MIMD, le parallélisme de données va consister & coor-
donner le travail des processeurs par une resynchronisation entre deux calculs en
paralléles.

Afin d’obtenir une application correcte, il faut respecter les dépendances des données
lors de leur partition sur les processeurs. La distribution de données est construite
de maniére & limiter I'utilisation par un processeur de données qui ne lui sont pas

attribuées. Assez souvent, un graphe de dépendance des données est utilisé.

Le parallelisme de taches
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Ce modele de programmation consiste & faire exécuter simultanément par les pro-
cesseurs des opérations différentes, les tiches. Il est fondamentalement asynchrone
et ne peut s’envisager que sur des architecture de type MIMD.

L’application paralléle est découpée en un certain nombre de tiches et un graphe
de dépendance des tiches est construit. Ce graphe indique ’ordre suivant lequel les
taches doivent s’exécuter et les tiches pouvant s’exécuter simultanément. A partir
de ces informations, les taches sont réparties sur différents processeurs de la machine
paralléle.

Lors du découpage des taches, un équilibre est recherché entre la minimisation des
dépendances et une distribution maximale du travail. Le placement des taches sur
les processeurs doit permettre un bon equilibrage de charge (du travail) afin que
des processeurs ne soient pas inactifs par manque de travail ou de données issues
d’autres taches. De plus, selon I'architecture de la machine paralléle, le lancement
d’une tache peut prendre plus ou moins de temps.

Un modele trés utilisé dans le parallelisme de taches est le modele maitre-esclave.
Une tache principale, le maitre, contrdle la répartition du travail sur les autres taches,
les esclaves, notamment en assurant la communication des données et des résultats

entre les taches.

[1.2.2.2 Communication par passage de messages

Placons-nous dans le cadre des machines paralleles MIMD & mémoire distribuée.
Chaque processeur dispose d’une mémoire privée et tout acces par ce processeur a
une donnée non locale se fait en adressant une requéte au processeur détenant la
donnée en question.

La programmation par processus communicant est la technique utilisée dans ce con-
texte. Nous allons expliquer dans le paragraphe suivant cette technique, mais avant
de procéder, définissons d’abord la notion de processus.

Un processus est un ensemble d’instructions qui s’exécutent séquentiellement. Un
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programme parallele est composé de processus travaillant & la résolution d’un probléme.
Ce travail en commun nécessite des communications entre les processus.

Une communication peut étre point-da-point losque seulement deux processus entre en
communication ou collective lorsqu’elle s’applique sur un groupe de processus. Une
procedure de communications sera dite bloquante lorsque les ressources spécifiées lors
de son appel ne peuvent étre réutilisées qu’apres I’achévement de la communication.
En particulier, I’exécution est en attente du retour de la communication. Une pro-
cedure de communications sera dite non-bloquante lorsqu’elle se termine avant que
I’opération de communication associée soit finie.

Un premier modele plus strict a été développé en 1978 par Hoare (Hoare, 1978)
introduisant le principe de communication entre processus. Il s’agit de CSP ou
Communicating Sequential Processes. Les communications entre processus sont syn-
chrones et bloquantes et utilisent le principe de rendez-vous (Almasi, 1994; Braunl,
1993). La programmation par processus communicant est plus souple et autorise
des communications asynchrones et non-bloquantes.

Plusieurs implémentations de cette technique de programmation sont possibles.
Chaque variante correspond & une maniére d’attribuer les processus aux processeurs.
L’attribution peut étre dynamique ou statique, comprendre une mono-programmation
(un processus par processeur) ou une multi-programmation (n procéssus par pro-
cesseur). Une attribution dynamique posera le probleme de la régulation des charges
et le suivi de la charge de travail au cours du déroulement du programme. Une at-
tribution statique imposera de chercher le meilleur placement possible des différents

processus. Nous distinguerons alors deux structures de programme:

e la structure SPMD ou single program multiple data ou tous les processus

exécutent le méme code;

e la structure MPMD ou multiple program multiple data ol les processus exécutent

des codes différents.
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La structure du programme ne reflete pas le modele de programmation utilisé, par-
allelisme de données ou parallélisme de taches, mais uniquement la maniére dont le

programmeur a écrit le code.

I1.3 Mesures des performances

La mesure des performances est essentielle lors de la conception et de I'implantation
d’un algorithme parallele. Elle permet de mesurer I'impact de la programma-
tion sur une machine parallele donnée d'une application, de repérer les goulets
d’étranglements dans cette application et de prendre les mesures adéquates afin
d’y remédier.

Pour ce faire, plusieurs métriques sont utilisées pour quantifier les performances.

Dans la suite, nous allons décrire et expliquer ces métriques.

I1.3.1 Métriques

Il faut savoir quelle référence servira a mesurer les performances d’une application
parallele. Il existe de nombreuses métriques possibles. En voici une liste succincte :
le temps d’exécution, 'accéleration (Speed up) et lefficacité paralléle, I’évolutivité
(Scalability), la place mémoire nécessaire, le taux d’E/S au niveau de la mémoire,

le débit dans le réseau entre processeurs.

Ce sont les principales références a partir desquelles on jugera de la performance
d’une application parallele. D’autres critéres entrent également en ligne de compte
comme dans tout développement de programme informatique: les coiits de concep-
tion, d’implémentation, de vérification, de maintenance, les besoins et les coiits en
matériel informatique et en logiciel...

Le choix d’une métrique va dépendre des orientations choisies pendant la concep-
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tion et la mise en oeuvre de I’application parallele : minimiser le temps de travail,
disposer d’un code le plus rapidement possible, avoir une efficacité maximum...

En outre, selon le point de vue de 'utilisateur, les jugements portés sur les perfor-
mances d’une application paralléle peuvent étre différents. Ainsi, I'efficacité mesure
I'utilisation des ressources de la machine paralléle par un programme. Du point de
vue du théoricien, une efficacité de 25% est décevante tandis que du point de vue
d’un industriel, le probléme est résolu & un cofiit raisonnable et donc une efficacité
de 25% est convenable.

En général, les performances d’un algorithme parallele dépendent:

e du matériel (Hardware):

— puissance de calcul des processeurs,
— temps d’acces a la mémoire,

— capacité de transfert de données a travers le réseau;
e des logiciel utilisés (Software):

— compilateur,
— bibliotheques éventuelles,

— le codage de ’application;

Trois métriques sont principalement utilisées:

e la puissance du calcul;
¢ le temps d’exécution;

o l'accéleration ou 'efficacité obtenue par la programmation parallele.
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I1.3.1.1 Puissance de calcul

La puissance de calcul correspond & la mesure du nombre d’opérations flottantes
par unité de temps. Elle est donnée en Floating-Point Per Second ou Flops. Elle se
fait par rapport & une référence commune. Mais de nombreuses instructions ne sont
pas des opérations flottantes comme les boucles, les instructions conditionnelles, les
acces mémoire et les accés cache.

En générale, le constructeur fournit une puissance créte, puissance maximale at-
teinte par la machine. En pratique, il est possible d’espérer d’obtenir entre 1 % et
50 % de cette puissance.

Cette mesure des performances est peu utilisée dans le domaine de P'informatique
parallele. Elle ne permet pas de rendre véritablement compte de l'effet que la pro-

grammation parallele a sur une application.

I1.3.1.2 Temps d’exécution

Considérons le temps d’exécution en tant que métrique possible pour la mesure des
performances d’une application paralléle.

La définition du temps d’exécution sur un ordinateur séquentiel est assez simple. Il
s’agit du temps écoulé entre le début et la fin de 'exécution.

Mais sur une machine parallele, la définition du temps d’exécution pose un probléme.
En effet, plusieurs applications tournent en méme temps et se partagent les ressources
de la machine. Dans ce cas, pour une méme application et des données initiales iden-
tiques, plusieurs exécutions peuvent donner des temps tres différents selon 1’état
d’occupation de la machine.

Il est donc nécessaire de bien définir le temps effectivement mesuré. Il en existe deux

types:

o le temps d’horloge qui correspond a un chronométrage du temps écoulé. Il
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peut varié énormément suivant ’occupation de la machine;

e le temps CPU qui est le temps pendant lequel la machine effectue réellement
les instructions du programme. Ce temps est mesuré & partir de I'unité de

controle du processeur de la machine.

Ces temps peuvent étre tres différents et le choix d’un temps de référence dépendra
de l'orientation choisie pendant le développement du code. Dans le cas du temps
d’horloge, des moyennes devront étre établies & partir d’un grand nombre d’exécutions
afin de pouvoir obtenir des mesures significatives.

Dans le cas des machines paralléles, il y a, en outre pour un choix de mesure de

temps, trois possibilités:

e une mesure sur un processeur donné;
e le maximum sur tous les processeurs;

® une moyenne sur tous les processeurs.

Toutefois, le temps d’exécution n’est pas la métrique la plus pratique pour mesurer
I'impact de la programmation paralléle sur une application. Ce temps dépend trop
fortement de la taille du probléeme. Considérons une application parallele donnée
utilisant une distribution des données. Le temps d’exécution décroit lorsque le nom-
bre de processeurs utilisé croit, et ce, jusqu’a une borne inférieure a partir de laquelle
le temps stagne, voir augmente. Pour un méme nombre de processeurs utilisés, un
probléme important aura un temps d’exécution supérieur a celui d’un probléme plus
petit, mais il utilisera mieux les ressources de la machine paralléle. En particulier,
si un probleme peu important a atteint sa limite inférieure de temps pour un nom-
bre donné de processeurs, un probléme plus gros peut encore abaisser son temps

d’exécution en utilisant plus de processeurs.
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11.3.1.3 Accélération et efficacité

Supposons choisie une maniere de mesurer le temps d’exécution d’une application
parallele. Deux quantités, l’accélération et l’efficacité sont obtenues aprés normal-
isation par un temps d’exécution de référence. Nous allons définir ces notions,
expliquer ce qu’elles représentent physiquement et terminer en présentant quelques

propriétés.

Définition 1 Accélération et efficacité paralléles
L’accélération S d’une application paralléle est définie comme le rapport entre le
temps Tp d’exécution sur P processeurs et un temps de référence Ts sur un pro-

cesseur.

=T

(IL1)

Lefficacité £ d’une application paralléle est le rapport entre 'accélération de cette

application et le nombre de processeurs P.

£= (IL.2)

5
P
Mais il reste le probleme du choix du temps de référence Ts. Une définition stricte
de accélération implique que ce temps soit celui du meilleur algorithme séquentiel
correspondant au probléme traité dans l'application parallele. Une définition plus
pratique stipule que ce temps de référence soit le temps d’exécution de I'application
sur un seul processeur. Une troisieme approche, employée lorsque l’application
parallele est obtenue par parallélisation d’une application séquentielle, utilise le
temps d’exécution de l'application séquentielle sur un processeur comme temps de

référence.



238

I1.3.1.4 Comportements d’'une application parallele

Pratiquement, l'accélération mesure la faculté de ’application a se paralléliser.
L’efficacité évalue l’exploitation par cette application parallele des ressources de
la machine parallele de test. Il est possible de donner des limites a ’accélération et

Vefficacité.

Propriété 1
1<S<P VP (I1.3)

D’apres la propriété ci-dessus, ’accélération est au plus linéaire et au moins supér-
ieure & un. Cependant, en pratique, il est possible d’observer des accélérations

super-linéaire ou inférieure & un.

Nous allons donner deux exemples extrémes de situations ou ’accélération ne re-
specte pas l'inégalité I1.3, un effet de cache (Foster, 1994) et une surcharge du réseau
de communications.

Considérons, par exemple, une parallélisation sur une machine MIMD & mémoire
distribuée par distribution des données. Sur la plupart des machines paralleles,
chaque processeur dispose d’'une mémoire cache petite et d’acces rapide et d’une
mémoire plus lente. Quand le probleme est exécuté sur un seul processeur, il occupe
beaucoup d’espace mémoire et le transfert de donnée de la mémoire au cache est
répété plusieurs fois ceci peut alors induire des délais. Plus le nombre de processeurs
augmente, plus la taille du probléme (décomposé) a tendance a s’ajuster au cache
(ou & la mémoire) liée & chaque processeur individuellement, le delai de communica-
tion entre la mémoire et le processeur diminue. Des études traitant des probleémes
basés sur la décomposition du domaine exécutés sur des SGI Origine2000 ont montré
qu’on faisant varier la taille du probleme, I’accélération super-linéaire a été observée

dans tous les cas quand on atteint un certain nombre de processeurs (nombre de
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processeurs critique) pour lequel correspond un ajustement entier du probléme en
cache L2. Ce phénomene est 1ié donc directement & I’effet de cache ou de hiérarchie
de la mémoire qui peuvent pénaliser le programme séquentiel.

Dans 'autre cas, supposons que tous les processeurs communiquent au méme instant
des petites quantités de données et que la réception des données soit indispensable
pour que le programme puisse continuer. Le réseau peut alors se trouver en sur-
charge et les communications sont alors bloquées en cours de passage sur le réseau
le temps que le logiciel de gestion du réseau mettent en place une stratégie de
désengorgement. Il est possible d’observer alors des accélérations inférieures & un.

De méme, on peut aboutir & la propriété suivante pour 'efficacité :

Propriété 2
1

— < &L .
5<ESL VP (1L.4)

Une autre maniere d’étudier 'efficacité et I’accélération est de décomposer le temps

d’exécution d’'un programme paralléle en trois parties:

Tp = T + 3™ + tine (IL.5)

o T% est le temps passé dans les calculs par les P processeurs;
o t¥™ est le temps passé dans les communications par les P processeurs;

o i1 est le temps d’inactivité des processeurs. Il provient des attentes de

réceptions et de synchronisations des processeurs.

Les temps de communications et d’inactivité n’existent que pour un programme
paralléle. Elles sont regroupées dans une composante qu’on note 7,, nous avons
alors :

Tp =T+ T, (IL.6)
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Supposons que le travail soit réparti aussi équitablement que possible entre différents
processeurs, alors le temps de calcul sur P processeurs est égal au rapport entre
le temps de calcul sur 1 processeur, soit le temps séquentiel, et le nombre P de

processeurs:

T,
cal _ 48
g = 2 (IL.7)
En reportant les deux relations (I1.6) et (I1.7) dans les expressions de l'accélération

et l'efficacité, nous obtenons:

5 p P
1 +P%§ T 14 PRp
g= 1 ! (IL8)

=1+P§;=1+PRP

avec Rp = % Le comportement de la quantité PRp détermine le comportement
de l’algorithme paralléle.

Si cette quantité est nulle, ’accélération est linéaire. Si cette quantité est stricte-
ment positive, ’accélération sera sous-linéaire.

En 1967, Amdahl formule dans une loi (Foster, 1994; Cosnard, 1993) une limite

asymptotique & l'accélération réalisable dans une application parallele.

Loi d’Amdahl : Tout programme parallélisable se compose d’une partie séquen-
tielle fs et d’une partie parallélisable f,. La partie séquentielle correspond a la
création de tiches, au traitement des scalaires, a la structure de contréle et aux
accés mémoire.

L’accélération est alors limitée asymptotiqguement par l’inverse de la fraction du

temps d’exécution total nécessaire a l’exécution de la partie séquentielle du pro-
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gramme

S < fst o (I1.9)
fs
Démonstration
Le programme se compose d'une partie séquentielle f; et d'une partie parallelisable
fp- Alors, le temps d’exécution séquentiel vaut t, + t, et le temps d’exécution sur P
processeur vaut t; + %-’,1. L’accélération tend alors asymptotiquement, lorsque P tend

vers |'infini, vers la quantité suivante:

tottp tot1p

S = 5
ts+‘£ ts

quand P — (I1.10)

D’apres cette loi, la fraction séquentielle va limiter I’accélération que l'on peut
espérer obtenir et donc le nombre de processeurs sur lequel il est utile de travailler.
Cette loi a beaucoup influencé les premiers temps du parallelisme. L’informatique
paralléle ne semblait alors utile que pour des applications bien précises et pour des
machines paralléles avec peu de processeurs.

Dans les années 80, le développement du calcul paralléle massif a remis en question
les conclusion de la loi d’Amdahl. De nombreuses expérimentations numériques sur
des ordinateurs massivement paralleles ont montré la viabilité du parallelisme mas-
sif.

Il y a de nombreuse raisons au fait que les conclusions de la loi d’Amdahl soient
inadéquates dans la plupart des cas. La loi d’Amdahl correspond & une conception
séquentielle de la programmation parallele. Elle ne prend pas en compte le fait
que la paralleélisation d’un programme va engendrer du travail suplémentaire pour
les processeurs, en particulier des communications chez les machines & passage de
messages et des acces mémoire chez les machines a mémoire partagée.

De plus, la loi d’Amdahl ne prend pas en compte un des buts principaux du calcul
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parallele, travailler sur des machines paralléles pour pouvoir traiter des problémes
de plus en plus importants. Cette loi correspond & une taille constante du probleme
traité quelque soit le nombre de processeurs utilisés et la place mémoire disponible.
Cette remarque fut a la base du travail de Gustafson (Gustafson, 1988; Wilson,

1995) qui a réévalué le comportement de l’accélération en 1988.

Lot de Gustafson : Si la taille de la fraction paralléle d’un probléme croit
suffisamment, alors il est possible d’obtenir n’importe quelle valeur d’accélération

quelque soit le nombre de processeur utilisé.

Démonstration
Le temps d'exécution de la partie paralléle ¢, du probléeme dépend non seulement du
nombre de processeur utilisé P mais aussi de la taille du probleme W. L'accélération

obtenue vaut alors:
_ s+ (WD)

= ts + t,(W, P)

(IL.11)

La fraction parallele t,(W, P) décroit avec le nombre de processeurs P mais croit
strictement avec la taille du probleme. Donc, pour obtenir une valeur particuliere de
I'accélération pour un nombre donné de processeurs, il suffit d'augmenter suffisamment

la taille du probleme.

Laloi de Gustafson donne une meilleure approche du comportement de I’accélération
par rapport a la loi d’Amdahl. Mais elle correspond toujours & un comportement
idéal. En pratique, il est possible d’avoir une fraction séquentielle du programme
croissante avec le nombre de processeur méme si le temps d’exécution de la partie

parallele décroit.

Une autre approche consiste & penser en terme d’éfficacité et d’évolutivité en se
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demandant comment la taille du probléeme doit étre augmentée afin de maintenir
efficacité constante & une valeur donnée lorsque le nombre de processeurs aug-
mente. Dans cette approche, on essaye de trouver une relation analytique reliant
Vefficacité a la taille du probleme et & d’autres parameétres de la machine (entre
autre le nombre de processeurs). Ainsi, on définit le systéme paralléle composé de
Palgorithme parallele et de la machine parallele. On parle alors de ’évolutivité du
systéme parallele qui consiste a trouver la meilleure combinaison algorithme-machine

parallele pour avoir une efficacité optimale et constante.

Placement de taches et équilibrage de charges

Un des parametres qui peut influencer la pérformance d’une application donnée est
léquilibrage de charges et le placement de taches. L’équilibrage de charges est la
maniere avec laquelle on répartit les charges sur les différentes taches constituant
les processus paralleles dans le but de maximiser les performances. Le placement
de taches consiste a répartir les taches d’une application sur les processeurs d’une
machine paralléle de facon & optimiser une fonction de cofit.

Un algorithme peut se définir par son graphe de précédence. Il s’agit d’'un graphe
valué orienté A(T, D) dont les sommets T représentent les tiches élémentaires de
I’application et les arcs D correspondent aux dépendances de données entre taches.
Le poids wr d’une tache indique sa charge de calcul, et le poids d’un arc wp de
quantité données a transmettre entre les taches.

La machine paralléle est aussi représentée par un graphe M (P, L), qui cette fois
n’est ni valué, ni orienté si les ressources sont homogenes. Les sommets P sont les
processeurs, et les arétes L les liens de communications.

Le placement est alors une fonction P de T dans P qui, pour étre efficace, doit

minimiser une fonction de cofit.
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ANNEXE III

CALCULS DE REACTEURS

III.1 La chaine de calcul de transport

Les calculs de transport sont basés sur des données nucléaires qui sont originellement
stockées dans des bibliotheques de données nucléaires sous format ENDF (Evaluated
Nuclear Data File). Ces données sont collectées a partir des expériences de physique
nucléaire ou en utilisant des modeles théoriques. Ces données, ainsi stockées, ne
peuvent pas étre directement utilisées par des code de transport déterministes, qui
eux, utilisent des sections efficaces multigroupes. Un traitement supplémentaire est
donc nécessaire pour produire des section efficaces dédiées aux calculs multigroupes.
Ceci est réalisé par des codes de traitement des sections efficaces, comme NJOY
et SAMMY. Des librairies de sections efficaces isotopiques multigroupes sont alors
générées pour étre utilisées directement comme bases de données par des codes de

transport.

Une fois que les données nucléaires sont disponibles et la géometrie du probleme a
traiter est définie, I'effort de calcul est concentré au niveau du solveur afin d’obtenir
la solution du flux. Par conséquent, la méthode de résolution et la conception
générale du solveur vont étre décisives du point de vue des limitations du solveur
en termes de temps de calcul, de taille du probléme et de ressources informatiques.

Nous avons distingué deux approches vis-a-vis de la conception des solveurs :

e [’approche classique : des solveurs utilisant des techniques de programmation
séquentiels sont élaborés. Des techniques d’accélération numériques sont alors

nécessaires pour accélérer la solution. Avec ces solveurs, on est limité a utiliser
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des machines séquentielles. Dans le contexte de problemes de grande taille,
ces solveurs présentent des limitations lies surtout & la puissance de calcul et

a la capacité de stockage.

e l'approche moderne : des solveurs utilisant des techniques de programmation
parallele sont congus. Ces codes peuvent étre alors exécutés sur une variété
de machines paralléles comme les grappes de calcul, les machines massivement
paralleles, des machines hybrides... Dans ce cas d’autres complexités sont

introduites vis-a-vis de la performance :
e études de performances en terme d’accélération, d’efficacité, d’évolutivité...;
e choix du réseau d’interconnexion;

e choix de ’architecture de la machine.

Les solveur séquentiels peuvent étre parallélisés pour faire parti de la catégorie des

solveurs paralléles.

En fin de compte, pour un méme probléme, on devrait avoir des solutions semblables
avec les trois approches de résolution de I’équation de transport de neutrons, mais
les temps d’exécution peuvent varier considérablement d’une approche a l'autre.

(Figure III1.1)
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Figure II1.1 Schéma de calcul de transport
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ITI1.2 Organisation d’un calcul de réacteur

Le calcul neutronique de réacteur comporte deux étapes. La premiére étape con-
siste en un calcul fin en espace et en énergie appelé un calcul de réseau (lattice
calculation). Ce calcul, pour la majorité des réacteurs, se fait sur un assemblage de
combustible entouré de son modérateur. Les operations de condensation en énergie
et d’homogénéisation en espace, permettent d’obtenir les propriétés nucléaires (les
sections efficaces) utilisées par la deuxiéme étape du calcul qui est le calcul du
réacteur entier. Le calcul de réacteur se fait dans le cadre de ’approximation de
diffusion. Des couplages thermohydrauliques sont aussi utilisés & ce niveau pour tenir
compte des parametres thermohydrauliques comme la pression, la température, les

concentrations... (Voir Figure II1.2).
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Figure II1.2 Schéma simplifié de calcul de réacteur
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I11.2.1 Caractéristiques des réacteurs CANDU

Les réacteurs CANDU (CANadian Deuterium Uranium) se caractérisent par:

e l'utilisation de leau lourde a la fois comme modérateur et caloporteur;

e une structure & tube de force qui sépare le modérateur froid du caloporteur

chaud;

e un combustible & uranium naturel, renouvelé pendant le fonctionnement du

réacteur.

Le réacteur CANDU est constitué par une grande cuve cylindrique, appelée calandre,
reposant sur sa face latérale. Plusieurs centaines de tubes (dépendant de la puissance
du réacteur, entre 380 et 480) traversent la calandre d’une face & I’autre. La calandre
est remplie d’eau lourde qui sert de modérateur; la pression et la température de ce
dernier sont relativement faibles. D’autres tubes, appelés tubes de forces sont insérés
de maniere concentrique & 'intérieur des tubes de calandre. Le combustible, sous
forme de grappes, est logé dans les tubes de force et son refroidissement est assuré
par le caloporteur d’eau lourde qui circule autour de la grappe. L’espacement entre
le tube de force et le tube de calandre est rempli par un gaz. Cet espacement sert
d’isolant thermique entre le caloporteur et le modérateur. L’ensemble du modérateur
et du combustible nucléaire est appelé coeur du réacteur (Figure II1.3)!. Le com-
bustible nucléaire utilisé dans les réacteurs CANDU actuels est 'uranium naturel.
Par exemple, une grappe de combustible des réacteurs CANDU-600, d’une longueur
de 50 cm, comporte 37 crayons. Les principales composantes d'un crayon de com-
bustible sont le combustible de dioxyde d’uranium (UO;) sous forme de pastilles
et la gaine en alliage de zirconium (Zircaloy). Le zirconium est utilisé & cause de

ses propriétés nucléaires avantageuses (absorbe peu les neutrons). Un crayon de

Thttp://canteach.candu.org/
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combustible peut contenir jusqu’a 20 pastilles de UO,. Les réacteurs de puissance
sont fortement hétérogenes. Il existe cependant une certaine périodicité dans la
géométrie, en particulier au niveau des éléments du combustible. Cette périodicité
nous permet généralement d’introduire la notion de la cellule unitaire.

Dans les reacteurs CANDU, le calcul fin en transport comporte deux étapes : un
calcul de cellule unitaire en 2D et un calcul de supercellule en 3D pour tenir compte
des effets des mécanismes de contréle qui sont perpendiculaires aux grappes de com-

bustible.
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I111.2.1.1 Calcul de cellule

Les cellules unitaires des réacteurs CANDU sont définies & partir du réseau des
canaux de combustible. Elles contiennent chacune une seule grappe de combustible
entourée de son modérateur (Figure II1.4)2. Les cellules unitaires sont caractérisées
par des parameétres locaux tels que la densité de puissance, la température du com-
bustible et la densité du caloporteur. Le code de cellule permet d’évaluer en théorie
de transport les sections efficaces macroscopiques par matériaux et par région, en
fonction de I’énergie des neutrons dans le combustible, ainsi que les taux de réaction

dans le combustible.

I11.2.1.2 Calcul de supercellule

Pour tenir compte des mécanismes de réactivité qui sont des barres verticales pour
les réacteurs CANDU, un calcul de cellule en 3D est nécessaire. Ce genre de cal-
cul s’appelle calcul de supercellule (Figure I11.5)3. Le calcul de supercellule est
un processus complexe. Plusieurs approches ont été utilisées pour de tels calculs.
On retrouve principalement les méthodes des probabilités de collision, des courants

d’interfaces et dernierement la méthode des caractéristiques.

2Guide d’utilisateur DRAGON: http://www.polymtl.ca/nucleaire/DRAGON /index.php
3Guide d’utilisateur DRAGON: http://www.polymtl.ca/nucleaire/ DRAGON /index.php
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Figure II1.4 Une cellule unitaire
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Figure III.5 Une supercellule
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ANNEXE IV

MODULE MCG : MODE D’UTILISATION



256

The mce: module

The MCG: module can be used to solve the transport equation using the method of

characteristics in 3-D geometries. The MCG: module is used to perform the work of both the

EXCELT: and the MCI: modules. The MCG: module does not keep the tracking file. The

calling specifications are:

SUUCHITE (MOG:) e oot o eeemeesaeee e e e
‘ TRKNAM FLUNAM := MCG: [FLUNAM ] GEONAM LIBNAM : : (descmcg) H
... {desctrack)

A o T LA IR AN EST SR HAY TS 459 A SR g L e AN TS,

where

FLUNAM
character*12 name of the FLUXUNK data structure containing the solution. if FLUNAM
appears on the RHS, the solution previously stored in FLUNAM is used to initialize the new
iterative process; otherwise, a uniform unknown vector is used.

GEONAM
character*12 name of the GECMETRY data structure.

LIBNAM
character*12 name of the MACROLIB or MICROLIB data structure that contains the

macroscopic cross sections .
TRKNAM
character*12 name of the TRACKING data structure containing the tracking .

(descmcg)
structure containing the input data to this module.

(desctrack)
structure containing the general tracking data

1 Data input for module MCG:
Structure (descmcg)

{ EDIT iprint]
{ TYPE{S|K|B{BO|B1}[SIGS] ]
{PNLJ} |
) [ THER [ maxthr] [ epsthr]]
1| [EXTE [ maxout] [ epsout}]
{ [NOBA]

; [ ACCE nlibre naccel }

{ { SCR maxscr |

| [ETAB { ON] OFF} ]

i {ITLM]




25

where

EDIT
keyword used to modify the print level iprint.
iprint
index used to control the printing of this module. The amount of output produced by this
tracking module will vary substantially depending on the print level specified.
TYPE
keyword to specify the type of flux flux calculation to be performed.

S
keyword to specify that a fixed source problem is to be treated. Such problem can also
include fission source contributions,

R
keyword to specify that a fission source eigenvalue problem is to be treated. The
eigenvalue is then the effective muitiplication factor with a fixed buckling.

B

keyword to specify that a fission source eigenvalue problem is to be treated. The
eigenvalue in this case is the critical buckling with a fixed effective multiplication factor.
THER
keyword ta specify that the control parameters for the thermal iterations are to be modified.
maxthr
maximum number of thermal iterations. The fixed default value is 2*ngroup-1 or 4*ngroup-
1.
epsthr
convergence criterion for the thermal iterations. The fixed default value is 5.0710°.
EXTE
keyword to specify that the control parameters for the external iteration are to he modified.
maxout
maximum number of external iterations. The fixed default value for a case with no leakage
model is 2°n~1 where nyis the number of regions containing fuel. The fixed default value for
a case with a leakage model is 10*n1.
epsout
convergence criterion for the external iterations. The fixed default value is 5.0°10°°.
NOBA
keyword used to specify that the flux rebalancing option is to be turned on or off in the
thermal iteration. By default (floating defauit) the flux rebalancing option is initially activated.
ACCE
keyword used to modify the variational acceleration parameters. This option is active by
default (floating default) with niibre=3 free iterations followed by naccel=3 accelerated
iterations.
nlibre
number of free iterations per cycle of nlibre+naccsl iterations.
naccel
number of accelerated iterations per cycle of niibre+naccel iterations. Variational
acceleration may be deactivated by using naccel=0..

SCR
keyword used to modify the number of iterations used in the Seif-Collision Rebalancing
procedure.

maxscr
the number of iterations used in the Self-Collision Rebalancing procedure. The defauit
value is maxscr=5.
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ETAB
keyword to specify that the option of using exponential tables is to be turned ON or OFF.

ITm

keyword to specify that the effective number of thermal iterations in the n™ outer iteration
will not exceed the maximum of n and maxthr

Structure (desctrack)

[ MAXR maxreg | o ?
It SR L S DX Ak LI RPN B T RSO RIW ISR - P . s -7 £

[ TRAK { TISO [ { EQW | GAUS } ] nangl dens [ CORN pcorn ] |
SYMM isymm ]

[T

MAXR

keyword which permits the maximum number of regions to be considered during a
DRAGON run to be specified.

maxreg
maximum dimensions of the problem to be considered. The default value is set to the
number of regions previously computed by the GEO: module. However this value is
generally insufficient if symmetries or mesh splitting are specified.

TRAK
keyword to specify the tracking parameters to be used.

TISO
keyword to specify that isotropic tracking parameters will be supplied. This is the default
tracking option for cluster geometries.

EQW
keyword to specify the use of equal weight quadrature. This option is valid only if an
hexagonal geometry is considered.

GAUS
keyword to specify the use of the Gauss-Legendre or the Gauss-Jacobi quadrature. This
option is valid only if an hexagonal geometry is considered.

TSPC
keyword to specify that specular tracking parameters will be supplied. This option is invalid
it an hexagonal geometry is considered.

MEDI
keyword to specify that instead of selecting the angles located at the end of each angular
interval, the angles located in the middle of these intervals are selected. This is particularly
useful if one wants to avoid tracking angles that are parallel to the X- or Y-axis as its is the
case when the external region of a CARCEL geometry is voided.

nangl
angular quadrature parameter. For applications involving 3-D cells, the choices are
nangk2, 4, 8, 10, 12, 14 or 16; these angular quadratures EQ, present a rotational
symmetry about the three cartesian axes. For 2-D isotropic applications, any value of nang/
may be used, equidistant angles will be selected. For 2-D specular applications the input
value must be of the form p+1 where p is a prime number (for example p=7,11, etc.); the
choice of nangl = 8, 12, 14, 18, 20, 24, or 30 are allowed. For cluster type geometries the
default value is nangk= 10 for isotropic cases and nangi=12 for specular cases.
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dens
real value representing the density of the integration lines (in cm™ for 2-D cases and cm?
for 3-D cases). This choice of density along the plan perpendicular to each angle depends
on the geometry of the cell to be analyzed. If there are zones of very small volume, a high
line density is essential.

CORN
keyword to specify that the input of the parameters used to treat the corners for the
isotropic integration.

pcorn
maximum distance (cm) between a line and the intersection of n > 1 external surfaces
where track redistributing will take place. Track redistributing will take place if a line comes
close to the intersection of n > 1 external surfaces. In this case the line will be replicated n
times, each of these lines being associated with a different external surface, while its weight
is reduced by a factor of 1/n. This allows for a better distribution of tracks which are
relatively close to n external surfaces. By default, there is no treatment of the corners and
pcorn=0.0.

SYMM
keyword to specify that the geometry has a rotation symmetry.

isymm
integer value describing the rotation symmetry of the geometry. The fixed default of this
parameteris 1.



260

ANNEXE V

FICHIER D’ENTREE UTILISANT LE MODULE MCG



*DECK ModelEx

Nom
Type
usage

Auteur
Date
modifie
pracedura
UNRODOED
RODOEDA
RODOEDS
Fichiers r
fixu
fixa
fixg

praocedures
L
PROCEDURE
MORULE

P A R A N I S T O B B A RN

LINKED_LIST
XSM _FILE
SEQASCII

L]
REAL DenT
INTEGER AngT
INTEGER N
-

STRING Itlm
EVALUATE Itim
**STRING Pr
INTEGER Marg
EVALUATE Maer

STRING Eta

EVALUATE Etab
STRING  Jacc
EVALUATE Jacc

LI
¢ Geometry
* J-0 Cartesi

*  Mmixtures r
. Mix uNe
-1 2a
.2 2b
~ 3 2c
L] 2d
3 2e
* 6 2f
.7 2f
- 8 2f
9 1

* 10 29

TMCI. x2m

Mode TEXTMCG. C2m
Fichier d'entree DRAGON
analyse du 8enchmark C3G7 Extended
en utrilisant MCG
G, marleau
1 20031/09/03
: M. pahmani 12/07/04
requise
: macrolib pour cas UNRODDED
: macrolib pour cas RQDDEDA
: macrolib pour cas RODDEOS
equis
Flux CP pour UNRODOED
flux CP pour RODDEDA
flux CP pour RODDEDS

et modules

UNRQDDED RODDEDA  RODDEDS
GEQ: MCG: DELETE: END:

Geometry TRACK MACRO H
SYS FLUX .
fixy flxa flxg
fixumcg flxamcg flxsmcg

»
ra ;= 10.0
ra e 4
split NregTot = 1 1000 H

.

e ITLMY

11 :s “sTRO" L IUSPUT™, “ANGL™, "STRD" , "MCRB

e 0 H

R
.

1= “Jacc”

an model g 15 235 7 4)

aguired refarenca to tables in groposal)
ODOED ROODEDA  RODDEDS
a 2a
2b 2b
2c 2c
2d d
2e 2e
2f 2f
2f 1
1 1
1 1
29 29
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Geometry = GEO:
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* plane ]
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* plane 4
Cm Cm Cm Cm Cm Cm
Cn Cm Cmn Cm Cm
Cm Cm Cm Cc
Cc Cn Cm
Cm Cm
ce
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* Fuel cells:

: Cl is uo2 Fuel
-

11 € e GEQ: CARCELZ
MESHX 0.0 1.26 MESHY
RADIUS 0.0 0.54 mIx

$:: €3 :e GEO: CARCELZ
MESHX 0.0 1.26 MESHY
RAOIUS 0.0 0.54 mIx

Ccl
Ccl
cl

cl
cl
Ccl

cm

cm
Cm
Cm
Cm
<m

Cm
cm
Cm
Cm

Cm
Cm

i1 Cl := GEQ: CARCELZ

]
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Cn
Cm
Ce
Cm
Cm
cf

€2, €3, C4 are MOX Fuel

Cm
<m
Cm
Cm
Cm
Cm
Cm
Cm
Cm
Cm

11
MESHX 0.0 1.26 MESHY 0.0 1.26 ™ . .
RADIUS 0.0 0.54 mIx 1 101:26 €5z 0.0 14.28
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:1: C4 e GEO: CARCELZ 1 1
MESHX 0.0 1.26 MESHY 0.0 1.26 MeSHZ 0.0 14.28
RAQIUS 0.0 0.54 MIX 4 10 ;

LR
* Fission chamber cells:
* CF is fission chamber for plane 1, 2, 3
* Cf is fission chamber for plane 4
.
11 CF := GEO: CARCELZ 1 1
MESHX 0.0 1.26 MESHY 0.0 1 26 MESHZ 0.0 14.28
RADIUS 0.0 0.54 mMIx 5 10
ti: CF 1w GEO: CARCELZ 11
MESHX 0.0 1.26 MESHY 0.0 1.26 MESHZ 0.0 21.42
RADIUS 0.0 0.54 mIx S 10 ;
LN
* control and quide tube cells
* plane 1; CG 1n all control rod call
* plane 2: ¢G in all control rod cell except
. in central vo2 assembly which contains CC
* plane 3: CG onl¥ in exterenal u02 assembly
» central UQ2 assembly which contains €O
. mMox assemble contain CC
» plane 4: Cc in all control cell location .
* (G is always Guide tube (Mix 6
* CC is Guide tube for unrodded and RoddedA
* and control rod for Rodded8 (Mix 7)
* (D is Guide tube for unrodded
. and control rod for RoddedA and Roddeds (mix 8)
* Cc is contral rod Ffor all in plane 4 (Mix 9)
-
Ll

: CG := GEO: CARCELZ
MESHX 0.0 1.26 MESHY
RAOIUS 0.0 0.54 mIX
i1t CC e GEOQ: CARCELZ
MESHX 0.0 1.26 MESHY
RADIUS 0.0 0.54 mMIx
117 CD = GEO: CARCEL2
MESHX (.0 1.26 MESHY
RAOTUS 0.0 0.54 mMIX
111 Cc = GEQ: CARCELZ
MESHX 0.0 1.26 MESHY
RADIUS 0.0 0.54 mMIX
LT TP

» maderator cells

LT

i
0. 1.26 MESHZ 0.0 14.28
10

1
001.26 MESHZ 0.0 14,28

001.25 MESHZ 0.0 14,28

VO RO - ~NO OO
O e G

001.26 MESHZ 0.0 21.42

11 Cm iw GEQ: CARCELZ 1 1
MESHX 0.0 L.26 MESHY 0.0 1. 26 MESHZ 0.0 21.42
RADIUS 0.0 Q.54 MIX 10 10 ;
117 CMX e GEO: CARIO 1 L 1
MESHX 0.0 21.42 MESHY 0,0 1.26 meswz 0.0 14.28
mMIx 10 ;
111 CMXY fe GEO: CARID L 1 1
MESHX 0.0 21.42 MESHY 0.0 21.42 mesSHZ 0.0 14.28
mMIx 10 ;
11 Cmx e GEO: CARJO L L
MESHX 0.0 21.42 MESHY Q. 0 1.26 MESHZ 0.0 21.42
mMIx 10 ;
23 Cmxy e GEQ: CARJD 1 1 1
MESHX 260 21.42 MESHY 0.0 21,42 mesHz 0.0 21.42
MIX H

® -
* Gat macrascopic XS
* UNRODDED Configuration
®am-
MACRO := UNRQODED ;
*TELUX te flxU
TRACK FLUX = MCG: Geametry MACRO ::
TYPE X
ETAB <<Etab>>
o THER 200 0.0005 €xTE 200 0.0001
CURR DIRT <<Itlm>»
MAXR 4900
TRAK TISO <<AngTra»> <<DenTra>> ;

fixumcg tw FLUX ;
TRACK MACRO FLUX :w DELETE: TRACK MACRO FLUX ;
-n

e T

* Import Macrascopic Xs

* RODDED A Configuration:

Pnam=

MACRO := RODDEDA ;

FLUX 3w flxa ;

rlac;vﬂkux Te MCG: FLUX Geomatry MACRO ::

(]

ETAS <<Etab»»

e THER 200 0.0005 €xTE 200 0.0001
<<ItIim>>
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MAXR 4900
TRAK TISQ <<AngTria>> <<lenTras>

flxamcg := FLUX ;

TRACK MACRQO FLUX := DELETE: TRACK MACRO FLUX ;
END:

® e

* Import Macroscopic x$

« RODOED 8 Canfiguration:

MACRQ = RODODEDS ;

FLUX := flx8 ;

TRACK FLUX := MCG: FLUX Geometry MACRO ::
TYPE &
ETAB <<Etib>»

we THER 200 0.000S €XTE 200 0.0001

<<t im>>

MAXR 4900

TRAK TISO <<Aangfra>> <<OenTrar» ;

fixgmcg = FLUX ;
TRACK MACRO FLUX := DELETE: TRACK MACRO FLUX ;
L]

Gaometry := DELETE: Geometry |
END:
QUIT “LIST"



