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R�esum�e

Cette �etude pr�esente un ensemble de contributions �a la compilation du High
Performance Fortran �HPF�� un langage �a parall�elisme de donn�ees bas�e sur For
tran �
� HPF y ajoute des directives pour sp�eci�er le parall�elisme disponible et le
placement des donn�ees souhait�e sur une machine parall�ele �a m�emoire r�epartie�

Le but de la compilation est de traduire un programme HPF �a parall�elisme
et placement explicites� adressage global et communications implicites� vers un
mod�ele de processus ind�ependants communiquant par passage de messages� donc
avec adressage local des donn�ees et communications explicites� Il importe bien s�ur
que le code g�en�er�e soit non seulement correct� mais aussi particuli�erement e�cace�
Notre approche a consist�e �a formuler dans un cadre math�ematique les probl�emes
techniques pos�es par la compilation de HPF� et �a s�appuyer ensuite sur des outils
g�en�eriques pour produire du code optimis�e�

Ce document est compos�e de quatre parties� Apr�es l�introduction qui pr�esente
le domaine du calcul scienti�que parall�ele et ses enjeux� la premi�ere partie introduit
le langage HPF� qui simpli�e les probl�emes de programmation rencontr�es dans
ce domaine� L�ad�equation du langage HPF� ou plut�ot son inad�equation �a l��etat
de l�art de son �epoque est soulign�ee� Les di��erentes techniques de compilation
propos�ees depuis pour ce type de langage sont revues en d�etail�

La deuxi�eme partie discute la d�e�nition du langage� Nous analysons certains
aspects du langage� relevons des d�e�ciences et proposons des solutions� Une tech
nique de compilation simple visant �a �eviter des extensions de langage pour d�eclarer
les recouvrements de tableaux est �egalement pr�esent�ee� En�n nous d�ecrivons une
proposition formelle d�extension qui permet d�associer plusieurs placements aux
arguments d�une routine�

La troisi�eme partie traite des techniques de compilation d�evelopp�ees au cours
de nos travaux� Nous pr�esentons d�abord un cadre alg�ebrique a�ne pour mod�eliser
et compiler les communications et les calculs d�une application en HPF� Ce cadre
est ensuite appliqu�e et �etendu au cas des entr�eessorties� �eventuellement parall�eles�
La compilation des replacements est ensuite d�ecrite� incluant des optimisations
pour �eviter des communications inutiles� Le code de communication g�en�er�e pro�te
des opportunit�es de partage de charge et de di�usions de messages permises par
la duplication des donn�ees� Il est d�emontr�e optimal� et les performances obtenues
sont compar�ees au compilateur HPF de DEC�

La quatri�eme partie pr�esente les r�ealisations e�ectu�ees au cours de nos re
cherches� Il s�agit principalement de l�int�egration dans le parall�eliseur automa
tique PIPS d�un prototype de compilateur HPF �repr�esentant �� 


 lignes de
code�� dont nous d�etaillons l�implantation� les limitations et les extensions� En
particulier� ce prototype inclut l�ensemble des directives HPF de placement� ainsi
que les directives de parall�elisme de boucles� Les communications sont bas�ees sur
la librairie domaine public PVM� Des exp�eriences sur r�eseau de stations de travail
utilisant les codes produits par notre prototype sont �egalement pr�esent�ees� avant
de conclure en rappelant nos contributions�

Mots clef � compilation� High Performance Fortran� langage parall�ele� parall�e
lisme de donn�ees� passage de messages� th�eorie des poly�edres� g�en�eration de code�
partage de charge� entr�eessorties� replacements� redistributions� r�ealignements�
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Abstract

This study presents our contributions to High Performance Fortran �HPF�
compilation� HPF is a dataparallel language based on Fortran �
� Directives are
used to specify parallelism and data mapping onto distributed memory parallel
architectures�

We aim at translating a global addressing implicit communication HPF pro
gram into a message passing parallel model� with local addressing and explicit
communication� The generated code must be both correct and especially e�
cient� Our approach is based on a formalization of compilation technical problems
into a mathematical framework and on using standard algorithms for generating
optimized code�

This document is divided into four parts� After the introduction which presents
scienti�c computing and its challenges� we describe in the �rst part the HPF
language which solves some of the encountered problems� The weak squaring of
HPF with the state of the art in compilation at the time of its design is outlined�
Compilation techniques developped for HPF are also detailed as the related work�

In the second part� we discuss HPF design issues� We �rst analyze HPF
language design issues� show de�ciencies and suggest new solutions� A simple
compilation technique to avoid a language extension aiming at explicitly declaring
overlap areas is described� Finally we present a possible extension to enable several
mappings to be associated to subroutine arguments�

In the third part� we present the compilation techniques� First� we describe
a linear algebra framework for compiling computation and communication� This
framework is applied and extended to possibly parallel I�O� Compilation of HPF
remappings is then addressed� including optimizations to avoid useless remappings�
and an optimal technique to manage the actual communication� taking advantage
of broadcast and load balancing opportunities linked to data replication� Perfor
mance comparisons against the Digital HPF compiler are also presented�

In the last part� we present our prototype HPF compiler �around ��� 


 lines
of code� developed within the PIPS automatic parallelizer environment� The im
plementation� including its weaknesses and extensions� is detailed� In particular�
our prototype handles all static and dynamic HPF mapping speci�cations� as well
as parallelism directives� The runtime is based on the public domain PVM commu
nication library� Experiments with codes generated by our compiler on a network
of workstations are also described� Finally we conclude�

Keywords� compilation� High Performance Fortran� parallel language� data
parallelism� message passing� polyhedron theory� code generation� load balancing�
parallel I�O� remapping� redistribution� realignment�
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Pr�eambule

Je pr�esente ici quelques �el�ements qui vous permettront de mieux comprendre
l�esprit de ce document� tant sur la forme que sur le fond�

La r�edaction

Apr�es quelques ann�ees de travail sur un sujet de recherche� il est usuel que le
th�esard s�adonne �a une activit�e appel�ee r�edaction de th�ese� Au moment o�u j�allais
me consacrer �a cette t�ache� un certain nombre de choix se sont o�erts �a moi � la
langue principale de r�edaction d�une part� la forme que devait ou pouvait prendre
ce travail d�autre part�

Pour ce qui est de la langue� j�aime beaucoup la mienne� Elle m�est particu
li�erement intuitive� Cependant� chacun souhaite que ses travaux aient le retentis
sement maximum� Le lectorat potentiel �etant� vu le sujet� essentiellement anglo
saxon� l�anglais s�impose au contraire comme unique moyen de communication� Par
ailleurs quelques textes l�egislatifs r�eglent l�emploi de la langue� et l��etablissement
qui nous accueille conduit sa propre politique en la mati�ere� Vus ces contraintes
et souhaits� la solution naturelle est de proposer un document r�edig�e dans l�une et
l�autre langue � �a la fois Moli�ere �un quart� et Shakespeare �trois quarts� � toutes
proportions gard�ees bien s�ur �

La seconde question touche �a la forme du travail� Trois ann�ees de th�ese ont �et�e
l�occasion de nombreuses r�e�exions qui ont donn�e lieu �a la r�edaction de rapports
et articles� Chacune de ces sources est achev�ee �a sa mani�ere� a trouv�e un �equilibre
dans son contexte� entre pr�ecision et concision� Par ailleurs elles sont les pierres
coh�erentes d�un travail morcel�e dans le temps et par les sujets abord�es� mais dont
la �nalit�e unique est de servir le calcul scienti�que parall�ele� En�n elles ont �et�e
d�evelopp�ees� r�edig�ees et in�uenc�ees par di��erentes personnes� Je ne souhaite pas
diminuer leur unit�e et pluralit�e en les diluant� les d�enaturant dans un dessein qui
serait ma th�ese� Je pr�ef�ere les garder chacune �a leur place� en les enveloppant pour
montrer sans les a�ecter leur coh�erence et articulations�

Les travaux

Il s�agit donc d�une th�ese sur travaux� qui uni�e un ensemble de contributions
poursuivies et d�evelopp�ees au cours de mes recherches� Il existe un �l historique �a
ces d�eveloppements� Je vais le narrer ici avant d�en pr�esenter une vue plus logique�

Tout a commenc�e �a l��et�e ���� o�u j�ai atterri dans le bureau de mon futur
directeur de th�ese� Fran�cois Irigoin� Je me suis alors occup�e en suivant les dis
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cussions �electroniques du Forum sur la sp�eci�cation du langage HPF� et en lisant
des articles ayant rapport aux probl�emes de compilation pour machine �a m�emoire
r�epartie� Au cours de l�ann�ee ��������� j�ai continu�e de suivre ces d�eveloppements
et j�ai implant�e une premi�ere mouture de prototype de compilateur incluant sim
plement la m�ethode ine�cace de r�esolution dynamique des acc�es aux variables
r�eparties pour un simple programme� J�ai aussi fait une pr�esentation du langage
pour une r�eunion du GDR Paradigme� Je la compl�eterai deux ans plus tard pour
en faire un tutoriel �a Renpar���

L��et�e ���� a ensuite �et�e consacr�e �a mon stage de DEA o�u j�ai implant�e des
m�ethodes d�optimisation courantes �analyse des recouvrements et vectorisation
des communications� ou encore calculs de r�eductions en parall�ele�� compl�et�e ma
bibliographie et e�ectu�e des tests sur r�eseau de stations de travail� Ces travaux ont
fait l�objet d�une communication �a HPCN��	� Elle couvre les mesures e�ectu�ees
sur r�eseau de stations de travail et un mod�ele pour en �evaluer la pertinence� Ce
mod�ele� valid�e par les exp�eriences� permet �egalement de mesurer l�in�uence sur
les performances des di��erents param�etres et hypoth�eses� En particulier� il montre
l�importance du nombre de processeurs et de la s�equentialisation des communica
tions sur l�e�cacit�e des calculs�

Ensuite� la �n de l�ann�ee ���� a phosphor�e fort pour int�egrer les comp�etences
math�ematiques locales dans le but de compiler du HPF� en abordant pour les
probl�emes r�eguliers la mod�elisation� l�allocation� l�adressage� les communications
et les calculs� La mod�elisation sous forme de syst�emes de contraintes est assez
naturelle pour les probl�emes r�eguliers� et parce que la r�epartition des donn�ees en
HPF s�y pr�ete particuli�erement� Cependant la pr�esence d��egalit�es dans les syst�emes
implique un Zmodule sousjacent� ce qui est de nature �a troubler les algorithmes
de g�en�eration de code d��enum�eration� Des transformations des syst�emes visant
�a densi�er le poly�edre ont donc �et�e propos�ees� Le r�esultat a fait l�objet d�une
communication �a CPC���� qui sera transform�e apr�es de nombreuses corrections
am�eliorations et autres deboguages en un article dans Scienti�c Programming�
trois ans plus tard�

Si l�on pense na��vement que la th�eorie et l�abstraction r�eglent tous les pro
bl�emes pratiques� il ne restait alors plus qu��a implanter� C�est cependant �a cette
occasion qu�on d�ecouvre les probl�emes facilement minimis�es ou oubli�es� mais qui
ouvrent de nouvelles voies de recherche� La strat�egie suivie a �et�e d�implanter l�ap
proche d�ecrite en l�incluant de mani�ere incr�ementale dans mon prototype� J��etais
par ailleurs bloqu�e par les entr�eessorties sur une application r�eelle de propagation
d�onde sismique� ce qui m�emp�echais d�e�ectuer des essais sur la CM� du SEH�
Dans l�optique d�implanter une technique �a base de poly�edre� et commme le cas
des entr�eessorties est simpli��e �communications de � �a n�� mais pr�esente des par
ties communes n�ecessaires �construction des syst�emes de contraintes� g�en�eration
de code� fonctions de support de l�ex�ecutif�� il �etait naturel de commencer ainsi la
programmation de m�ethodes de compilation avanc�ees�

Ces d�eveloppements se sont d�eroul�es au d�ebut de l�ann�ee ���	� Par rapport
�a la m�ethode g�en�eral sugg�er�ee� d�autres questions ont �et�e abord�ees� D�abord le
probl�eme de l�exactitude ou non des analyses utilis�ees� et de leur impact sur le
code g�en�er�e� Ensuite� l�int�egration des probl�emes d�adressage locaux et globaux
de mani�ere directe dans le processus de compilation� en reprennant la technique
de compression de l�allocation que j�avais initialement d�evelopp�ee dans mon com
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pilateur� et non la nouvelle bas�ee sur les transformation de Hermite� Je me suis
�egalement convaincu que la duplication au moins partielle des donn�ees �etait un
cas courant et int�eressant� Finallement� j�ai du d�ecider de la place de l�insertion
des communications dans le code� Les tests sur la CM� qui avaient motiv�e ce
travail s�av�ereront d�ecevant pour des raisons diverses � PVM perdait des messages
de temps en temps d�une part� et l�essentiel du temps d�ex�ecution se passait dans
la gestion tr�es lente des exceptions arithm�etiques g�en�er�ees par l�application� Ces
travaux sur la compilation des entr�eessorties ont fait l�objet d�une communication
�a Frontiers����

La �n de l�ann�ee ���	 a �et�e motiv�ee par une application du KFA de simulation
de croissance de cristaux de silicium par un maillage �D� Le code comportait
di��erentes proc�edures partageant des donn�ees cises dans des commons Fortran�
J�ai donc �et�e conduit �a g�erer n�ecessairement ce cas� donc �etendre mon compilateur
pour g�erer des sousroutines� De plus le code pr�esentait un motif de communication
particulier pour la mise �a jour des bouts d�un torre �a chaque it�eration �d�ecalage
d�un sous ensemble de tableau�� J�ai implant�e simplement la compilation de ce
motif de communication sous forme de reconnaissance de forme et d�appel �a des
fonctions ad hoc de l�ex�ecutif� Je n�ai pas fait tourn�e le code en parall�ele parce que
la collaboration initiallement envisag�ee a un peu tourn�e court� J�ai simplement fait
quelques exp�eriences avec le code s�equentiel� et ai gagn�e environ un tiers du temps
d�ex�ecution en quelques optimisations �el�ementaires favorables au cache� L�impact
sur mon prototype aura �et�e tr�es signi�catif� puisqu�il sera alors mieux int�egr�e dans
PIPS et acceptera des programmes bien plus r�ealistes avec des sousroutines�

Le second pas dans l�implantation de m�ethodes poly�edriques �etait� naturelle
ment aussi� de g�erer les replacements de HPF� question que j�abordais le long de
l�ann�ee ����� En e�et� les communications sont cette fois g�en�erale� mais il n�y a
pas �a se pr�eoccuper des r�ef�erences et autres d�etails� il s�agit de d�eplacer un tableau
en entier� J��etais aussi motiv�e pour faire quelque chose �a propos de la duplication�
sentant bien qu�il y avait �a chaque duplication une opportunit�e pour pro�ter de la
redondance� D�un c�ot�e� la di�usion d�un m�eme message vers plusieurs processeurs
qui attendent les m�emes donn�ees permet une factorisation naturelle des co�uts�
De l�autre c�ot�e� chaque groupe d�envoyeurs poss�edant les m�emes donn�ees peut se
partager la charge de l�envoi de ces donn�ees� parall�elisant ce travail autant que la
duplication disponible� Ces consid�erations suppl�ementaires se sont parfaitement
int�egr�ees dans l�approche compilation des communications �a base de syst�emes de
contraintes� sous forme d�une �equation additionnelle de partage de charge et de
projections sur les dimensions de di�usions�

Cela �etant d�ecid�e� l�implantation e�ective de ces algorithmes de compilation
des codes de communications dans mon prototype de compilateur n�aura pas �et�e
une mince a�aire� Elle impliquera de profonds changements dans la structure du
compilateur et dans la mani�ere de g�erer les directives� ce qui am�eliorera encore son
int�egration au sein de PIPS� Le premier probl�eme �etait de retrouver la place des
directives de replacement dans le code� ce qui �etait di�cile avec des analyseurs
syntaxiques distincts pour le code et les directives� De plus� le probl�eme de la
gestion e�ective de l�allocation et de l�adressage de ces tableaux d�eplac�es devait
�etre abord�e� En me consacrant �a ce point� il est apparu rapidement que l�id�ee na
turelle �etait de se ramener �a une version statique du programme avec des recopies
entre tableaux plac�es statiquement� Cette approche a ouvert tout un pan de r�e
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�exion sur les optimisations de �ot de donn�ees possibles quand plusieurs versions
d�un tableau sont disponibles �par exemple� pourquoi d�etruire l�ancienne version�
qui peut s�av�erer utile par la suite ��� mais aussi du c�ot�e de la sp�eci�cation du
langage� qui ne permet pas ce type de compilation simple et e�cace dans le cas
g�en�eral� Je me suis alors interrog�e sur les raisons �oues qui avaient conduit �a ces
choix� et leurs cons�equences indirectes mais co�uteuses sur le d�eveloppement des
compilateurs commerciaux� Bref� alors que je prennais initialement comme sujet
de th�ese le langage comme une donn�ee� je me suis dit qu�il �etait aussi n�ecessaire
de le modi�er pour permettre des implantations e�caces�

J�ai donc implant�e ces techniques dans mon compilateur� puis me suis lanc�e
dans la r�edaction d�un article en collaboration avec Corinne Ancourt pour d�ecrire
ces travaux e�ectu�es en commun� En �ecrivant l�article� la question de l�optimalit�e
�eventuelle des communications a �et�e abord�ee� et j�ai modi��e l�algorithme de ma
ni�ere a �etre optimal �a la fois en terme de volume de donn�ees transf�er�ees qu�en
nombre de messages� Des tests avec les codes g�en�er�es pour les replacements ont
�et�e faits avec la ferme d�alpha du LIFL� qui �etait un peu charg�ee� mais pas trop
pour que quelques bonnes mesures re��etant l�int�er�et de ces travaux puissent �etre
enregistr�ees� Les travaux sur la compilation des communications li�es aux replace
ments� l�optimalit�e obtenue et les exp�eriences feront l�objet d�une publication dans
JPDC en ����� L�aspect transformation d�un programme au placement dynamique
en un programme au placement statique avec des recopies entre tableaux� et les
optimisations associ�ees n�est par contre �encore� qu�un rapport interne�

Le glissement fondamental op�er�e cette derni�ere ann�ee� a �et�e de s�int�eresser plus
directement �a la d�e�nition du langage� �a la lumi�ere de mes exp�eriences en com
pilation� J�ai commenc�e �a remettre en cause certains aspects du langage que je
ne faisais que critiquer auparavant� et qui repr�esentent intrins�equement des obs
tacles �a une bonne et simple compilation� Mon activit�e constructive sur les listes
de discussion du Forum s�est trouv�ee acc�el�er�ee et d�emultipli�ee �a un moment o�u
la d�e�nition de la nouvelle version du langage �etait �a la fois �ottante et h�esi
tante� recherchant des simpli�cations abusives d�aspects pourtant utiles� tels les
replacements� mais gardant obstin�ement des points inutiles comme les placements
transcriptifs� Sans compter quelques extensions de langage douteuses comme la
d�eclaration explicite des recouvrements lors de la d�eclaration du placement des
tableaux� J�ai donc milit�e pour quelques corrections au niveau de la syntaxe� en
parvenant �a faire changer la d�e�nition de la directive reduction pour un style
explicite� mais aussi pour des r�evisions plus fondamentales� �a savoir la simpli�ca
tion plut�ot que l�abandon des directives de replacement� et le remplacement des
placements transcriptifs propos�es par inherit en une directive assume qui donne
quelque information au compilateur� Sur ces derniers points je dois reconna��tre
que mon in�uence aura �et�e faible puisque je ne suis pas parvenu �a faire modi�er
le langage� Le r�esultat de cette activit�e sera une communication �a EuroPar��� o�u
je discute les probl�emes de conception de HPF�

En�n l�hiver et le printemps de l�ann�ee ���� a vu une part importante de mon
activit�e consacr�ee �a la pr�eparation d�un cours �ecrit et oral sur la compilation de
HPF pour l��ecole de printemps PRS sur le parall�elisme de donn�ees� en commun
avec C�ecile Germain et JeanLouis Pazat� Ce cours a apport�e la partie autres
travaux de ma th�ese en o�rant un survol pr�ecis � au risque d��etre parfois tou�u �
des techniques de compilation envisag�ees pour les langages comme HPF� Il m�aura
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aussi permis de remettre �a jour ma bibliographie� Le printemps de l�ann�ee verra
la r�edaction de cette th�ese qui rassemble mes travaux�

Tout en d�eveloppant mon prototype de compilateur� j�ai am�elior�e les algo
rithmes de g�en�eration de code de parcours de poly�edre pour en parfaire le d�eter
minisme �g�en�erer toujours le m�eme code pour un m�eme syst�eme de contraintes��
et pour simpli�er et optimiser quand possible le code en pro�tant des informa
tions statiques disponibles� D�un point de vue interne au projet PIPS� j�ai aussi
d�evelopp�e un it�erateur g�en�eral gen�multi�recurse sur les structures de donn�ees
qui permet le codage rapide et e�cace de nombreuses transformations ou ana
lyses de ces structures� Cet it�erateur g�en�eralise et optimise l�it�erateur initialement
cod�e par Pierre Jouvelot et R�emi Triolet� J�ai r�evis�e ou �etendu les outils de
d�eveloppements et de validation � par exemple les tests de nonr�egression du com
pilateur sont e�ectu�es chaque nuit en parall�ele sur plusieurs machines� J�ai aussi
travaill�e �a restructurer l�organisation g�en�erale du projet PIPS� modi�cations nom
breuses et incr�ementales dont ont souvent eu �a sou�rir les utilisateurs locaux� avec
comme mince satisfaction qu�il s�agissait surement d�un progr�es� Des am�eliorations
de robustesse� de portabilit�e ou encore de pr�ecision du compilateur ont eu lieu�
en particulier �a l�occasion de la d�emonstration de PIPS au stand Paradigme de
SuperComputing���� J�ai aussi �et�e amen�e �a assurer de nombreuses heures d�ensei
gnements �a diverses occasions� Tous ces travaux ne trouvent pas ou peu d��echos
dans cette th�ese qui se focalise sur mon travail de recherche directement li�e au
langage HPF�

La th�ese

Ces travaux sont nombreux et vari�es� mais il n�est pas di�cile de les fondre dans
une perspective coh�erente et pleine� Ils se f�ed�erent naturellement en cat�egories qui
tournent autour� en amont comme en aval� des techniques de compilation pour
machines �a m�emoire r�epartie� en s�appuyant particuli�erement sur l�exemple du
High Performance Fortran�

�A l�amont� je discute les crit�eres de choix et les d�ecisions op�er�ees au niveau de
la d�e�nition du langage� Cette d�e�nition a �et�e faite au�del�a de l��etat de l�art de
son �epoque  �� �!� Elle peut encore �etre perfectionn�ee pour devenir plus utile� plus
propre et plus facilement et e�cacement implantable  �!� Certaines am�eliorations
ou adjonctions ont �et�e propos�ees pour lesquelles il existe d�autres solutions  �
!
si on s�autorise un peu d�imagination� D�autres id�ees  ��! ont fait l�objet d�une
proposition formelle au Forum qui organise la sp�eci�cation du langage�

Au c"ur du probl�eme� donc de mon travail� se trouvent les techniques de
compilation� sans lesquelles un langage qui vise aux hautes performances n�aura
pas d�objet� Ces techniques s�appuient sur l�alg�ebre lin�eaire  �� �! pour r�esoudre
globalement les probl�emes d�a�ectation des calculs aux processeurs� de g�en�era
tion des communications� d�allocation et d�adressage en m�emoire� Certains cas
particuliers se pr�etent �a des optimisations plus pouss�ees mais dans un cadre plus
simple� comme les communications li�ees aux entr�eessorties  �! ou �a la modi�cation
dynamique du placement  #� ��!�

En aval� la question de l�implantation e�ective et des exp�eriences a��erentes  �	�
	! consomme beaucoup d��energie� mais est source de satisfactions plus pratiques
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et r�eelles� De plus� elle permet de mettre �a jour des probl�emes ignor�es jusque l�a
et sugg�ere donc naturellement de nouvelles voies de recherche et d�approfondisse
ment� En�n� l�enseignement du langage  �! ou des techniques de compilation  ��!
permet de reformuler� comparer� pr�eciser et a�ner ses propres techniques comme
celles d�autres�

Ces di��erents travaux sont repris tout au long de ce m�emoire sous forme de
chapitres ind�ependants les uns des autres� En t�ete de chaque chapitre je rappelle
les auteurs ayant particip�e �a sa r�edaction� ainsi que l��etat courant du document en
ce qui concerne sa publication �eventuelle� Chaque chapitre est �egalement pr�ec�ed�e
d�un r�esum�e �en fran�cais� et d�un abstract 	in English
� Les di��erents travaux
sont f�ed�er�es en parties par grands th�emes � pr�esentation� conception� compilation et
implantation du langage� Chaque partie est r�esum�ee en d�etail et en fran�cais par un
chapitre introductif qui pr�esente les principaux r�esultats� En�n une introduction et
une conclusion g�en�erale �a ces travaux� qui les remettent en perspective� encadrent
le document�
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Introduction

Le calcul scienti�que

L��evolution du calcul scienti�que est guid�ee par des imp�eratifs �economiques�
techniques et sociologiques �

� les co�uts des calculateurs pour une m�eme puissance baissent de mani�ere
constante &

� �a co�ut constant� les puissances propos�ees sont de plus en plus grandes &

� les m�etiers s�adaptent �a ces outils et les incorporent dans les processus de
d�eveloppement�

Pour accompagner cette progression des hautes technologies� les grands pays
industrialis�es ont d�evelopp�e des programmes de recherches� comme le HPCC aux
�EtatsUnis ou le HPCN en Europe� Ces grands programmes visent �a soutenir les
technologies indispensables au d�eveloppement des supercalculateurs et r�eseaux� Ils
se f�ed�erent autour d�objectifs m�ediatiques et symboliques comme le Tera�ops� les
Grand Challenges ou autres records�

Les supercalculateurs

L�histoire des supercalculateurs est une longue suite de progr�es aboutissant
�a l�augmentation constante et exponentielle des puissances de calcul propos�ees�
Gr�ace �a la miniaturisation et �a la sp�ecialisation des circuits� l�acc�el�eration des
horloges des machines  ���! a permis de soutenir cette progression durant plu
sieurs d�ecennies� Cependant les limites physiques sont en passe d��etre atteintes�
et d�autres voies doivent �etre explor�ees pour continuer cette progression� Pour
ce faire� l�id�ee naturelle est le parall�elisme� �a savoir faire plusieurs op�erations de
mani�ere concurrente� soit �a l�int�erieur m�eme du processeur� soit entre processeurs
coop�erant �a une m�eme t�ache�

Parall�elisme intraprocesseur

�A l�int�erieur d�un processeur� plusieurs techniques permettent d�exploiter du
parall�elisme � la cr�eation d�unit�es fonctionnelles ind�ependantes� leur duplication�
et leur caract�ere �eventuellement pipelin�e �ou �etag�e��

� un processeur est compos�e d�unit�es fonctionnelles �chargement des instruc
tions� d�ecodage� chargement des op�erandes� op�erations arithm�etiques ou �ot
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tantes�� Sous r�eserve que le programme ou le circuit de contr�ole du proces
seur assure le respect des d�ependances �c�est��a�dire qu�il attend bien que
les r�esultats n�ecessaires soient disponibles avant de lancer une op�eration� et
veille �a ne pas �ecraser les r�esultats attendus par d�autres�� ces unit�es peuvent
op�erer de mani�ere parall�ele� Les di��erentes unit�es peuvent �etre reli�ees l�une
apr�es l�autre et ainsi assurer un fonctionnement en pipeline �le d�ecodage de
l�instruction suivante commence par exemple alors que la r�ecup�eration des
op�erandes d�une autre instruction est en cours�� Elles peuvent �eventuellement
fonctionner directement en parall�ele� plusieurs op�erations �etant lanc�ees �a un
instant donn�e�

� une unit�e fonctionnelle donn�ee peut aussi �etre �etag�ee en interne� de mani�ere
�a d�ecomposer une op�eration en sousop�erations ind�ependantes & l�op�eration
�el�ementaire suivante peut alors commencer alors que le r�esultat de la pr�ec�e
dente est encore en cours de calcul mais �a un autre �etage�

Au niveau des jeux d�instructions� on distingue les processeurs �

super scalaire et VLIW� ils peuvent d�emarrer plusieurs instructions �a chaque
cycle� ce qui permet d�exploiter �a plein le parall�elisme entre unit�es fonction
nelles disponibles� et d�augmenter le nombre d�instructions ex�ecut�ees par
cycle & des techniques de compilation sont utiles� particuli�erement au niveau
des boucles  ���� �
�� �	�! & les instructions VLIW 	Very Long Instruction
Words
 d�ecident statiquement du parall�elisme�

Cela correspond �a un microparall�elisme d�instructions �de toutes petites
t�aches donc��

vectoriel � les op�erandes sont des vecteurs� et les op�erateurs s�appliquent �a des
vecteurs et non �a des scalaires & ces instructions utilisent souvent des unit�es
fonctionnelles pipelin�ees & cette technique diminue le �ot d�instructions �a
ex�ecuter�

On a l�a un microparall�elisme de donn�ees�

Cependant cette progression de la puissance de calcul ne doit pas occulter
la n�ecessaire progression de la vitesse d�acc�es �a la m�emoire� a�n d�alimenter ces
unit�es fonctionnelles  ���� �
#!� De plus le parall�elisme intraprocesseur n�est pas
su�sant pour permettre la progression souhait�ee�

Parall�elisme entre processeurs

L�id�ee de faire coop�erer plusieurs processeurs en parall�ele remonte au moins
aux ann�ees cinquante  #	� �		� ���� ���!� L�attrait principal est son extensibilit�e
	scalability
� mais la mise en pratique pose de nombreux probl�emes particuli�ere
ment quand la mise en "uvre remonte au niveau des applications� De nombreuses
taxinomies ont �et�e propos�ees pour d�esigner� classer et comparer les machines mul
tiprocesseurs  ��� ��� ��� �	�� ���� ���!� Nous retenons celle de Flynn� doubl�ee de
consid�eration sur le mod�ele m�emoire au niveau mat�eriel�

Flot de contr�ole � simple �SI� Single Instruction� ou multiple �MI�Multiple Ins�
truction� & tous les processeurs ex�ecutent le m�eme programme de mani�ere
synchrone� ou bien des programmes di��erents mais coordonn�es�
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Flot de donn�ees � simple �SD� Single Data� ou multiple �MD� Multiple Data� &
les instructions portent sur des donn�ees distinctes ou non�

M�emoire � physiquement partag�ee �SM� Shared Memory� ou r�epartie �DM� Dis�
tributed Memory� & les processeurs acc�edent directement ou non �a une m�e
moire globale�

L�architecture la plus simple et la plus extensible au plan mat�eriel est la MIMD
DM � des processeurs ind�ependants ex�ecutent leur propre programme sur leurs
propres donn�ees� Cependant la probl�ematique reste alors enti�ere � comment faire
travailler sur une m�eme application des processeurs ind�ependants� �A un certain
niveau le caract�ere r�eparti de la m�emoire doit faire place �a une vue synth�etique et
homog�ene� en proposant des donn�ees logiquement partag�ees� Cette th�ese aborde
les probl�emes li�es �a la programmation d�applications sur ce type d�architecture�

Solutions

Di��erentes solutions sont envisageables� qui font porter la gestion du partage
des donn�ees� et donc des communications associ�ees� �a di��erents niveaux �

mat�eriel � la premi�ere solution est de proposer un acc�es uniforme �a la m�emoire au
niveau du mat�eriel qui assure la r�ecup�eration des donn�ees lors d�acc�es non
locaux & c�est la m�emoire partag�ee� qui sou�re de probl�emes d�extensibilit�e�

syst�eme d�exploitation � peut g�erer le partage & une solution �el�egante est de
proposer un m�ecanisme de pagination partag�ee entre les processeurs  �#
� ���
��#� ��� ���! & cette voie a �et�e suivie par feu le constructeur KSR  ���� ���!�

compilateur � peut �etre charg�e de la d�etection du parall�elisme et de son ex
ploitation �a partir de l�application �ecrite par exemple en Fortran & ces tech
niques n�ecessitent des analyses de programme avanc�ees  ���� 		� #�� �
�
���� ���� �#� ��� ��� ��� ���! & le parall�elisme est ensuite extrait  �	��
���� �	
� ��#� #�� ##� ���� ���� ��#� ���! & le placement des donn�ees d�e
cid�e  ��
� ���� �
� #� ��	� #�� #�� �� ��	� ���� ��	� ���� �	� ��� �
#� �
�! et
le tout est ensuite exploit�e  ��� ���� �
�� �
�� �
�� ��
� ���� �� �� ��!�

langage � il peut lui�m�eme sp�eci�er le parall�elisme et la r�epartition des don
n�ees  �#!� il ne reste alors au compilateur que le probl�eme de la traduction
vers la machine & cette solution qui est �a la base des travaux de cette th�ese
est d�etaill�ee ciapr�es�

utilisateur � il g�ere en dernier ressort le probl�eme de la r�epartition des donn�ees et
des communications  #�! & des libraires d��echange de messages comme PVM
ou MPI fournissent les fonctions �el�ementaires de communication  �	�� �
��
#�� ��! & des libraires plus avanc�ees comme ScaLAPACK  #�! proposent des
services de plus haut niveau incluant des calculs�

Tout cela pour essayer de transformer le parall�elisme d�une application en acc�e
l�eration e�ective� la progression �etant de toute fa�con born�ee par la loi d�Amdahl  �!�
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Langages parall�eles

L�une des solutions envisag�ees pour faciliter la programmation des machines
parall�eles �a m�emoire r�epartie s�appuie sur un langage de programmation pour sp�e
ci�er tout ou partie du parall�elisme et du placement� autrement laiss�es �a la charge
du compilateur ou de l�utilisateur  ��#!� Ces nouveaux langages sont souvent ba
s�es sur un langage de programmation existant� et ajoutent des extensions propres
pour pr�eciser le parall�elisme et le placement des donn�ees�

Base du langage

Un certain nombre de projets se sont focalis�es sur la traduction d�un pro
gramme d�ej�a parall�ele vers un mod�ele de machine �a m�emoire r�epartie  �#!� Ces
projets se sont bas�es sur di��erents langages comme Fortran  �
�! ou C  ��	! �

Fortran � Vienna Fortran  ��#� ��
� ��� �
!� Fortran D  ��� ���� ���� ����
�	�!� CM�Fortran  ���!� Adaptor  �#� ��� ��� ��� 	
� ��� 	�! ou d�autres
 �
�� �#�� ��� �#�! qui ont servi de mod�ele au High Performance Fortran
 ��� ��� ���!

C � Pandore  ��� �
!� Octi  ��	!� Pomp C  �
�!� DPC  ���� ���!� C�  ���!�
Hyper C et d�autres  �	�� �#�� ���!�

Autres � Modula  �
�� ��#!�Kali  ��	� ���!� Id nouveau  ��
� ���!�Crystal
 ���!� Booster  ���! � � �

Le choix de Fortran s�impose naturellement dans le domaine du calcul scien
ti�que de par l�existence de standards bien implant�es  �	� �	
!� Il existe cependant
d�autres approches comme le langage fonctionnel Sisal  	�! qui ne rencontrent
pas un �echo important dans la communaut�e�

Extensions de langage

Ces langages permettent �a l�utilisateur de pr�eciser du parall�elisme au sein de
l�application� Ce parall�elisme peut �etre de t�aches ou de donn�ees� On s�int�eresse ici
essentiellement au parall�elisme de donn�ees� Ce mod�ele de programmation permet
d�e�ectuer des op�erations sur des collections de donn�ees� typiquement des vecteurs
ou des matrices�

Pour sp�eci�er le parall�elisme� ces langages proposent essentiellement des boucles
dont l�ordre d�ex�ecution n�est pas totalement contraint �

boucle ind�ependante � elle pr�ecise que les it�erations sont ind�ependantes les unes
des autres et peuvent �etre ex�ecut�ees dans n�importe quel ordre� y compris
entrelac�e �boucle independent de HPF� &

boucle data�parall�ele � elle pr�ecise que l�op�eration peut �etre appliqu�ee simul
tan�ement �a tous les �el�ements d�un tableau par exemple & elle a une forme
implicite avec les expressions de tableaux �en Fortran �
� A	�
�A	�
���� ou
bien peut �etre explicit�ee �forall	i���n
 A	i�i
��� &
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masquage � ce proc�ed�e permet de s�electionner un sous ensemble d�une collection
pour e�ectuer une op�eration �where 	A�ne��
 A���A� &

localisation � certains langages comme Fortran D autorisent l�utilisateur �a pr�e
ciser la r�epartition des calculs sur les processeurs &

r�eductions � cette forme particuli�ere de parall�elisme peut �etre d�ecrite au sein
d�une boucle par exemple� ou bien sous forme de fonctions intrins�eques au
langage �s�SUM	A	���

� & elle peut �etre ensuite exploit�ee par le compilateur
directement ou bien �a travers une librairie�

Pour d�ecrire le placement des donn�ees� ces langages disposent de descripteurs
sp�eci�ques� qui permettent une plus ou moins grande richesse du placement� ri
chesse qui devra �etre g�er�ee par le compilateur� Ce placement s�applique g�en�erale
ment �a des tableaux� dimension par dimension�

distribution r�eguli�ere � permet de d�ecrire un placement r�egulier sur une ma
chine parall�ele� typiquement par bloc ou de mani�ere cyclique�

distribution irr�eguli�ere � permet une plus grande richesse� par exemple la pos
sibilit�e d�avoir des blocs de taille di��erente sur chaque processeur�

alignements � cette technique consiste �a d�ecrire le placement d�un tableau rela
tivement �a une autre qui sert de r�ef�erence� et donc de mani�ere indirecte�

dynamicit�e � le placement pr�ecis�e peut �etre modi��e au cours de l�ex�ecution du
programme� On parlera alors de replacements�

La d�e�nition du High Performance Fortran a repris un certain nombre de ces
id�ees� les a g�en�eralis�ees et standardis�ees  ��� ��� ���!� Ces extensions ont pour
l�essentiel pris la forme de commentaires sp�eciaux� pour assurer la portabilit�e des
codes� Nos travaux ont port�e sur ce langage � sa d�e�nition et sa compilation�

Contenu de la th�ese

Au cours de nos travaux� nous nous sommes int�eress�e aux probl�emes pos�es par
la programmation des machines parall�eles asynchrones �a m�emoire r�epartie �type
MIMDDM�� Nous avons suivi et particip�e au d�eveloppement de la solution de
type langage de programmation parall�ele� qui consiste �a d�echarger l�utilisateur de
la mise en "uvre explicite du parall�elisme sur une machine �a m�emoire r�epartie�
mais sans pour autant charger le compilateur de d�etecter ce parall�elisme et de d�eci
der du placement des donn�ees� Nos travaux ont donc gravit�e autour des probl�emes
de compilation des langages de type HPF� Nous sommes remont�e �a l�amont pour
sugg�erer des extensions ou des am�eliorations au langage et permettre une com
pilation plus facile et de meilleures performances� Nous avons montr�e �a l�aval la
faisabilit�e de nos techniques en les implantant dans un prototype de compilateur
et en testant les codes g�en�er�es sur des machines parall�eles�



� Introduction

Organisation de la th�ese

Cette th�ese est d�ecoup�ee en parties regroupant de mani�ere logique di��erents
travaux� Chaque partie est subdivis�ee en chapitres� Le premier chapitre de chaque
partie est une introduction en fran�cais aux autres chapitres le plus souvent r�edig�es
en anglais� qui en r�esume et en pr�esente les principaux r�esultats� Les chapitres
sont g�en�eralement ind�ependants les uns des autres�

Premi
ere partie

La premi�ere partie se penche sur un type de solution envisag�e pour faciliter
la programmation des applications sur machines parall�eles� �a base d�extensions
au langage Fortran� Le High Performance Fortran est pr�esent�e en d�etail� de
sa premi�ere version aux derni�eres �evolutions encore en discussion �chapitre ���
HPF permet �a l�utilisateur d�ajouter �a un programme Fortran �� des directives
qui sp�eci�ent le placement des donn�ees et le parall�elisme� Il est d�abord montr�e
que la compilation du langage �etait hors de port�ee de l��etat de l�art de son �epoque
�chapitre ��� En�n l�ensemble des travaux de recherche s�attachant �a la compilation
d�un tel langage� formant l��etat de l�art de la compilation pour ce type de langage�
est expos�e �chapitre ���

Deuxi
eme partie

La deuxi�eme partie pr�esente les aspects en amont des probl�emes de compi
lation� �a savoir ceux qui touchent �a la d�e�nitionm�eme du langage� Elle d�ecrit
nos contributions �a la d�e�nition� ou �a l�am�elioration de la d�e�nition du langage�
Un certain nombre de caract�eristiques du langage sont discut�ees� des d�e�ciences
sont relev�ees et des solutions propos�ees pour r�egler ces probl�emes� qui sont �a l�ar
ticulation di�cile de la d�e�nition m�eme du langage� de son implantation et de
son utilit�e pour les applications �chapitre ��� Sur un point particulier pour lequel
une extension de langage a �et�e adopt�ee� a�n de d�eclarer explicitement les zones
de recouvrement des tableaux� une technique de compilation simple est d�ecrite
pour �eviter un recours �a l�utilisateur �chapitre ��� En�n une proposition d�exten
sion au langage HPF est donn�ee� Elle permet de d�ecrire au compilateur plusieurs
placements pour les arguments d�une routine� au b�en�e�ce des performances � le
compilateur a plus d�information � et de la qualit�e logicielle des programmes �cha
pitre 	��

Troisi
eme partie

La troisi�eme partie entre dans le c"ur du sujet� �a savoir la compilation du lan
gage� Elle pr�esente des techniques de compilation pour le langage� Ces techniques
visent �a g�erer les donn�ees sur une machine parall�ele� incluant les communications�
l�allocation et l�adressage m�emoire pour accomplir les calculs requis� Un cadre
g�en�eral bas�e sur l�alg�ebre lin�eaire� particuli�erement la th�eorie des poly�edres en
nombres entiers� est d�abord pr�esent�e �chapitre ��� Les communications li�ees aux
entr�eessorties dans un mod�ele h�ote et n"uds� et de possibles extensions pour des
entr�ees�sorties parall�eles sont trait�ees sp�eci�quement� en s�appuyant sur des ana
lyses de programme pr�ecises �chapitre ��� La gestion des replacements de HPF
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et des optimisations destin�ees �a r�eduire le nombre de replacements n�ecessaires �a
l�ex�ecution sont pr�esent�ees et discut�ees �chapitre 	�� En�n les communications li�ees
aux replacements font l�objet d�optimisations particuli�eres pour partager la charge
et utiliser des communications sp�eciales comme les di�usions� et les performances
obtenues ont �et�e compar�ees �a celles du compilateur HPF de DEC �chapitre ���

Quatri
eme partie

La quatri�eme partie aborde les questions d�implantation e�ective et d�exp�e
rimentation� La programmation au sein du parall�eliseur automatique PIPS d�un
prototype de compilateur HPF qui inclut certaines techniques de compilation avan
c�ees est pr�esent�ee� Un survol g�en�eral de PIPS est d�abord propos�e �chapitre ���
Les caract�eristiques du prototype et son organisation globale sont ensuite d�ecrites
�chapitre ��� Des r�esultats d�exp�erimentations de codes simples sur r�eseau de sta
tion de travail sont en�n discut�es �chapitre 	��
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Chapitre �

Introduction

Ce chapitre pr�esente le langage HPF� Le contenu correspond aux di��erents expo�
s�es donn�es �a diverses occasions comme la journ�ee Paradigme sur HPF ���� un
s�eminaire de l�IDRIS 	juin ����
� le tutoriel HPF �a Renpar� ����� ou encore la
journ�ee HPF organis�ee par le CEA 	f�evrier ����
�

R�esum�e

Cette partie introduit le High Performance Fortran� Ce chapitre pr�esente
rapidement le langage HPF et r�esume en fran�cais le chapitre �� Le chapitre �
discute de l�inad�equation de HPF �a l��etat de l�art de son �epoque	 en 
����
Le chapitre � passe en revue les techniques de compilation propos�ees jus�
qu��a pr�esent� Le langage a �et�e d�eni dans le cadre d�un Forum regroupant
de nombreux intervenants	 pour obtenir un langage standardis�e d�edi�e �a la
programmation des machines parall�eles �a m�emoire r�epartie� Le High Perfor�

mance Fortran issu de ce comit�e	 bas�e sur Fortran ��	 reprend le mod�ele
data�parall�ele et y ajoute des directives	 constructions et fonctions intrin�
s�eques pour pr�eciser le parall�elisme et le placement des donn�ees� Le langage
est encore en cours de d�enition	 et de nouvelles extensions ainsi que des
clarications et simplications sont discut�ees� Nous pr�esentons ici HPF rapi�
dement et renvoyons �a l�excellent ouvrage de Koelbel et al� �
��� pour une
description exhaustive du langage�

Abstract

This part introduces the High Performance Fortran� This chapter presents
the HPF programming language� Chapter � discusses HPF weak squaring
with the state of the art of its time	 in 
���� Chapter � reviews compilation
techniques suggested so far� HPF has been dened by a Forum aiming at
producing a standard language for programming distributed memory parallel
machines� The High Performance Fortran is based on Fortran �� and on
the data�parallel paradigm� It adds directives	 constructs and intrinsics to
specify both parallelism and data mapping� The language is still being dis�
cussed	 both for possible extensions and simplications� HPF is only outlined
in this chapter and we refer to �
��� for further technical information�

��� Le Forum HPF

La version initiale du High Performance Fortran a �et�e d�evelopp�ee �a partir
de janvier ���� sous l�instigation de DEC et la pr�esidence de Ken Kennedy
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�Rice University�� Le comit�e a vot�e successivement diverses extensions au langage
Fortran ��� Ces extensions s�inspirent de di��erents projets tels Fortran D�
Vienna Fortran et CM Fortran�

����� Composition

Le Forum a regroup�e les principaux constructeurs� laboratoires et universi
t�es� essentiellement am�ericains� int�eress�es par le calcul scienti�que sur machines
parall�eles�

Constructeurs � TMC� Convex� IBM� DEC� Sun� nCube� Intel SSD� Ar�
chipel� ACRI� PGI� APR � � �

Universit�es � Rice� Syracuse� Cornell� Yale� Vienna � � �

Laboratoires � Icase� LANL� LLNL� RIACS� GMD � � �

Cette participation large et diversi��ee montre le besoin et donc l�int�er�et d�une
telle entreprise� �a un moment o�u les machines parall�eles cherchaient leur march�e� et
o�u les utilisateurs voulaient des garanties de portabilit�e pour assurer la p�erennit�e
de leurs investissements�

����� Objectifs

Au moment de sa constitution� le Forum s�est donn�e un certain nombre de
buts� pour guider ses r�e�exions� Les principaux objectifs �etaient �

Performance � pour les machines MIMD et SIMD� ce qui implique une certaine
simplicit�e du langage�

Ouverture � �a d�autres styles de programmation �passage de messages�� et �a de
nouvelles extensions dans le cadre de la recherche�

Compatibilit�e � avec les standards �Fortran ��� Fortran ���� donc des ex
tensions pr�ef�erentiellement sous forme de commentaires sp�eciaux ajout�es au
langage�

Rapidit�e � de la d�e�nition du langage� de la disponibilit�e des premiers compila
teurs� et ce avec des crit�eres de validation communs�

Ces objectifs ont �et�e poursuivis au long de l�ann�ee ���� et du d�ebut de l�ann�ee
����� �a force de travail de sp�eci�cation et de votes successifs�

����	 Fonctionnement

Le travail de sp�eci�cation de HPF a �et�e organis�e de mani�ere hi�erarchique� avec
des sousgroupes charg�es de r�ediger et discuter les points techniques des diverses
propositions et des r�eunions pl�eni�eres du comit�e o�u les d�ecisions d�adoption �etaient
faites �a la majorit�e� chaque organisation participant r�eguli�erement aux r�eunions
ayant droit �a une voix�
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Cinq sousgroupes th�ematiques ont travaill�e �a la d�e�nition des di��erents as
pects du langage� au cours de r�eunions directes� mais aussi de discussions perma
nentes sur des listes de messagerie �electronique� Chaque sousgroupe �etait men�e
par un membre du comit�e charg�e de synth�etiser les discussions�

distribute � placement des donn�ees �Guy L� Steele Jr���

f	� � s�election du langage de base �Mary Zosel��

forall � boucles parall�eles �Charles Koelbel��

intrinsics � fonctions intrins�eques �Robert Schreiber��

io � entr�ees�sorties �Bob Knighten��

extrinsics � fonctions extrins�eques �Marc Snir��

L�aboutissement de ce travail collectif est un langage de comit�e� avec ses im
perfections �soulign�ees au chapitre �� mais aussi ses qualit�es� Une premi�ere version
de la sp�eci�cation du langage a �et�e di�us�ee en ����  ��! ainsi qu�un journal des
d�eveloppements n�ayant pas donn�e lieu �a insertion dans la langage  �	!� Apr�es
une ann�ee de commentaires publics et d�amorce d�implantation� une seconde ver
sion  ��! a �et�e di�us�ee en ���	 qui corrige et pr�ecise la pr�ec�edente� Le langage
comprend aussi un sousensemble o�ciel� le HPF Subset� dont le but �etait de
faciliter le d�eveloppement des premiers compilateurs sur une base simple mais
consid�er�ee comme utile�

��� Le langage HPF

Une excellente pr�esentation du langage HPF est disponible  ���! en anglais�
En fran�cais� l�introduction de  ��! ou les transparents de  ��! forment une source
de d�epart� Nous ne faisons ici que survoler les principaux aspects du langage�

����� Mod
ele data�parall
ele

Le langage reprend le mod�ele de programmation �a parall�elisme de donn�ees  �	!
issu de APL  �	�� ��!� L�id�ee est de pouvoir pr�eciser des op�erations non pas sur
un scalaire� mais directement sur une collection� g�en�eralement des tableaux� Ce
mod�ele est d�ej�a pr�esent en Fortran ��� �a travers les expressions de tableaux et
la notation dite des sections de tableaux�

Fortran �� est int�egralement repris et �etendu par HPF qui reprend �ega
lement l�id�ee des directives qui ne sont a priori que des commentaires pour un
compilateur non HPF� Cette technique permet d�envisager des codes portables�
ex�ecutables sur machines parall�eles avec un compilateur sp�ecial et sur une simple
station de travail avec un compilateur standard� Le High Performance Fortran
contient donc Fortran ��� Un tel choix n�est pas sans impact de par la taille
du langage et la complexit�e r�esultante pour le compilateur� Cependant une telle
d�ecision a �et�e ressentie �egalement comme porteuse d�avenir dans la mesure o�u
Fortran �� est per�cu comme le langage d�avenir du calcul scienti�que�
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�A notre humble avis il importait surtout qu�un programme HPF soit aussi
un programme Fortran ��� En e�et� il est int�eressantque des codes sp�ecique
ment d�evelopp�es pour obtenir de tr�es hautes performances sur des architectures
parall�eles puissent fonctionner ou �etre essay�es sur des architectures s�equentielles�
Cependant� certaines extensions de HPF ne sont pas sous forme de commen
taires �pure� forall�� il en r�esulte donc la propri�et�e contraire� tout programme
Fortran �� arbitraire et pas sp�ecialement parall�ele doit pouvoir �etre interpr�et�e
comme un programme HPF�

����� Placement des donn�ees

�A Fortran �� sont ajout�ees des directives de placement des donn�ees sur les
processeurs� Ce placement est �a deux niveaux � l�alignement et la distribution� Il
existe une version statique de ces directives qui d�eclare le placement souhait�e� et
une version dynamique qui modi�e le placement courant des donn�ees� pour celles
d�eclar�ees dynamic�

Distribution

Elle pr�ecise le d�ecoupage d�un tableau de donn�ees sur un tableau de processeurs
abstraits �d�eclar�e par la directive processors�� Ce d�ecoupage est sp�eci��e par la
directive distribute� Il est d�e�ni dimension par dimension� et peut �etre block�
cyclic� ou cyclique g�en�eralis�e cyclic	n
� Un arrangement de processeurs peut
d�ependre �a l�ex�ecution du nombre de processeurs disponibles gr�ace �a des fonctions
intrins�eques de requ�ete syst�eme �comme NUMBER�OF�PROCESSORS	
 cidessous��
La versions dynamique de distribute est redistribute�

real A������� A����������� A��������������

chpf	 processors P������ P��
�
�� P��NUMBER�OF�PROCESSORS���

chpf	 distribute A��block� onto P�

chpf	 distribute A��cyclic�block� onto P�

chpf	 distribute A����cyclic����� onto P�

Une distribution block d�ecoupe les donn�ees en blocs r�eguliers et a�ecte un
bloc par processeur sur la dimension concern�ee� La notation block	n
 permet
de pr�eciser la taille des blocs souhait�ee plut�ot que d�avoir une valeur par d�efaut
calcul�ee� Une distribution cyclic attribue les �el�ements un �a un aux processeurs�
et reprend cycliquement au premier processeur jusqu��a �epuisement des donn�ees
�a r�epartir� Une distribution cyclic	n
 r�epartit les �el�ements par blocs et cycle
sur les processeurs si n�ecessaire� comme on distribue les cartes trois par trois en
reprenant au premier joueur jusqu��a �epuisement des cartes au tarot�

Alignement

L�id�ee est de pr�eciser d�abord les relations de placement entre donn�ees� Un
seul des tableaux est ensuite distribu�e e�ectivement� Cette distribution entra��ne
implicitement celle des donn�ees align�ees� La relation d�alignement est d�e�nie par
la directive align entre tableaux� ou �eventuellement vers un tableau arti�ciel
�appel�e template� & La s�emantique de l�alignement est tr�es riche � les tableaux
peuvent �etre align�es� translat�es� invers�es� transpos�es� �ecras�es� dupliqu�es� �eclat�es
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les uns par rapport aux autres� par le jeu de fonctions a�nes entre dimensions� La
version dynamique de align est realign�

�hpf	 template T���������

�hpf	 align A�i�j� with T�i�j� � alignement direct

�hpf	 align H�i�j� with T�i���j��� � translation

�hpf	 align L�i�j� with T�����i�j� � inversion sur i

�hpf	 align B�j�i� with T�i�j� � transposition

�hpf	 align C�i� with T���i� � localisation

�hpf	 align D��� with T����� � localisation et �ecrasement

�hpf	 align E�i� with T�����i��� � inversion et duplication

�hpf	 align F�i�j� with T���i�
�i� � �eclatement

�hpf	 align G���i� with T�i��� � duplication et �ecrasement

Appels de proc�edures

Le langage autorise la description du placement des arguments d�une fonction�
Celuici peut �etre descriptif �on avertit le compilateur que les donn�ees seront
plac�ees comme d�ecrit�� prescriptif �le compilateur doit forcer le placement� ou
transcriptif �au compilateur de g�erer ce qui vient� comme il peut��

Un point obscur de la d�e�nition du langage est le suivant � la d�eclaration �a
l�appelant des placements souhait�es par les appel�es n�est sembletil pas obligatoire�
ce qui sugg�ere ��� que le compilateur doit �etre conservatif et passer par d�efaut
quantit�e d�information sous forme de descripteurs pour chaque donn�ee� et faire
des v�eri�cations �a l�ex�ecution sur la conformit�e �eventuelle des arguments� et ���
que c�est l�appel�e qui doit par d�efaut mettre en "uvre les replacements requis alors
qu�il ne dispose d�aucune information sur le placement des arguments� Imposer �a
l�utilisateur de d�eclarer les prototypes de fonctions et placements des arguments
semble une contrainte raisonnable� qui simpli�erait le travail du compilateur et
de l�ex�ecutif� De telles contraintes am�eliorent aussi la qualit�e logicielle des codes�
Elles sont obligatoires dans d�autres langages tel C$$� Bien que ce ne soit pas
l�habitude de la communaut�e Fortran d�annoncer au compilateur ce qui est fait� la
d�eclaration obligatoire des interfaces de routines et du placement des arguments
semble une politique souhaitable�

����	 Parall�elisme

En�n les expressions de tableaux et r�eductions de Fortran ��� par exemple
A�B�C ou bien x�SUM	A
 ou les donn�ees A B C sont des matrices� ont �et�e compl�e
t�ees� sous forme d�une construction parall�ele �forall�� d�une directive �independent�
et de nouvelles fonctions intrins�eques �MINLOC � � � ��

Forall

Cette construction g�en�eralise les expressions de tableaux en explicitant l�index�
de mani�ere �a permettre par exemple une transposition� Elle peut �etre masqu�ee par
un tableau de conditions bool�eennes� L�ordre implicite des calculs du FORALL est
l�ordre dataparall�ele� i�e� la partie �a droite de l�a�ectation doit �etre calcul�ee sans
modi�cation de la partie gauche�

FORALL�i���n� j���m� A���
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A�i�j� � A�i���j��A�i�j����A�i���j�

END FORALL

Independent

Cette directive sp�eci�e que les it�erations de la boucle suivante sont ind�epen
dantes les une des autres� et peuvent donc �etre ex�ecut�ees dans un ordre arbitraire�
choisi par le compilateur� Elle s�applique �a une boucle DO ou FORALL & new pr�ecise
les variables scalaires qui sont locales aux it�erations� chaque processeur doit alors
avoir sa propre version de ces variables�

�hpf	 independent� new�j�

do i��� n

�hpf	 independent

do j��� m

A�i�j� � B�i�j�

enddo

enddo

R�eductions

Les r�eductions de Fortran �� �telles SUM� PROD� MIN� sont compl�et�ees �MINLOC�
MAXLOC� IAND � � � � et �etendues aux calculs �a pr�e�xe parall�ele �op�erations qui ac
cumulent et conservent les valeurs interm�ediaires du calcul de r�eduction dans un
vecteur par exemple��

Le High Performance Fortran incorpore donc des extensions qui permettent �a
l�utilisateur de pr�eciser �a la fois le parall�elisme et le placement� au moins pour les
applications r�eguli�eres�

Pour aller plus loin au niveau des optimisations� le m�ecanisme dit des fonctions
extrins�eques donne la possibilit�e d��ecrire des parties d�une application en passage
de messages� et �a la main� dans le mod�ele SPMD�

��� �Evolution de HPF

�A partir de ���� le Forum a repris la sp�eci�cation du langage dans le but de
l�enrichir  ��!� Le cours des discussions a cependant �et�e autre� Il est probable que
les nombreuses extensions projet�ees resteront �a l��etat de sp�eci�cations approuv�ees
faute d�implantation� En e�et� le d�eveloppement des compilateurs pour la premi�ere
version du langage s�est r�ev�el�e plus ardu que pr�evu� et le langage est maintenant
plut�ot sur la voie de la simpli�cation� Au risque m�eme d�en retirer inutilement la
richesse� de mani�ere �a faciliter le d�eveloppement des compilateurs�

Diverses extensions ont cependant �et�e adopt�ees ou sont en cours d�adoption  ��	!�
Elles concernent notamment l�inclusion de parall�elisme de t�aches  �#! au niveau
du langage� en sus du parall�elisme de donn�ees� Ces adjonctions sont guid�ees par
des applications ou classes d�applications qui en b�en�e�cieraient grandement dans
l�optique de leur portage en HPF�

Cependant il n�est pas certain que ces extensions soient soutenues par des im
plantations montrant �a la fois leur utilit�e et leur implantabilit�e� De plus� certaines
extensions sont ajout�ees parce qu�utiles et compilables dans un certain contexte�
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mais leur implantation au sein d�un compilateur se doit de les mettre en "uvre
dans tous les contextes� y compris les moins favorables� ce qui augmente les co�uts
de d�eveloppement�

��	�� Placement �etendu

La richesse et la g�en�eralit�e des placements r�eguliers autoris�e par HPF� au tra
vers des directives align et distribute� est l�une des di�cult�es de sa compilation�
Cependant ces placement restent r�eguliers par leur essence� et ne conviennent pas
�a certaines applications� Le Forum a donc �etudi�e de nouvelles extensions pour le
placement� Quelques exemples �

blocs irr�eguliers � l�utilisateur pr�ecise la taille pour chacun des blocs de la dis
tribution�

integer blocks���

�hpf	 processors P���

�hpf	 distribute A�block�blocks��

fonction � le num�ero de processeur est pr�ecis�e indirectement par un tableau�

integer map�n�

�hpf	 processors P����

�hpf	 distribute a�indirect�map�� onto P

section � une distribution concerne une section de processeurs�

�hpf	 processors P�
�
�

�hpf	 distribute �block�block� onto P�������
� �� ���

��	�� Parall�elisme �etendu

Au del�a du placement� de nouvelles extensions sont �egalement propos�ees pour
d�ecrire plus de parall�elisme� mais aussi guider plus �nement le compilateur� Quelques
exemples �

r�eductions � la directive reduction permet de pr�eciser qu�une boucle est paral
l�ele sous r�eserve qu�une op�eration sur un scalaire soit une r�eduction� Chaque
processeur peut faire les op�erations en local sur sa propre copie de l�ac
cumulateur� sous r�eserve de l�initialiser �a une valeur bien choisie fonction
l�op�erateur concern�e �par exemple 
 pour une somme� � pour un produit�
$� pour un minimum� avant la boucle et de recombiner les valeurs calcul�ees
localement sur chaque processeurs entre elles et avec la valeur initiale au sor
tir� Une recombinaison n�ecessite peu de communications� avec des volumes
faibles� et certaines machines proposent de telles op�erations implant�ees au
niveau mat�eriel�

�hpf	 independent�

�hpf	� new�x�� reduction�s�

do i��� n

x � SQRT�A�i��

s � s � x

A�i� � A�i� � x

enddo
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placement des calculs � l�utilisateur pr�ecise explicitement sur quels processeurs
doivent �etre e�ectu�ees les op�erations�

�hpf	 independent

do i��� n

�hpf	 on home�B�i��

A�i��� � B�i��C�i��D�i�

enddo

t�aches � pr�ecision du parall�elisme de t�aches� par exemple sous forme de sections
de codes� ou bien sous forme de programmes MPI qui sont euxm�emes des
programmes HPF�

De ces nombreuses extensions sugg�er�ees et d�e�nies� peu feront partie du lan
gage �nal� C�est sans doute heureux pour le d�eveloppement des compilateurs�
mais moins pour certaines applications qui �eventuellement auraient besoin de ces
extensions pour que leur portage en HPF autorise de bons espoirs d�acc�el�eration�

��	 HPF et l
�etat de l
art

Le chapitre �� r�edig�e en fran�cais� est issu de  �#� �
!� Il pr�esente rapidement le
langage HPF et les di�cult�es de compilation pos�ees au moment de sa conception�
qui g�en�eralisait des langages de recherche pour lesquelles les techniques de compila
tion n��etaient que partiellement d�evelopp�ees et implant�ees� Ces probl�emes sont li�es
�a la richesse du langage� essentiellement en ce qui concerne le placement des don
n�ees �a travers alignements et distributions g�en�eralis�ees� De nombreux probl�emes
attendent �allocation� addressage� communication� une solution� La structure ma
th�ematique de ces questions pousse �a l�optimisme�

��� �Etat de l
art de la compilation de HPF

Le chapitre � pr�esente en anglais les di��erentes techniques de compilation
propos�ees pour HPF� Il a �et�e l�objet d�un travail commun avec C�ecile Germain
et JeanLouis Pazat dans le cadre de la pr�eparation d�un cours sur la compilation
du langage HPF pour l��ecole de printemps du GDRPRC Parall�elisme� R�eseaux et
Syst�emes �PRS� aux M�enuires en mars ����  ��!� Nous en r�esumons ici le contenu
en fran�cais�

����� Probl
emes de compilation

La section ��� d�ecrit les probl�emes rencontr�es pour la compilation du langage�
Ceuxci proviennent des applications� du langage et de l�architecture vis�ee par le
compilateur�

Application � une certaine r�egularit�e et localit�e est n�ecessaire pour que le paral
l�elisme de l�application puisse �etre exprim�e par le langage et exploit�e par le
compilateur�
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Langage � le High Performance Fortran n�est pas un langage simple & sa taille est
importante �a cause de l�inclusion int�egrale de Fortran �� & l�h�eritage de
Fortran �� doit �etre g�er�e dans le contexte �etendu des extensions de langage
de HPF & en�n la richesse des directives propos�ees permet de d�ecrire des
placements �etranges� mais aussi de dissimuler au compilateur le placement
des donn�ees� pr�evenant ainsi toute optimisation statique�

Cible � le choix du mod�ele a aussi un impact signi�catif sur le compilateur & on
distingue l�architecture de la machine� SIMD ou MIMD �a m�emoire r�epartie�
le mod�ele de communication� �a passage de messages ou �a base d��ecritures et
lectures directes dans la m�emoire distante d�un autre processeur & en pr�esence
de mat�eriel sp�ecialis�e pour certains types de communications le compilateur
se doit d�en tirer pro�t�

����� Survol de la compilation

La section ��� survole les di��erents probl�emes qui doivent �etre abord�es et
r�esolus par le compilateur� Celuici doit g�erer lors de l�ex�ecution le caract�ere r�eparti
de la m�emoire� et donc r�esoudre les r�ef�erences aux donn�ees en adressage local
ou bien en communication selon que la donn�ee n�ecessaire �a un calcul est locale
ou distante� Ces di��erents probl�emes sont � le mod�ele cible de programmation�
l�assignation des calculs aux di��erents processeurs� la technique de la r�esolution
dynamique des acc�es� la g�en�eration de code et les diverses optimisations propos�ees�

Mod�ele SPMD� le compilateur ne peut pas g�en�erer un code particulier pour
chaque n"ud en restant extensible� il vise donc �a produire un code param�e
trique dont l�ex�ecution d�epend de l�identit�e du processeur & c�est cependant
bien le m�eme ex�ecutable qui s�ex�ecute sur chaque n"ud�

R�egle des calculs locaux � cette r�egle permet d�a�ecter aux processeurs les cal
culs� en d�esignant celui qui est propri�etaire de la variable a�ect�ee par une
assignation & ce choix n�est pas forc�ement optimal� mais il simpli�e la com
pilation et la compr�ehension des utilisateurs�

R�esolution dynamique des acc�es � la r�esolution locale ou distante des acc�es
peut �etre op�er�ee au niveau �el�ementaire en contr�olant chaque r�ef�erence au
moyen d�une garde apropri�ee & ce proc�ed�e hautement ine�cace a l�avantage
de pouvoir �etre appliqu�e dans tous les contextes de mani�ere directe� et est �a
la base de toute compilation comme technique par d�efaut�

Ensemble d�it�erations� les d�ecisions du compilateur en mati�ere d�a�ectation
des calculs aux processeurs se formalisent simplement de mani�ere ensem
bliste� en d�ecrivant l�ensemble des it�erations que doit calculer chaque pro
cesseur & il en est de m�eme pour les donn�ees plac�ees sur les processeurs & il
est alors ais�e d�en d�eduire les donn�ees n�ecessaires aux op�erations �a e�ectuer
et donc les ensembles de donn�ees �a communiquer�

G�en�eration de code � �a partir de ces ensembles� des codes de haut niveau peuvent
�etre d�ecrits� o�u il su�t d��enum�erer les ensembles & il appara��t cependant que
ce ne sont que des v"ux pieux� et que c�est la manipulation pratique de ces
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ensembles� et la capacit�e �a g�en�erer des codes d��enum�eration rapides qui est
la clef de la compilation de HPF & le comment plut�ot que le quoi est le vrai
probl�eme�

Optimisations � diverses optimisations au niveau des communications ont �et�e
propos�ees �egalement pour en r�eduire le nombre et le contenu & c�est la vecto
risation� l�aggr�egation et la coalescence des messages & on cherche �egalement
�a recouvrir les temps de communication par des calculs utiles� avec des tech
niques de pipeline�

La section se termine en montrant que les donn�ees manipul�ees par un nid de
boucles parall�eles avec des bornes et des acc�es a�nes peut se formaliser dans le
cadre math�ematique des poly�edres en nombres entiers� �a savoir sous forme de sys
t�emes d��equations et d�in�equations a�nes param�etriques� Ce cadre math�ematique
g�en�eral et puissant est �a la base� directement ou indirectement� implicitement ou
explicitement� des techniques de compilation propos�ees�

����	 R�ef�erences r�eguli
eres

La section ��	 pr�esente les techniques de compilation pour les acc�es r�eguliers�
i�e� ceux dont le motif d�acc�es peut �etre connu et manipul�e �a la compilation�
Trois types de techniques sont pr�esent�es � les formes explicites� les automates et
les m�ethodes poly�edriques� Il est important de noter que de tr�es nombreux travaux
s�attaquent �a cette question� et qu�il est en cons�equence important d�en distinguer
les hypoth�eses pour parvenir �a les classer et les comparer�

Formes explicites � cette technique vise �a produire une formule directement ap
plicable qui d�ecrit l�ensemble souhait�e & la r�esolution manuelle et param�e
trique des cas les plus g�en�eraux est une entreprise titanesque �il existe ce
pendant des algorithmes pour le faire automatiquement�� ces techniques se
penchent donc sur des cas simpli��es� en s�appuyant sur les sections de ta
bleaux �triplets premier �el�ement� dernier �el�ement et pas� & cette repr�esenta
tion est ferm�ee pour l�intersection et la transformation a�ne� ce qui su�t
�a d�ecrire les ensembles de communication quand on acc�ede �a des sections
de tableaux de donn�ees distribu�es block ou cyclic & pour manipuler des
distributions cycliques g�en�erales� le code g�ere �a l�ex�ecution des ensembles de
sections de tableau & cette technique transf�ere �a l�ex�ecution la d�etermination
des ensembles utiles� et est limit�ee �a des cas simples�

Automates � cette deuxi�eme technique vise �a l�e�cacit�e� en cherchant �a d�etermi
ner le motif de r�ep�etition des acc�es pour une boucle et un tableau donn�es� �a
le stocker dans une table de transitions et �a r�eutiliser ce motif pour parcourir
tr�es rapidement les adresses locales n�ecessaires & la classe d�ensembles pour
lesquels on peut d�eterminer un automate est pour l�instant limit�ee� et cette
technique charge l�ex�ecutif de g�en�erer et g�erer les tables de transition�

Poly�edres � cette technique est la plus g�en�erale pour la complexit�e des ensembles
qui peuvent �etre manipul�es� i�e� des nids de boucles a�nes avec des acc�es
a�nes aux tableaux de placement HPF arbitraires & elle se base sur des al
gorithmes g�en�eraux pour produire des codes d��enum�eration correspondant
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aux di��erents ensembles & math�ematiquement� il s�agit de manipuler des en
sembles de points entiers convexes� ou unions de tels ensembles� ce qui cor
respond �a des sousclasses des formules de Presburger & pour les cas simples
les r�esultats sont tout �a fait similaires �a ce qui est obtenu �a la main avec
la m�ethode des formes explicites & pour les cas plus complexes� par exemple
des domaines d�it�eration triangulaires� la r�esolution manuelle n�est pas envi
sageable & l�e�cacit�e des codes g�en�er�es est li�ee �a la simplicit�e des ensembles
�a parcourir�

���� Probl
emes irr�eguliers

Lorsque les ensembles ne peuvent pas �etre d�etermin�es �a la compilation� par
exemple �a cause d�acc�es indirects �a des tableaux� cette op�eration est remise �a
l�ex�ecution� Ces techniques sont l�objet de la section ���� Elles consistent �a g�en�e
rer un code qui d�etermine d�abord les ensembles en question �partie inspecteur��
puis r�eutilise ces ensembles pour assurer les communications et les calculs �partie
ex�ecuteur�� Cette technique peut �etre e�cace si les m�emes ensembles sont utilis�es
plusieurs fois�

����� Allocation et adressage m�emoire

En�n la section ��� discute le probl�eme de l�allocation et de l�adressage de la
m�emoire� Elle doit �etre g�er�ee pour stocker les donn�ees locales mais aussi les copies
temporaires des donn�ees distantes� Le compilateur doit faire certains choix� entre
�economie de m�emoire et rapidit�e des fonctions d�acc�es�

Temporaires � l�allocation des temporaires n�est pas un probl�eme facile� lorsque
des donn�ees peuvent �etre �a la fois locales ou distantes & en e�et� si un stockage
distinct est employ�e� le code doit e�ectuer le choix de l�adresse �a r�ef�erencer
e�ectivement au c"ur des boucles� g�en�erant alors des gardes trop co�uteuses &
si on veut d�ecouper �a plus haut niveau les calculs en fonction de la locali
sation� locale ou temporaire� de chaque r�ef�erence� on se trouve devant une
explosion exponentielle de la taille du code� sans compter la faisabilit�e dou
teuse de l�op�eration �comment d�ecrire et manipuler ces ensembles�� & la seule
solution g�en�erale est de g�erer les donn�ees temporaires et locales de mani�ere
homog�ene� soit en recopiant les donn�ees locales dans l�espace des tempo
raires� soit en proposant une m�ethode de gestion des donn�ees distantes qui
soit homog�ene �a celle des donn�ees locales�

Adressage � il doit �etre rapide car il n�est pas raisonnable d�esp�erer de bonnes per
formances si le code doit passer son temps �a faire des calculs d�adresses� par
exemple des conversions d�adresses globales en adresses locales & il peut �etre
su�sant de pouvoir g�erer e�cacement de mani�ere incr�ementale des adresses
locales au c"ur d�un nid de boucle & une bonne technique d�adressage peut
imposer un certain niveau d�allocation m�emoire inutile� qui doit �etre limit�e
autant que possible�

Un certain nombre de techniques applicables dans des contextes di��erents ont
�et�e propos�ees� Elles sont d�ecrites et compar�ees en fonction des crit�eres pr�esent�es
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cidessus�

Recouvrements � dans de nombreuses applications les n"uds n�acc�edent qu��a
leur donn�ees locales ou �a des donn�ees imm�ediatement voisines & pour ce cas
la technique de l�allocation des recouvrements� qui consiste �a �etendre l�al
location locale de mani�ere �a laisser de l�espace pour les donn�ees voisines�
r�egle alors du m�eme coup le probl�eme de l�adressage et de l�allocation des
temporaires� pour un cas simple mais n�eanmoins tr�es fr�equent�

Compression � dans le cas g�en�eral du placement HPF impliquant �a la fois un
alignement et une distribution cyclique g�en�eralis�ee� on compresse simplement
l�espace concern�e� soit par ligne soit par colonne� de mani�ere �a retirer les trous
r�eguliers & une telle technique est compatible avec celle des recouvrements�

Pagination � il s�agit de d�ecouper l�espace du tableau en pages� chaque processeur
n�allouant ensuite que les pages ou parties de pages pour lesquelles il poss�ede
localement des donn�ees & cette technique permet d�int�egrer naturellement
et homog�enement les donn�ees temporaires & elle n�ecessite cependant plus
de travail de gestion �a l�ex�ecution� et sou�re d�un surco�ut d�allocation tr�es
important pour les distributions cycliques�

Autres � il a aussi �et�e sugg�er�e de compresser compl�etement l�espace des donn�ees�
en posant alors des probl�emes d�adressage di�ciles & les tables de hachage
ont �egalement �et�e envisag�ees�

Globalement� ces techniques montrent que le compilateur est tributaire de
l�information dont il dispose statiquement pour g�en�erer un code aussi e�cace que
possible� quand l�application s�y pr�ete�
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Abstract

HPF �High Performance Fortran is a new standard dataparallel language
for Distributed MemoryMultiprocessors� The user advises the compiler about
data mapping and parallel computations thru directives and constructs� This
paper presents HPF and discusses HPF adequacy to the current state of the
art in compilation for DMM�

R�esum�e

HPF �High Performance Fortran� est un nouveau langage de program�
mation standard pour machines �a m�emoire r�epartie� Il propose un mod�ele
de programmation �a parall�elisme de donn�ees� Des directives et des construc�
tions	 qui pr�ecisent le placement des donn�ees et le parall�elisme pr�esent dans
l�application	 aident le compilateur� Cet article pr�esente HPF et discute l�ad�e�
quation du langage �a l��etat de l�art en mati�ere de compilation pour machines
�a m�emoire r�epartie�

��� Introduction

�� Toujours plus vite �� � l�histoire de l�informatique scienti�que� et plus particu
li�erement celle des supercalculateurs� semble suivre cette devise depuis les origines�
Pour cela� les innovations technologiques et architecturales se sont succ�ed�ees� L�une
de ces innovations consiste �a donner �a ces machines une architecture parall�ele
massive� en composant un supercalculateur �a partir de processeurs du commerce�
souvent RISC� et en les reliant par un r�eseau de communication performant� La
m�emoire de ces machines est partag�ee si chaque processeur �el�ementaire �n"ud�
acc�ede �a la totalit�e de la m�emoire� Elle est r�epartie� si un n"ud n�acc�ede direc
tement qu��a sa m�emoire locale� les acc�es �a distance devant faire appel �a d�autres
techniques comme l��echange de messages�

Ce type d�architecture �a m�emoire r�epartie est particuli�erement attrayant pour
les constructeurs� car le principem�eme en est extensible � le nombre de processeurs
sur le r�eseau de communication peut �etre �etendu pour augmenter la puissance de
la machine� sans que le lien m�emoire processeur ne devienne a priori un goulot
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d��etranglement� En contrepartie de cette extensibilit�e� ces machines sont di�ciles
�a programmer� Comme les donn�ees ne sont pas partag�ees par les processeurs� le
programmeur doit g�erer l�adressage local et les communications entre n"uds� t�ache
di�cile qui alourdit le d�eveloppement� De plus� de par l�absence d�un mod�ele de
programmation portable� la p�erennit�e de ces investissements importants n�est pas
assur�ee�

Deux voies sont explor�ees actuellement� qui visent �a proposer sur ces machines
des mod�eles de programmation similaires �a ceux disponibles sur les machines tra
ditionnelles� La premi�ere transmet le probl�eme du maintien de la coh�erence des
donn�ees et de la g�en�eration des messages au syst�eme d�exploitation et au mat�e
riel  �#
!� avec un mod�ele �a parall�elisme de t�ache� La seconde s�appuie uniquement
sur le compilateur  	�� �
�!� en s�inspirant du parall�elisme de donn�ees des machines
SIMD� Dans les deux cas� les langages de programmation ont �et�e �etendus de ma
ni�ere �a assister le processus de traduction� que ce soit Fortran S  ��! qui aide
le syst�eme d�exploitation �a g�erer la m�emoire virtuelle partag�ee� ou Vienna For�
tran  �
� ��
! et Fortran D  ���� �	�! qui assistent le compilateur dans la
g�en�eration des �echanges de messages�

Les prototypes de recherche ont montr�e que cette derni�ere approche �etait r�ea
liste� Des outils de ce type sont propos�es par certains constructeurs� tel que TMC
avec CM�Fortran� Cependant l�absence de portabilit�e de ces langages consti
tuaient encore un frein �a leur adoption� Pour r�epondre �a ce besoin� un processus
de standardisation s�est mis en place �a l�initiative de DEC �n ����� pour aboutir
�a une sp�eci�cation de langage� le High Performance Fortran �HPF�  ��!� en �����

Dans cet article� nous discutons l�ad�equation de HPF �a l��etat de l�art en mati�ere
de compilation pour machines �a m�emoire r�epartie� en d�ecrivant les probl�emes pos�es
par la compilation de HPF� Les principales caract�eristiques de HPF seront d�abord
pr�esent�ees en section ���� Dans la section ���� les di��erents probl�emes pos�es par sa
compilation seront expos�es� En�n quelques �el�ements de solution seront sugg�er�es�

��� Pr�esentation de HPF

�A l�initiative de DEC� le monde du calcul parall�ele �constructeurs� universi
taires� utilisateurs� s�est r�euni en Forum aux �EtatsUnis� en ��������� pour sp�eci
�er un nouveau langage de programmation pour les machines �a m�emoire r�epartie�
L�objectif �etait de proposer un langage standard de fait� adopt�e par la plupart
des constructeurs� Cette d�emarche est de nature commerciale� puisque l�existence
d�un standard permet de rassurer l�acheteur de supercalculateurs parall�eles quant
�a la dur�ee de vie de ses investissements� et faire dispara��tre du m�eme coup l�un
des freins �a l�expansion du march�e de ces machines�

L�id�ee initiale� s�inspirant de Fortran D et Vienna Fortran� �etait d�ajou
ter des directives de compilation �a un langage s�equentiel de mani�ere �a guider le
compilateur sur le placement des donn�ees dans la m�emoire r�epartie et sur l�ex
ploitation du parall�elisme� Le langage sp�eci��e d�epasse pour partie les objectifs
assign�es� et en laisse d�autres de c�ot�e� comme la gestion des entr�eessorties� HPF
est bas�e sur le standard Fortran ��� Le choix d�un Fortran dans le domaine du
calcul scienti�que� langage auquel les utilisateurs sont habitu�es� s�imposait� HPF
y ajoute des directives� de nouvelles structures et de nouvelles fonctions intrin
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Fig	 ��� � Placement des donn�ees en HPF

s�eques� Le reste de la section pr�esente les directives de compilation de HPF pour
le placement des donn�ees� puis les directives et structures parall�eles�

����� Placement des donn�ees

En HPF le programmeur d�ecrit le placement des donn�ees de son application
dans la m�emoire r�epartie de la machine au moyen de directives� Le compilateur
exploite ces directives pour allouer la m�emoire sur chaque processeur� g�erer l�adres
sage et g�en�erer les communications� Ces directives permettent d��equilibrer �stati
quement� la charge entre les processeurs �i�e� d�exploiter de parall�elisme�� tout en
r�eduisant les communications qui constituent le goulot d��etranglement pour ces
machines�

Le mod�ele de placement propos�e par HPF comporte deux niveaux ��gure �����
Les tableaux de donn�ees du programme sont plac�es sur une vue cart�esienne des
processeurs� Un objet interm�ediaire� le template �gabarit�� sert �a mettre en cor
respondance les donn�ees des di��erents tableaux relativement les uns aux autres�
avec la directive d�alignement align� Il est ensuite d�ecoup�e r�eguli�erement avec la
directive distribute pour r�epartir les donn�ees align�ees sur chaque morceau de
template entre les processeurs� Les alignements et distributions sont d�eclar�es stati
quement� et peuvent �etre modi��es dynamiquement avec les directives realign et
redistribute� �A l�entr�ee des proc�edures le programmeur peut �egalement d�ecrire
le placement des param�etres attendus� le compilateur devant assurer les mouve
ments de donn�ees n�ecessaires�

L�alignement est li�e �a l�algorithme� Il caract�erise la localit�e des donn�ees � deux
�el�ements de di��erents tableaux plac�es sur un m�eme �el�ement de template seront �na
lement sur un m�eme processeur� Techniquement� la directive d�alignement sp�eci�e
la mise en correspondance des �el�ements de tableau sur les �el�ements du template
dimension par dimension� au moyen de fonctions enti�eres a�nes d�une variable
��gure ����� La directive d�alignement permet� par le jeu de ces fonctions a�nes�
de transposer� retourner� �ecraser� �eclater� dupliquer� d�ecaler r�eguli�erement les �el�e
ments des tableaux les uns par rapport aux autres�
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real� dimension����������� a�b

chpf	 template t���������

chpf	 align a�i�j� with t�����j���i�

chpf	 align b���i� with t���i�

chpf	 processors p�
�
�

chpf	 distribute t�block�cyclic����� onto p

chpf	 independent�i�

do �� i������

�� a�i����b������i�

c transposition partielle

forall�i������j������ b�i�j��b�j�i�

Fig	 ��� � Exemple de directives et boucles HPF

La distribution est elle li�ee �a l�architecture globale du parall�elisme dans la
machine� pouvant impliquer par exemple plusieurs niveaux comme des threads�
des processus� des processeurs avec m�emoire partag�ee ou en�n reli�es par un r�eseau
de communication externe� Elle pr�ecise la granularit�e du parall�elisme souhait�ee�
Chaque dimension du template peut �etre distribu�ee block	n
 ou cyclic	n
 sur
une dimension des processors�

Ce mod�ele de placement� bien que donnant une grand latitude �a l�utilisateur�
reste �� r�egulier ��� Il ne convient pas �a tous les types d�applications� mais se pr�ete
bien aux probl�emes dataparall�eles impliquant des calculs simples sur des g�eom�e
tries cart�esiennes� qui sont la cible essentielle du langage HPF�

����� Parall�elisme et autres extensions

Le parall�elisme est d�ecrit explicitement en HPF au moyen de boucles paral
l�eles et de fonctions de r�eductions� HPF ajoute deux �� s�emantiques �� de boucle
��gure ���� � la boucle ind�ependante �directive independent�� o�u les it�erations sont
ind�ependantes les unes des autres� et la boucle �a parall�elisme de donn�ees� avec une
notation implicite �sections de tableau � a	��n
�a	��n��
� et une forme explicite
avec l�instruction forall�

Un grand nombre de fonctions intrins�eques de calcul de fonctions r�eductions et
�a pr�e�xe parall�ele sont �egalement mises �a disposition du programmeur� pour calcu
ler les minimum� maximum et leur localisation� les somme� produit� �� et �� et �� ou ��

logiques des �el�ements d�un tableau� etc� Certaines de ces fonctions proviennent de
Fortran ���

HPF ajoute �egalement des fonctions intrins�eques nouvelles� des fonctions d�en
qu�ete syst�eme permettant de conna��tre �a l�ex�ecution les caract�eristiques dispo
nibles de la machine �comme le nombre de processeurs� et la possibilit�e d�importer
des fonctions externes �a HPF en d�eclarant une interface� Se rendant compte de la
taille et de la di�cult�e du langage pour les compilateurs� le Forum a sp�eci��e un
sousensemble �� minimum �� de HPF� Il comprend principalement Fortran ���
les directives de placement statique et une forme r�eduite de forall�
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chpf� independent

do �� i � �� �

lhsa�i	 � rhsa�i	

�� lhsb�i	 � rhsb�i	

�� ��
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 �

ra

la

rb

lb

�� �� �� �� �� ��
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forall�i � ���	

lhsa�i	 � rhsa�i	

lhsb�i	 � rhsb�i	

endforall
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rb
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�� �� �� �� �� ��
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Fig	 ��� � Boucles parall�eles de HPF

��� Compilation de HPF

Les compilateurs devront �etre performants� car les utilisateurs attendent de ces
machines de hautes performances� Les principaux probl�emes rencontr�es portent
sur la taille du langage� la s�emantique �etendue du placement� l��enum�eration des
it�erations d�une boucle locale �a un processeur� la g�en�eration des messages� les ap
pels de proc�edures avec des param�etres r�epartis� les entr�eessorties et les fonctions
intrins�eques�

Fortran ��  �	
! est le dernier standard Fortran� Il ajoute �a Fortran ��
les caract�eristiques des langages imp�eratifs modernes telles les structures� les poin
teurs� l�allocation dynamique� les modules et une syntaxe �etendue� Le r�esultat
d�une d�ecennie de standardisation est un tr�es gros langage dont les premiers com
pilateurs commerciaux ' pour machines s�equentielles ' commencent seulement
�a appara��tre� Le langage est si complexe que le DoD �minist�ere de la d�efense
am�ericain� l�a rejet�e pour l�ex�ecution de ses contrats�

HPF propose une s�emantique de placement �� r�egulier �� tr�es g�en�erale� Ce place
ment n�est parfois connu qu��a l�ex�ecution �r�ealignements et redistributions� appels
de proc�edures� param�etrage du placement par des fonctions d�enqu�ete syst�eme��
les informations sont alors tr�es r�eduites pour compiler e�cacement� De plus� les
placements impliquant des alignements non unitaires �ai $ b� a �% �� et des dis
tribution cycliques g�en�eralis�ees �cyclic	n
� n �% �� sont pour l�instant audel�a
l��etat de l�art de la recherche� et donc a fortiori du savoir faire des implanteur
du langage� En�n la gestion de la duplication des donn�ees complique le maintien
de la coh�erence et les algorithmes de g�en�eration de messages� �A partir de la des
cription du placement� le compilateur doit allouer la m�emoire de mani�ere r�eduite
sur chaque processeur tout en garantissant un adressage e�cace� malgr�e certaines
irr�egularit�es permises par le placement�

La compilation performante des boucles parall�eles implique d�abord la g�en�e
ration d�un code e�cace �de surco�ut de contr�ole minimal� permettant d��enum�erer
les it�erations locales �a chaque n"ud� Cette �enum�eration doit �etre li�ee �a la m�e
thode d�allocation choisie pour les donn�ees� pour exploiter la m�emoire cache de la
machine� Les boucles parall�eles impliquent le plus souvent des communications�
certaines donn�ees n��etant pas disponibles localement� Il faut d�eterminer �a la com
pilation ces ensembles� quelle que soit la r�epartition des di��erentes donn�ees entre
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les processeurs� Le compilateur doit �egalement allouer les tableaux temporaires
pour stocker� le temps des calculs� ces donn�ees distantes et assurer l�adressage de
ces temporaires plut�ot que des donn�ees locales quand n�ecessaire� En�n l�utilisateur
attend que les caract�eristiques particuli�eres de la machine soient exploit�ees�

Le passage de param�etres r�epartis au niveau des appels de proc�edure pose
aussi un probl�eme � Fortran �� permet de passer des soustableaux de tableaux
comme arguments� ce qui complique la t�ache du compilateur lorsque le tableau
initial est d�ej�a r�eparti� Plusieurs compilations sont n�ecessaires en fonction des
di��erents contextes d�appels� De plus� m�eme si les r�ealignements et redistributions
explicites ne sont pas dans le sousensemble de HPF� les redistributions �a l�entr�ee
et �a la sortie des proc�edures n�ecessitent la g�en�eration de code comparable�

Lors de la sp�eci�cation de HPF� le Forum n�a pas trouv�e de point d�accord
pour le traitement des entr�eessorties� Il n�y a pas de consensus sur un paradigme
unique d�entr�eessorties parall�eles� Il faut exploiter la structure particuli�ere du
syst�eme d�E�S parall�eles de la machine cible pour stocker par morceaux les don
n�ees� et pouvoir r�ecup�erer une description du stockage parall�ele des donn�ees pour
les recharger en m�emoire ult�erieurement� Ce probl�eme d�elicat n�ecessite une aide
du programmeur pour le compilateur� et est �a l�ordre du jour du second tour de
discussion du Forum HPF qui a repris en janvier ���	�

En�n HPF poss�ede de nombreuses fonctions intrins�eques� venant �a la fois de
Fortran �� et de la nouvelle sp�eci�cation� De plus ses fonctions sont souvent tr�es
param�etrables� La premi�ere di�cult�e est leur nombre � il faut �ecrire un code correct
et e�cace pour chacune de ces fonctions� m�eme pour un ordinateur s�equentiel� La
seconde di�cult�e est d�un autre ordre de grandeur � elles doivent �etre implant�ees
de mani�ere �a fonctionner en parall�ele� quelle que soit la r�epartition sur la machine
des tableaux pass�es en argument� Il est raisonnable de supposer qu�une implan
tation sp�eci�que soit souhaitable pour chaque distribution di��erente des donn�ees
envisag�ee� ce qui multiplie directement le travail de codage de ces fonctions pour
le langage HPF�

��	 Conclusion

De part ces nombreux probl�emes� le d�eveloppement d�un compilateur com
plet et optimisant pour HPF est une entreprise qui semble audel�a de l��etat de
l�art� Les prototypes de compilateur pour des langages comparables qui existent
actuellement ne g�erent que des alignements qui sont de simples d�ecalages� et des
distributions par bloc ou cycliques simples �n % ��� L�allocation des temporaires
et la g�en�eration des communications sont performantes quand les motifs d��echange
de messages sont r�eguliers� dans le cas de recouvrements au voisinage � les donn�ees
distantes sont stock�ees en �elargissant les d�eclarations locales des tableaux� ce qui
permet en plus d�adresser ces donn�ees comme si elles �etaient locales� Des librairies
optimis�ees implantent les algorithmes ou communications courants �transposition�
inversion de matrice� etc���

Pour le reste� on doit faire appel �a des techniques de r�esolution dynamique des
acc�es aux variables r�eparties � chaque acc�es �a un �el�ement de tableau �eventuellement
distant doit �etre gard�e de mani�ere �a v�eri�er sa localit�e et g�en�erer les communica
tions si n�ecessaires� Cependant de telles techniques sont incompatibles avec une
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ex�ecution e�cace des codes� Les compilateurs utilisent les routines �� PARTI �� qui
permettent de d�eterminer dynamiquement le motif de communications au cours
d�une phase d�examen �a l�ex�ecution 	inspector
 et de r�eutiliser ce motif plusieurs
fois par la suite pour e�ectuer r�eellement les communications 	executor
�

HPF hors de l��etat de l�art� Des techniques ont �et�e propos�ees qui permettent
de g�erer des cas de placements complexes en HPF� en s�appuyant sur les auto
mates  ��!� les sections de tableaux  ���� ��
! ou la th�eorie des poly�edres  �!� qui
poussent �a l�optimisme� Cependant il est di�cile de d�eterminer si la lourdeur du
d�eveloppement des compilateurs l�emportera sur la petite taille du march�e at
tendant ces derniers� Il est probable que tr�es peu de compilateurs commerciaux
seront disponibles m�eme si port�es sur de nombreuses machines� La r�eussite rapide
de ces projets� et l�e�cacit�e que montreront les compilateurs dans la pratique�
conditionnent l�avenir de ce langage�
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Chapitre �

State of the Art in
Compiling HPF

Fabien Coelho� C�ecile Germain et Jean�Louis Pazat

Ce chapitre a fait l�objet d�un cours �a l��ecole de printemps PRS des M�enuires sur
le parall�elisme de donn�ees en mars ����� L�objectif �etait de pr�esenter l��etat de
l�art de la compilation de HPF et les probl�emes pos�es ����� Il doit para��tre dans
la collection LNCS chez Springer�Verlag� �edit�e par Guy�Ren�e Perrin et Alain
Darte�

R�esum�e

Proposer �a l�utilisateur un mod�ele de programmation bas�e sur le parall�e�
lisme de donn�ees est une chose� Faire ensuite fonctionner les applications de
mani�ere tr�es e�cace est le probl�eme pos�e ici pour un langage qui vise aux
hautes performances sur les machines massivement parall�eles� Ce chapitre dis�
cute les probl�emes rencontr�es pour compiler HPF et pr�esente les techniques
d�optimisation propos�ees jusqu��a maintenant	 en ciblant le mod�ele de pro�
grammation SPMD �a passage de messages des machines parall�eles MIMD �a
m�emoire r�epartie�

Abstract

Providing the user with a nice programming model based on the data�
parallel paradigm is one thing� Running the resulting applications very fast
is the next issue for a language aiming at high performance on massively par�
allel machines� This paper discusses the issues involved in HPF compilation
and presents optimization techniques	 targeting the message�passing SPMD
programming model of distributed memory MIMD architectures�

��� Introduction

Parallelism is becoming a ubiquitous technique� microparallelism inside proces
sors� moderate parallelism inside workstations� and soon parallel personal comput
ers� Paradoxically� the decline and fall of massive parallelism is often announced�
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Massively parallel architectures will be killed by shared memory machines� and
by fast networks of workstations� because they are too costly and not reactive
enough to technology evolution� On the other hand� parallel machines often re
main the top performance providers� and at a better cost �by performance unit�
than workstations�

The HPF e�ort may be seen as an attempt to make massively parallel machines
usable for their natural applications� which are in the �eld of scienti�c computing
and number crunching� thus making them attractive for endusers� However� the
application �eld puts heavy pressure on the compiler e�ort� the users require
e�ciency and usability� at the same level as what is found on a workstation� But
compilers and runtime support for workstations have a long �in time� and large �in
involved people� history� HPF was designed in ����� at a time when the compiler
e�ort was not �nished for its predecessor Fortran �
�

At the present time� HPF�s usability and e�ciency goals cannot be ful�lled
both for all applications� Regular applications� such as dense linear algebra� enjoy
the full bene�t of HPF without excessive constraint on the programming style�
However� HPF is so rich that� even in this case� the programmer must be aware
of the general principles of parallel compiler technology in order to avoid some
pitfalls� Moreover� many theoretical results are known� but few have been im
plemented in commercial compilers� Irregular or dynamic applications are in a
poorer state� These applications heavily rely on runtime support� In general�
such support has been developed in the messagepassing framework� Plugging
these tools into HPF compilers is an active research area� This paper will show
that an application must present su�cient static knowledge for compiler optimiza
tion� Applications that are fully dynamic and irregular� as Nbody or treecode
methods� cannot be e�ciently ported to HPF just as is� In fact� it is not obvious
that they can be e�ciently ported to HPF at all� if the target architecture is a
classical massively parallel messagepassing machine� because such applications
are highly adaptive� thus change at each step the distribution of the data and the
communication patterns� Between these two extremes� a large number of appli
cations need varying recoding e�orts� but may be expected to run e�ciently on
future HPF compilers�

Parallel compiler technology is rapidly evolving� Hence� this paper focuses on
some basic problems related to the really new features of HPF� general parallel
assignment and data placement functions� The only target addressed here is the
messagepassing programming model� A number of issues for compiling HPF are
�rst outlined �Section ����� Then an overview of HPF optimized compilation tech
niques and their formalization in an a�ne framework is presented� The existence
of such a framework is the key to understanding the underlying regularity dis
played by HPF mappings� The enumeration techniques for regular �Section ��	�
and irregular �Section ���� accesses are described� Finally the allocation techniques
�Section ���� suggested so far are presented� illustrated and discussed�

��� HPF Compilation Issues

Let us introduce the three main issues depicted in Figure ���� On top is the ap
plication the user has in mind� This application is embedded in the data parallel
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paradigm and implemented using the HPF language� The user suggests through
directives the mapping of data onto an abstract distributed memory parallel ma
chine� and also gives hints about the parallelism available in the application� De
tecting the parallelism and choosing a good mapping automatically is an active
research area and is beyond the scope of this paper� From the HPF code and
directives� the compiler is expected to generate some e�cient code for the target
architecture� All layers of the process contribute to problems for the compiler�

	���� Application

The application is hopefully parallel to a large extent� and presents some kind of
locality and repeated reference patterns� so that the communication induced by
the distribution of data is small compared to the computations� For some ap
plications the data parallelism may be large� but the problems are irregular and
dynamic and the translation into the simple data structures available in Fortran�
and the regular HPF mappings cannot express the actual locality� Such irregu
lar problems must rely on advanced runtime librairies for analyzing and reusing
communication patterns� More precisely� an application is regular if the references
to distributed arrays are a�ne functions of the loop bounds� An application is
irregular if the references to distributed arrays are datadependent� Finally� an
application is dynamic if its data structures evolve during the computation� in
general this happens for irregular applications where the data used in the refer
ences to distributed arrays change�

	���� Language

Fortran �
  �	
! on which HPF is based� includes many features and intrin
sics� Several years were necessary for the �rst compilers to be available� Also old
features inherited from Fortran ��  �	!� such as commons� storage and sequence
association� and assumed size arguments� are closely linked to the idea of a se
quential machine and contiguous memory and cannot be implemented simply on
a distributed memory machine because the compiler does not know about the real
structure intended by the user� On this large base were added HPF extensions  ��!�
Correctness must be addressed� that is every Fortran feature must coexist with
every HPF feature� Tricky details must be systematically handled that are not
related to performance but require energy and manpower�

The second problem is the variety of HPF mappings allowed� through align
ments and distributions� Alignment strides and general cyclic distributions may
lead to unexpectedly strange and apparently irregular mappings� as shown in
Figure ��� where shaded elements show the array elements mapped onto the cor
responding processor� One processor gets all the elements despite the cyclic distri
bution in one example& in the other� the even processors get twice as many array
elements as the odd ones� Moreover� these possibly complex mappings� sometimes
involving replication� may not be known at compile time� because of ambiguity
allowed by remappings �Figure ���� or because they may depend on runtime values
�for instance� the number of available processors�� and also because of the inherit
directive �Figure ��	� at a procedure interface�
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Regularity
Application Locality

Parallelism

HPF extensions
Language Fortran �


Fortran ��

Programming model
Target Runtime support

Architecture

Figure ���� � layers view

real A�n�

chpf� processors P���

chpf� template T���n�

chpf� align A�i� with T���i�

chpf� distribute T�cyclic���� onto P

real A�n�

chpf� processors P���

chpf� template T���n�

chpf� align A�i� with T���i�

chpf� distribute T�cyclic� onto P

Figure ���� Examples of strange mappings allowed by HPF

chpf� distribute A�cyclic�

if �A�	�
lt
�
� then

chpf� redistribute A�block�

endif

� now the compiler cannot know whether

� A is block or cyclicdistributed


B��� � A���

Figure ���� Ambiguity of re
mappings

subroutine foo�A�

real A�	��

chpf� inherit A

� the compiler cannot know about

� A mapping


A��� � 









Figure ��	� inherit Unknowledge

SEQUENTIAL

� x on P	

� y on P�

x � f�y�

y � g�x�

MESSAGEPASSING

� P	 � P�

t � rcv P� snd y to P	

x � f�t�

snd x to P� t � rcv P	

y � g�t�

GET PUT SYNCHRO

� P	 � P�

t � get y on P�

x � f�t�

put x as s on P�

synchro synchro

y � g�s�

Figure ���� MessagePassing�Get Put Synchronize
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independent forall �i � I� A	f�i�
 � B	g��i�
 � B	g��i�


Figure ���� Generic parallel assignment

	���	 Target

Di�erent target programming models and architectures require di�erent tech
niques and optimizations� First� SIMD �Single Instruction Multiple Data� or
MIMD �Multiple Instruction Multiple Data� architectures may be targetted�
For MIMD architectures� a SPMD �Single Program Multiple Data� program
parametrized by the processor identi�er must be generated� The rationale for
generating few programs �typically one or two� to be run identically in parallel
on the nodes of the target machine is obvious� it is the only scalable �i�e� exten
sible to a large number of processors� technique� The underlying communication
model may be message passing �a la MPI or a get� put and synchronize model
�Figure ����� requiring a di�erent style of optimization� The communication to
computation speed ratio as well as the communication latency and bandwidth
often di�er� changing the optimal choice for compilation� Some machines have
special hardware for particular communication patterns �broadcasts� synchroniza
tions� reductions� shifts� which is signi�cantly more e�cient  �
�! than simple
point to point communications� so that an e�cient compiler must use them� The
diversity of target architectures results in a necessary diversity or adaptability of
the compilation techniques�

	��� Outline

This paper focuses on issues related to the e�cient management of HPF�s very gen
eral regular mappings� allowing alignment strides and general cyclic distributions
for distributed memory MIMD architectures� The compiler must switch from the
global name space and implicit communications of HPF to the local name space
and explicit communications of the target SPMD messagepassing programming
model� The e�ciency of the allocation� addressing� communication and temporary
managements are the key points for achieving acceptable performance�

��� Compilation overview

Let us focus on the generic example in Figure ��� where A �lhs� is assigned and B

�rhs� is used within a parallel loop� Iteration set I and access functions g� and g�
may be arbitrary� The correctness of the parallelism requires that f is injective
on I� From such a loop the compiler must ��� assign iterations to processors�
��� determine the resulting communications and ��� generate code for the SPMD
message passing model� If these tasks cannot be performed by the compiler� they
are delagated to the runtime system� with the ine�cient but necessary runtime
resolution technique� Each point is discussed in the following�
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Processor � Processors 
�� Processor �

send y��� send y���
do j � ��� do j � ��� do j � ���
x�j� � y�j�
� x�j� � y�j�
� x�j� � y�j�
�
receive�temp� receive�temp�
x��� � temp x��� � temp

�a�

Processor p

if �p �� �� send y���
do j � ���
x�j� � y�j�
�
receive�temp�
if �p �� �� x��� � temp

�b�

Figure ���� Handmade and SPMD code with OCR

	�	�� Compiling for the SMPD model

When considering the SPMD execution model as the target of the compilation
process� the most important fact is that the generated code must be generic�
the code is identical on all processors� necessarily parametrized by the processor
identi�er� When considering distributed memory architectures as the target of this
SPMD code� the most important characteristic is the memory hierarchy� access to
remote data is much slower than access to local data� Finally� when considering a
message passing model for communication� the memory hierachy has qualitative
e�ects� access to remote data requires knowing which processor owns the data�
From all these features� the compiler makes fundamental choices�

� mapping of computations� that is assigning iterations �I� to processor�s�&

� allocating a local representation for the distributed data on each processor&

� code generation scheme� involving the actual translation from global to local
adresses and the scheduling of communications with respect to computa
tions�

	�	�� Owner Computes Rule

For assigning computations to processors� compilers generally rely on the owner
computes rule �OCR�� The rule states that the computation for a given array
assignment must be performed by the owner of the assigned reference� This sim
pli�es the generated code� once a value is computed on a processor� it can be
stored directly without further communication� The OCR is not necessarily the
best choice and possible alternative solutions have been investigated  ��!� Mak
ing this choice visible to some extent to the user is proposed in some languages�
with the on clause� Given the assignment� the compilation problems are basically
identical with all schemes� hence we assume the OCR in the following�

Figure ��� exampli�es the application of the OCR to the compilation process�
Arrays X and Y are supposed to be distributed block	�
 onto four processors�
In both cases� x and y are the local arrays implementing the global arrays X and
Y � and are accessed by local addresses� The code in �a� is tailored to the speci�c
processors� not SPMD� The generic code in �b� involves some guards�

	�	�	 Run�time resolution

The simplest compilation scheme  	�! uses run�time resolution of accesses to dis
tributed data �RTR�� Each processor executes the whole control �ow of the pro
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gram� but each reference to distributed data is guarded by a locality check� Com
munication is then generated between the owner and any processors that may
need the data �see Figure ��#�� This technique can be implemented simply  ��! as
a rewriting of the syntax tree of the original program�

Runtime resolution is highly ine�cient� and the ine�ciency increases with
the degree of parallelism� First� each process scans the entire iteration space and
executes the whole control �ow of the program� Worse� for each index� a guard
is evaluated& the guard is pure overhead compared to the sequential execution�
Next� as the scheme is based on global indices� a large number of address trans
lations from global to local indices must be performed at runtime� Finally� the
communication is not vectorized but performed in an elemental level� Checking
ownership is simple when addresses are explicit functions of loop indices� for in
stance a�ne functions& from i� f�i� is computed� and the ownership is derived
from the formulas in Figure ����� When adresses are themselves distributed array
references� the RTR scheme must be applied twice�

Clearly� optimizations are necessary� However� possible optimizations will de
pend heavily on the nature of the application� If the references are regular� aggres
sive compilation analysis is possible� Basically� a large fraction of the guards and
address translations will shift from execution time to compile time� For irregular
applications� the runtime resolution overhead can be amortized either over re
peated executions of a parallel loop� for instance if the parallel loop is enclosed in
a sequential one� or across code parts that require the same address translations�
It must be stressed that� if an application is essentially dynamic and irregular� it
cannot bene�t from more than a limited number of optimizations� with respect
to runtime resolution� Therefore choices have to be devised at the algorithmic
level� or even at the application level� For instance� in the �eld of parallel �nite
elements problems� if one asks for programming in HPF� domain decomposition
methods may be easier and more e�ective than global sparse computations�

�� source code� Ai� � f�Bj�	

Oa � owner�Ai�	�

Ob � owner�Bj�	�

if �Oa��me	 �

tmp � �Ob��me	� Bj�� recv�Ob	�

Ai� � f�tmp	� �� computation�

� else �

if �Ob��me	 send�Bj��Oa	�

�

notations�

� me� processor identier

� tmp� temporary local data

� owner�x�� the owner of x

� send�x�p�� non block� send x to p

� recv�p�� blocking receive from p

Figure ��#� Runtime resolution on a single statement

	�	� Index and communication sets

The compiler decision for the OCR assigns loop iterations to processors� This can
be formalized into a parametric set of iterations� and the resulting communications
into sets of array indices that must be communicated between processors� For
clarity� the generic example in Figure ��� where A �lhs� is assigned and B �rhs�
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send S�p� ��
receive S��� p�
for i � C�p� � � �

Figure ���� Simple SPMD code

send S�p� ��
for i � Clocal�p� � � �
receive S��� p�
for i � Cremote�p� � � �

Figure ���
� Overlap SPMD code

is referenced within a parallel loop is considered� An example is presented in
Figure ����� For each processor and array the mapping directives de�ne a set of
owned array references�

OA�p� % fajA�a� is mapped on pg

Each processor is assigned a set of iterations to compute with the OCR�

C�p� % fi � Ijf�i� � OA�p�g

In turn� this set de�nes the set of references needed by a processor to perform the
computation� that is the set of viewed elements� In our example�

VB�p� % faj�i � C�p�� a% g��i� or a % g��i�g

From these set one can de�ne the sets of array references that are to be commu
nicated from processor p to processor p��

SB�p� p�� % OB�p�� VB�p��

	�	�� Code Generation

Several variations are possible in de�ning the previous high level sets� each di
rected towards a particular code generation scheme� In any case� the SPMD code
will have to scan these sets� that is enumerate all their elements� The simple code
presented in Figure ��� performs �rst the communication and then the computa
tions �� stands for all possible values�� The code presented in Figure ���
 from
 ���! overlaps local computations and communication by splitting C� Computa
tions involving remote references are delayed� The purpose of this split scheme is
latency hiding� by performing the local computations while the messages are being
transmitted on the network� However� it is shown in Section ��� that the split
scheme creates other penalties that may exceed its bene�ts�

In both schemes� the messages may be built one after the other for each target
processor� or all at the same time& the latter may simplify the enumeration part at
the price of having to wait for all the messages to be ready before issuing the actual
communication� This distinction also holds for the receiving messages� Thus the
very same sets and high level SPMD code can lead to very di�erent communication
behaviors�

Parallel loops more general than the example of Figure ���� in particular forall
loops including many statements� may be split into a sequence of parallel one
statement loops� or compiled as a whole� In the latter case� the iteration set C is
fundamental� The union of the statement sets of each statement in the loop forms
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the Reduced Iteration Set �RIS� of the loop  ���!� If the C of a particular statement
in the loop is a proper subset of the RIS� then the corresponding statement must
be guarded�

In  �

! a general calculus for building these sets is presented� However the
main issue is the practical management of these parametric sets at compile and
runtime� What data structure� What operators� Cost and approximations�
Code generation issues� The choice of data structures ranges from array sections
to polyhedra for regular references� and includes lists for irregular applications� It
should be noted that the more general the data structure is� the more expensive
the operators are� but also the fewer the needed restrictions are on I� f � g� and
g�� A typical restriction is that for general polyhedronbased techniques  �� ���!
the iteration space and references are described by a�ne functions�

Desirable features for such a data structure are�

� minimality with respect to the described set� to avoid guards&

� minimality with respect to the number of operations involved& in particular�
if an array reference of the SPMD code is expressed in the native global
framework� it requires an expensive runtime translation to local addresses�

� closure under common operators �union� intersection� di�erence� etc��

� easy to scan in the SPMD programming model& loops are the best choice�
lookup tables must be kept to a moderate size�

It is not at all obvious that a perfect data structure exists� Thus all compilation
techniques must make choices between these properties� and a�ord the implied
approximation and other costs�

	�	�� Optimizations

Overhead in SPMD code with respect to sequential code has two sources� extra
computation and control� and communication� The �rst issue is tackled in the
next section& this section sketches communication optimizations� Clearly� commu
nication is pure overhead and must be treated with special care� because of its
overwhelming cost� Optimization occurs at two levels� local optimization deals
with the communication created by a given parallel loop& global optimization con
siders the analysis and scheduling of communications across the whole code� at
the intra and interprocedural level�

At the local level� because the startup cost is much higher than the perelement
cost of sending a message� a major goal for a compiler is to combine messages from
a given source to a given destination� For parallel loops� this results in moving
communication outside the loop� This leads to three optimizations  ���!� Mes�
sage vectorization packs the references associated with the same righthandside
expression� Message coalescing packs the references associated with di�erent right
handside expressions� Message aggregation allows reuse of previously sent data�
Vectorization and coalescing reduce the number of messages� while aggregation
diminishes the overall volume of communication� It has been suggested  ���! to
extend the concept of vectorization to collective communication�
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real A������

chpf� template T���	���

chpf� processors P�����

chpf� align A�i� with T���i�

chpf� distribute T�cyclic���� onto P

A�������� � 




Figure ����� Mapping example from  ��!

A comparative study of the respective impact of each optimization has been
made  �	�!� Vectorization was found to be the most important� and the most
consistent across the benchmarked codes� Also coalescing is very useful to typical
communications arising from references to a same array in stencil computations�
However� some applications may also bene�t a lot from aggregation� For instance�
some molecular dynamics code use lists of interacting particles� As interaction is
guided by physical distance� if particles A and B interact with particle C� they
will probably interact with each other� If particles A and C are mapped on the
same processor and B is remote� the data for B will be sent to interact with C�
and does not need to be sent once more for A�

The placement of communication within the program answers the following
question� where should a communication take place in order to minimize the over
all communication� remove useless communication� and minimize latency� Con
sider the code fragment�

A	���
 � B	�


forall 	j�����
 A	�� j
 � B	�


Without analysis� two groups of communication is necessary� the �rst statement
copies B to the owner of column � of A� and the loop copies B on each column
of A� If the second communication is moved above the �rst assignment� the �rst
communication may be removed� A data�ow approach is wellsuited to this prob
lem  �� �	�� ��� ���!� Through advanced program analyses� the source of a value
in a program is identi�ed �last write tree� array data �ow graph� and the commu
nication is issued accordingly�

	�	�� A�ne framework

Let us introduce the general mapping example in Figure ����� Array A is mapped
onto a processor arrangement P through a stride � alignment and a general cyclic
	 distribution� The picture shows the resulting mapping of the array �shaded
elements� and the template onto the 	 processors� The ��# template elements
cycle over the processors� each row is a cycle of �� template elements� Contiguous
blocks of 	 elements are attached to each processor� For instance T	��
 is on
processor � % 
� at cycle � % � and o�set � % ��

From this picture the mapping geometry of array elements seems regular� This
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regularity comes from the a�ne constraints that can be derived�

A	����
 
 	 � 	 	�
T	�����
 
 	 � 	 ���
P	��
 
 	 � 	 �

align A	i
 with T	�i
 � % ��
cyclic	�
 
 	 � 	 �

distribute T	cyclic	�

 onto P � % ��� $ 	� $ �

Integer solutions to this set of equalities and inequalities provide an exact descrip
tion of the HPF mapping� that is the array element ���� the processor onto which
it is distributed ���� the cycle it belongs to ��� and so on� The �rst inequalities
just re�ect the Cartesian declaration constraints� Then the alignment constraint
links the array element � to its corresponding template cell �� The block width is
expressed on the block o�set �� Finally the distribution equation decomposes the
template space � into the corresponding processor �� cycle � and o�set ��

Such an a�ne formalization is presented in  �!� All mapping issues� including
alignment strides and cyclic distributions as in this example� but also partial
replication and multidimensional distributions can be included� Moreover� the
elements accessed by an array section �independent a�ne functions of one index�
and also by some loop nests� as well as the allocation and addressing issues on
a given processor� can be described within the same framework� For the array
assignment in Figure ����� after introducing index variable i� we have�

����� 
 	 i 	 �	
A	�����
 � % �i

global to distributed� � % b�	pkc� � % b� mod pk	kc� � % � mod k
distributed to global� � % pk� $ k� $ �

Figure ����� HPF distribution functions

The very simple example of expressing the distribution function shows the
bene�ts of an a�ne framework� Figure ���� gives the conversion formulas for
an array indexed by � distributed cyclic�k� on a p processor set �all arrays are
considered indexed from 
�� Often� the compilation process will have to translate
the � framework into the ��� �� �� framework� The simplest example is applying
the OCR� but computing local addresses is also closely related to this translation�
For this purpose� the formulas in the second column are not convenient� because
symbolic computations using integer division are restricted� An a�ne framework
is a practical alternative� the equation in the �rst column describes the same
��� �� �� �� set as the equations of the second column� if we add that � and � are
bounded �
 	 � 	 k 
 � and 
 	 � 	 p 
 ��� Instead of constraining the way
the compiler must translate global addresses to local addresses� the constraints
are expressed in a non directive way� The compiler can take advantage of this to
compute the local addresses so as to respect these constraints� but not necessarily
to start its computation from global addresses�
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	�	�� The alignment�distribution problem

When an array is its own template� it has a regular HPF distribution �cyclic	k

or block	k
�� Allocating the corresponding memory space is easy if the processor
extents are known at compile time� roughly� the local array size is the block size
times the number of cycles� Simple and e�cient local addressing schemes can be
derived�

Problems come from alignment� In a pseudomathematical formulation� one
can state that HPF distributions are not closed under alignment� combining an
HPF distribution and an HPF alignment does not always result in an HPF dis
tribution� Figure ���� and Figure ��� show such examples� the distributions may
be considered as an irregular �but static� mapping� because the block size varies
from processor to processor� and worse� inside each processor�

What new issue does these complex distributions raise� The code generation
issues are solved by enumerating complex sets at runtime to perform computations
and communications� However� even if such techniques can be reused� the problem
is actually new� here the compiler must allocate memory space for these irregular
blocks� The allocation scheme may be optimal in memory space� all the elements
of an array placed on a given processor are allocated contiguously� possibly at
the expense of e�ciency in physical address computation� At the other extreme�
one can consider allocating the whole template� then wasting memory space� but
resuming to a regular case� Typical allocation schemes are detailed in Section ����

��	 Regular References

The sets describing computations and communications presented in Section ���
must be enumerated on each node so as to actually perform the computations
and communications� We have sketched before some criteria for this enumeration
to be e�cient� Much work has been devoted to the enumeration problem� with
various assumptions about the mapping �block� cyclic� general cyclic distribution�
with or without alignment stride�� the access �shift� array section or full loop nest�
and with various goals �enumerating the local iterations� or generating commu
nication�� In this section� where local addresses are concerned� the underlying
space is the template of each array� physical addressing will be considered in Sec
tion ���� This means that the expected result is scanning �� � and � variables�
that is dealing with the set in the abstract processor� block and cycle space� Three
approaches can be identi�ed� closed forms� automata or linear integer program�
ming techniques such as Diophantine equations and polyhedron theory� They are
presented in the following� with an emphasis on the assumptions needed by the
techniques�

	��� Closed forms

The closed form approach consists of �nding parametric descriptions of the di�er
ent sets� A closed form is a formula that just needs to be evaluated once missing
values are known� It is used at runtime to compute the di�erent sets or to issue the
communications and to perform the computations� Many important and practical
cases have closed form solutions� For instance� blockdistributed arrays and shift
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array A�����	

array B�����	

chpf� processors P���
	

chpf� distribute A�block	 onto P

chpf� distribute B�cyclic	 onto P

A����	 � B�����
	

p % � � �

OA�p� 
�� 	�� #���
OB�p� 
���� ���
�� ������
C�p� 
�� 	 

SB�
� p� � � 
SB��� p� �����  
SB��� p� �  

DA % 
 � 	
DB % � � � � �
DB % �DA $ �

C�p� % OA�p�� DA
VB�p� % �C�p� $ �

SB�p� p�� % OB�p�� VB�p��

Figure ����� Closed form example� Computation and communication sets

accesses communications of the borders is vectorized outside of the loop nest after
guard elimination  ��
! �Figure ���	��

The closed form approach generally applies to array sections references� An
array section is a regular set of integers described by three parameters� the �rst
value� the last value� and an intermediate stride �the default stride value is ���

�l � u � s� % fij�j � 
� i % l $ sj� �s 
 
 � i 	 u� �s � 
 � i � u�g�

Array sections are closed under intersection ��� and a�ne transformation �a�S$b
where a and b are integers and S is a section��

The reason for the interest in array sections is that they are powerful enough to
express the di�erent sets  ���! and their computations as outlined in Section ����	
for array expressions� Also scanning an array section by a do loop is trivial�
First� the index sets are array sections on block or cyclic distributed dimensions�
Figure ���� shows an example� In general� if a onedimensional array A of size n
is distributed block	k
 and array B is cyclicdistributed onto q processors then
with 
 	 p � q�

OA�p� % �pk � min�pk $ k 
 �� n��

OB�p� % �p � n � q�

where p remains to be evaluated� Since the only operators used to build the
compute and communication sets are the intersection and a�ne transformation�
and since the original sets �owned elements and accessed array sections� are already
array sections� the resulting sets are array sections�

This basic technique was extended  ��#� ���� ��! to manage general cyclic
distributions� A general cyclic distribution is viewed as a block distribution on
more virtual processors� which are then assigned to real processors in a cyclic
fashion� This is the virtual cyclic view� The dual approach is to consider a
cyclic distribution and then to group blocks of virtual processors� For alignment
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�� Delta holds the pattern of local

�� steps� computed at runtime

Delta��� � � �� �� �� � � �

�� index in the pattern

i � � �

a � initial �

�� loop to scan the pattern

while �a �� final� �

�� computation with address a




 �

�� next location

a �� Delta�i� �

i � �i�	� � � �

�

Figure ���	� FSMbased enumeration

strides  �	�!� the sets are computed at the template level and then compressed to
remove the holes and generate local addresses�

This simple and parametric technique was quickly introduced in commercial
compilers� However it is limited to array section accesses� simple triangular areas
cannot be handled� The virtual processor extension results in many intersections
to be performed at runtime� for each pair of virtual processors� From a practi
cal point of view� the technique looks like the PARTI system �Section ����� i�e�
communications are precomputed �on a dimension per dimension� processor per
processor and array section basis� and used afterwards�

	��� Finite State Machines

General cyclic distributions display periodic patterns on the cycle ��� axis for
regular section accesses� the processor and o�set may become identical while
enumerating some sets� For instance� in Figure ����� the access pattern for array
section A	����
 repeats each four cycles� Hence� the local enumeration loop has
to be unrolled to some extent� for the references corresponding to the �rst period�
tables are precomputed� or divide and remainder computations are performed on
the �y& for the following references� the appropriate stride is used� The period
depends on the distribution and alignement parameters�

The FSM technique looks for the basic pattern and uses an automaton to
enumerate the elements� It was �rst suggested in  ��!� The algorithm builds
at runtime the required transition table� which is then used as the base of the
scanning� The pattern of the example in Figure ���� is shown in Figure ���	� The
array elements are light shaded but the accessed ones �array section A	�����
�
are dark shaded�

The algorithm for building the transition table initially deals with an array
section and a general cyclic distribution� The extension to alignment strides sim
ply applies this algorithm twice� The generalization to multidimensional arrays
is straightforward� The technique handles simple regular communications� such
as shifts� The initial algorithm was improved to generate the transition tables
faster  ��
� ���� ��#!� In  ���! the method is extended to enumerate a�ne and
coupled subscript accesses for general cyclic distributions� Such extensions typ
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ically require several tables per array dimension to handle the various indexes
appearing in an a�ne subscript�

These automatonbased techniques are fast at enumerating local elements�
They handle directly the local addresses generation with maximum cache bene�ts�
while other techniques generate higher level code which depends on subsequent
optimizations for handling actual addresses e�ciently� They are especially tar
geted to array sections� Extensions are needed to handle general communication
sets� The automaton technique solves one of the HPF compilation problems� enu
merating sets e�ciently� However� these sets �array section on general cyclic dis
tributions� are limited with respect to the description of general communications
involving arbitrary HPF mappings� Also the transition tables must be managed
at runtime� Another view one can have from the FSM approach is that it allows to
accelerate enumeration of complex sets by precomputing the patterns� However�
generating the transition tables is as complicated �or simple� as enumerating the
required elements directly�

	��	 Polyhedra and lattices

Other techniques rely on parametric sets de�ned by a�ne constraints and gen
erate code directly from this representation� Such a representation can be built
for any parallel loop with a�ne access functions and iteration domain� It follows
from the a�ne framework sketched in Section ������ systems of linear equalities
and inequalities are derived from the HPF array mapping speci�cation� the itera
tion set and the array accesses� These sets de�ne polyhedra� The integer points
of these polyhedra express the computations and the necessary communications�
Enumerating these sets so as to actually perform the computation or generate
communications falls under the general category of scanning polyhedra �or pro
jections of polyhedra��

Let us consider the assignment B�A in Figure ����� The distributions involve
partial replication along some dimension of the source and target processor ar
rangements� The mapping is depicted in Figure ����� From this code and following
the a�ne framework one can derive the systems in Figure ����� It incorporates the
mapping equations� a local addressing scheme ���� the array reference �a simple
��� % ��� and an additional equation to express the desired loadbalance to bene�t
from replication� From these equations communication code as presented in Fig
ure ���# may be generated� It scans the solutions to the system so as to generate
the required communication and performs the assignment� General examples can
be handled with this approach�

For generating such a code� many degrees of freedom remain and various ap
proaches have been suggested� The generic sets may be decomposed  �	�� �
	! into
linear independent Diophantine equations that are solved using standard methods�
Full HPF mappings for array sections  �	�! and full a�ne accesses and iteration
space for cyclic distributions  �
	! are considered� The latter paper performs uni
modular changes of basis on general a�ne problems to build simpler array section
problems� Moreover� the enumeration scheme is directed by communication vec
torization� leading to a particular order of variables in the enumeration scheme�
A linear Diophantine equation is�

f�i� j� � Z�jai % bj $ cg
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Figure ����� Distributed array as
signment
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Figure ����� Full copy system

Figure ����� Full copy of distributed arrays
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IF �I AM IN�Ps�� THEN

� � ���������� � MY ID IN�Ps�

DO � � �� �����������

��

� � �������������

index � �

DO �� � ����

�	� ����

�
BUFFER�index��� � A����

ENDDO

CALL BROADCAST�BUFFER�Pt���

����� � send

ENDDO

ENDIF

IF �I AM IN�Pt�� THEN

�� � ���

���
�

�� � MY ID IN�Pt�

DO �� � 	� �

DO �� � 	� �

DO � � ����������
�

����� ����������
�

����

DO �� � 	� �

IF �Ps�����Pt����� THEN � receive and unpack

CALL RECEIVE�BUFFER�Ps����

index � �

DO ��

� � ����	� ����
B���

�� � BUFFER�index���

ENDDO

ELSE � local copy

DO �� � ����

�	� ����

�
��

� � ����������
�

�
B���

�� � A����

ENDDO

ENDIF

ENDDO

ENDDO

ENDDO

ENDDO

ENDIF

Figure ���#� Generated SPMD code outline
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It is related to the intersection of array sections� However� unlike the closed form
approach� the decomposition process into these simple equations is systematic�

This decomposition needs not to be performed explicitly  �� ���� ��!� Generic
algorithms for automatically generating codes that enumerate solutions to systems
of linear equalities and inequalities� based on Fourier elimination  ���� �� ��
! or on
a parametric simplex  #�! are used� These algorithms are potentially exponential�
but practical cases are usually handled quickly� The generated code e�ciency
depends on the ability of the code generation algorithm� Polyhedra are scanned
with loop nests involving sometimes complex bounds �min� max� integer divisions�
that require special optimizations�

Because these techniques are based on parametric sets� communication and
enumeration issues are quite natural& in theory they do not require special at
tention� However� practice shows that care must be taken to avoid ine�cient
enumerations� Such techniques clearly address the need for compiletime manage
ment of index sets� Some implementations of polyhedron based techniques have
been developed for general HPF mappings� for I�O related communications  ��!
and for remappings  �#!� with associated optimizations that takes advantage of
load balancing and broadcast opportunities�

��� Irregular problems

In order to compile general parallel loops with irregular accesses to distributed
variables� it is necessary to rely on the runtime to compute the execution set C�p�
and the communication sets SB�p� p���

We describe here how these accesses are handled in the Prepare com
piler  �	#!� In the Prepare compiler� all HPF dataparallel constructs are trans
formed into a standard construct �the ArrayAssign� in the intermediate represen
tation level� The compilation scheme used for an ArrayAssign  	�! generates a
threephase code� the work distributor� the inspector� and the executor�
The work distributor determines how to spread the work �iterations� among the
HPF processors� The inspector analyzes the communication patterns of the loop�
computes the description of the communication� and derives translation functions
between global and local index spaces� while the executor performs the actual
communication and executes the loop iterations� Each phase relies on runtime
functions embedded in the Parti
 library�

	���� The Parti� library

The purpose of the Parti and Parti
 libraries is to compute nonlocal accesses
at runtime and to perform global exchanges needed to access non local data� The
Parti
 library is an extension of the Parti library developed at the University
of Vienna & it supports all HPF distribution and alignment types and operations
on all Fortran �
 intrinsic data types& moreover� a part of the Parti kernel was
reviewed and an optimized version is implemented in Parti
� The three main
functions of Parti
 are described below�
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cview

The cview routine computes� for a given distributed array� a schedule that is used
to bring in the nonlocal data accessed by the calling SPMD process within the
body of an ArrayAssign handled by the distributorinspectorexecutor technique�
The computed schedule is a structure that contains the necessary information to
identify the locations in distributed memory from which data is to be accessed�
This routine also computes the total number of the distant accesses �o�proc� per
formed by this process� and generates an indirection table �loc� that is used to
transform global references into local memory addresses� While constructing the
indirection table loc� the cview routine �lters out the duplicate references�

gather

The gather routine performs a global exchange between all the calling processes�
The data to be exchanged are characterized by the schedule passed as a parameter
�this schedule should have been previously computed by the cview routine�� At
the end of this exchange� all the distant data accessed by a given process within
the corresponding parallel loop are locally available to this process� the distant
values are stored in the bu�er part of the extended local segment� Once these
distant elements are received and stored� the array elements can be accessed via
the local reference list �loc� that is previously computed by the cview routine�

scatter

The scatter routine performs a global scatter exchange between all the calling
processes� The data to be exchanged are characterized by the schedule passed as
a parameter �this schedule should have been previously computed by the cview
routine�� At the end of this exchange� all the nonlocal data written by a given
process within the corresponding parallel loop� are copied back to their owners
�i�e� the processes to which these elements were assigned by the data distribution
speci�cation�� the distant values were stored in the bu�er part of the extended
local segment during their computation� The array elements were accessed via the
local reference list �loc� that was previously computed by the cview routine�

	���� Generated code

We describe here the main characteristics of the generated code for the example
depicted in Figure ����

Prologue

The generated code begins with the initialization of the mapping descriptors asso
ciated with the distributed arrays A and B� the information about local segment
size� dimension� shape� distribution and processor array is stored there� Then the
local segment of B is allocated�

�for which a work distribution that deviates from the owner�computes rule has been applied
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INTEGER� PARAMETER�� N� � 	� N
 � �� M� � 
� M
 � 	
REAL� DIMENSION�N��N
� �� A� B

�HPF PROCESSORS P�M��M
�
�HPF DISTRIBUTE �CYCLIC�BLOCK� ONTO P �� A
�HPF DISTRIBUTE �BLOCK�CYCLIC� ONTO P �� B

� � �
FORALL �i���N� � j���N
�

A���i��gl�j�� � B�fr��i��gr��j�� � B�fr��i��gr��j��
END FORALL

Figure ����� Example of irregular accesses in an Array Assign statement

Work distributor phase

On each SPMD process p� the work distributor computes the execution set� C�p��
i�e� the set of loop iterations to be executed by p� In our example� the work
distributor applies the owner�computes rule �OCR� work distribution strategy�
but the Parti
 library provides features �the scatter routine� that allow us to
deviate from this rule whenever another work distribution policy might be better�
For the example in Figure ����� the execution set is given by�

C�p� % f�i� j� j �fl�i�� gl�j�� � OA�p�g
where OA�p� denotes the set of indices of elements of A that are stored on processor
p�

This set is stored in an array called the Execution Set Descriptor �ESD��
While �lling the ESD� the total number of accesses to B performed by the process
is computed and stored�

Inspector phase

The inspector performs a dynamic loop analysis� Its task is to describe the neces
sary communication by a set of schedules that control runtime procedures moving
data between processes in the subsequent executor phase� The dynamic loop anal
ysis also establishes an appropriate addressing scheme to access local elements and
copies of nonlocal elements on each process�

The inspector phase starts by the allocation of two integer arrays� glob and loc�
The glob array is �lled with the value of index expressions of the global references
to B performed by the process� Next� the inspecor �lls the indirection table loc
and evaluates the number of nonlocal elements of B �o�proc� accessed by the
calling process� A graphical sketch of how the cview routine works is depicted in
Figure ���
�

Executor phase

The executor is the third phase generated by the compilation scheme used to
transform an irregular ArrayAssign� It performs the communication described by
the schedules� and executes the actual computations for all iterations of C�p� as
de�ned by the work distributor phase� The schedules control communication in
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i� % esd 
! 
!� j� % esd 
! �!� ���� iess % esd ess�! 
!� jess % esd ess�! �!

1

Local  Segment  of  B Buffer

linearize  and  localize
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Figure ���
� Relation between multidim� global references and linearized local
references

such a way that execution of the loop using the local reference list accesses the
correct data in local segments and bu�ers�

The executor phase �rst checks if the space allocated for the local segment
of B is big enough to store the nonlocal elements& if not� more space for B is
allocated� The nonlocal data are then gathered and stored in the extended local
segment thanks to a call to the gather routine� Once the global exchange is done�
the iterations assigned to the process by the work distributor are computed� The
iteration space of this loop is characterized by the ESD constructed during the
work distribution phase� All the readaccesses to B are performed through the
indirection array loc� The global�to�local call� g
l�mapA� x� y�� used in the index
expression of the LHS� determines the o�set of the element A�x�y� in the local
segment of A associated with the calling process�

Epilogue

Finally� the intermediate array that stores the local reference list� the schedule
and the ESD are freed�

	���	 The ESD and schedule reuse

To make ESD and schedule optimizations possible� the code generation was de
signed so that it is easy to recognize creation and use of an ESD and a schedule�
The generation of Parti
 calls has been separated into a highlevel part �that
inserts highlevel nodes in the intermediate representation� and a lowlevel part
�that expands the abstraction to loops and routine calls�� Between those two
parts� a dedicated optimizing engine can be inserted� The Schedule Reuse Analy
sis Engine �SRAE� performs analysis on these highlevel nodes and tries to hoist
them outside of loops�
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forall 	i � C�p�

A	f ��i�
 � 	g��i� � OB�p� � B	g���i�
 � T�	t��i�

 �

	g��i� � OB�p� � B	g���i�
 � T�	t��i�



Figure ����� Guarded references

forall 	i � Cll�p�
 A	f ��i�
 � B	g���i�
 � B	g���i�

forall 	i � Crl�p�
 A	f ��i�
 � T�	t��i�
 � B	g���i�

forall 	i � Clr�p�
 A	f ��i�
 � B	g���i�
 � T�	t��i�

forall 	i � Crr�p�
 A	f ��i�
 � T�	t��i�
 � T�	t��i�


Figure ����� Compute set splitting

forall 	i � C�p�
 A	f ��i�
 � T�	t��i�
 � T�	t��i�


Figure ����� All in temporary � � �

��� Memory allocation and addressing

The compiler must use an allocation and addressing scheme for distributed arrays
to switch from the global name space provided to the user by HPF to the local
name space available on the distributed memory target architecture� This scheme
should be driven by the mapping directives�

	���� Issues

The memory allocation problem is twofold� the compiler must allocate permanent
memory storage for the distributed arrays& it must also manage some temporary
storage for remote references that are used in the computation process� For in
stance� in Figure ���� a permanent storage termed x is required for the local blocks
of array X � and a temporary storage termed temp is used for the neighborhood of
the corresponding block in array Y needed by the local computation�

Allocation and addressing trade�o�

The following tradeo� must be addressed� On the one hand� the amount of mem
ory allocated to store a given array should be as small as possible� because memory
is expensive� Moreover the amount of wasted memory for a given dimension is
ampli�ed by multidimensional distributions� if one third of each index space on
each dimension of a �d array is wasted� then �
( ���	��� of the allocated memory
is wasted on the whole� On the other hand� the chosen scheme must allow fast
local address computations� i�e� an e�cient global to local translation� or at least
its e�cient incremental management within a loop nest�

Most parallel machines HPF was designed for are cache architectures� It is
thus interesting to devise the allocation and enumeration schemes together so as
to bene�t from cache e�ects�
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Temporary storage management

The second issue is the management of the temporary storage for remote refer
ences� The same constraints hold� but the memory can be reused� The tempo
rary space needed may vary from one processor to another� Separating the local
and temporary allocations can be unexpectedly costly� Let us consider again the
generic example in Figure ���� and assume that two separate temporaries are used
to store remote rhs references� Then for generating the new local computation
loop� it must be decided for each reference whether it is local or remote� Guarding
all references �Figure ����� is too costly� Moving these guards up by splitting the
compute set �Figure ����� seems attractive but the process is exponential with re
spect to the number of references and is not necessary possible or e�cient� Thus
the only general technique �Figure ����� beyond overlap allocation which only
suits simple cases is to manage local references as the temporary array or vice
versa� i�e� to provide a local allocation scheme which stores remote references
homogeneously  �#�! or to copy the local references into the temporary array  �!�

	���� Techniques

Let us focus on the allocation schemes suggested in the literature� These schemes
are outlined for basic examples� and their pros and cons with respect to allocation
overhead� fast addressing� and temporary storage are discussed�

Regular compression

real A�	��	��� B�	��	��

chpf� processors P�����

chpf� align A with B

chpf� distribute B�block�block� onto P

chpf� independent




c

c typical stencil computation

c

DO j�




DO i�




B�i�j� �


 A�i�j��A�i	�j��A�i�j	�

END DO

END DO

Figure ���	� Allocation of overlaps

The �rst and most natural idea for managing local elements is to adapt the initial
dimension by dimension Cartesian allocation in order to remove the regular holes
coming from the cyclic distribution and alignment� For blockdistributed dimen
sions� this may be done without any address translation  ���!� For simple shift
accesses the overlap technique  �
�! extends the local allocation to store the remote
elements on the border� simplifying addressing� This suits stencil computations
very well as shown in Figure ���	�

For general cyclic distributions with alignments� both row and column
compressions are possible  �	�� ���!� as shown in Figure ����� The �rst one suits
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�d template view from A	�
�

� % ��
� % � � ��
� % � mod 	

Rowcompression addressing �r� c��

r % � � �
c % �

Columncompression addressing
�r� c��

r % �
c % � � �

Figure ����� Regular compression for local allocation

large cyclic distributions and the second one small cyclic distributions� The global
to local functions involve integer divisions and modulus� but this is not an issue�
most of the time no actual translation is needed and the right local address can be
generated directly while enumerating local elements� This scheme is compatible
with overlaps and may be improved to reduce the allocated memory but with a
higher address computation cost  �!�

Packed form

Instead of preserving a structured allocation� it has been suggested to pack local
elements as much as possible  ��!� This is obviously optimal from the memory
allocation point of view� The issue is the addressing problem� accessing the local
elements from the base is possible with a �nite state machine which computes the
relative o�sets at runtime and exactly� but this does not correspond necessarily
to a simple global to local formula� Also the management of such an allocation
scheme for multidimensional distributions is not obvious� because the �rst element
of each vector is not mapped regularly in memory� Thus the o�set depends on the
actual number of elements on the processor for each original vector of the matrix�
Managing these issues across procedure boundaries seems also di�cult because
not much knowledge is available at compile time� This scheme suits only the FSM
compilation technique presented in Section ��	���

Software pagination

Classical paging systems for memory management can also be used for managing
distributed arrays� with both compiler and runtime support  �#�!� The basic idea
is to divide the array space into pages� and then to allocate on a given processor
only the pages� or part of pages� on which it owns some array elements� This
is depicted in Figure ����� Each array element at address i is associated a page
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real A������

chpf� processors P�����

chpf� distribute A�cyclic���� �

chpf� onto P

Figure ����� Software paging array management

B������

chpf� align B with A

B������ � A����	��A������

Figure ����� Temporary remote references management

number and o�set from the page size s�

page number� n % i mod s

page o�set� o % i� s

The runtime stores a vector of pointers to each page� some of which are allocated�
The allocation overhead is small for block or large cyclic distributions� but can be
as large as the array itself when considering cyclic distributions� Fast addressing
is possible� because the page number and o�set computations can use shift and
mask operations� Locality and thus cache bene�ts is preserved on a page per
page basis� The main advantage of such an allocation scheme is that it integrates
naturally temporary management in an uniform way� Indeed� remote references
can be stored within the pages they belong to on each processor� as depicted in
Figure ����� Once transfered� the remote elements are stored as the owned array
elements and accessed uniformly from the computation loop� The drawbacks are
the allocation overhead to be paid for small cyclic distributions� alignment strides
and also multidimensional distributions� Also this scheme has some impact on
the runtime system� which much manage the allocated pages� and the addressing�
although fast� may not be as optimizable as other simpler schemes�

Hash table based allocation and addressing have also been suggested for tem
porary reference management� The access cost is then uniform� but the random
access in memory does not bene�t much from caches� These allocation schemes
are very di�cult to compare one to the other� because they must be considered
within the compilation process as a whole� involving enumeration issues� Also
the very same scheme may be managed dynamically or statically� compromising
subsequent standard optimizations or requiring special optimizations�

�� Conclusion

HPF is a promising language and is the focus of much attention from potential
users� It may be a simple and e�cient alternative to low level message passing
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programming� However HPF does not suit all applications� Even for dataparallel
applications� a change in datastructures� algorithms and programming habits
may be required� Users must understand the compiler technology to get high
performance from their code� as they did with vector computers twenty years ago�

From the compiler point of view� the more knowledge available at compile time�
the better the optimizations that can be performed and the better the resulting
code� This knowledge may be provided in the language� but may also need to be
extracted automatically from the program� This analysis may be defeated by bad
programming habits� compromising the bene�ts expected from the parallel version
of a program� The language must also allow the user to express his knowledge
and advice about the application� some language features such as the inherit

directive just provide the opposite� no information� Finally compiler technology
must catch up with the HPF language� the design of which was beyond the know
how of its time�

We are optimistic that� with e�ort from users in writing clean dataparallel
codes� from the HPF Forum in improving the language design where de�ciencies
have been detected� and from compiler writers in implementing new compilation
techniques� HPF will be viewed as a success story�
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Chapitre �

Introduction

Abstract

This part presents some contributions to the HPF language conception�
This rst chapter introduces the next ones� It sumarizes in French the main
ideas� Chapter � analyzes some features of the language	 outlines deciencies
and suggests improvements� Chapter � describes a technique for managing
overlaps at subroutine boundaries� Finally Chapter � is a formal proposal for
addition to the language�

R�esum�e

Cette partie pr�esente di��erentes contributions et discussions ayant trait �a
la d�enition du langage HPF� Ce premier chapitre introduit les suivants	 et
r�esume en fran�cais les principales id�ees� Le chapitre � analyse certains aspects
du langage	 souligne des d�eciences et propose des solutions� Le chapitre � d�e�
crit une technique pour g�erer les recouvrements lors des appels de proc�edures�
Enn le chapitre � est une proposition formelle d�adjonction au langage pour
permettre d�associer plusieurs placements aux arguments d�une routine�

Le langage HPF a �et�e con�cu par de nombreuses personnes r�eunies en un comit�e�
baptis�e Forum pour l�occasion� Le High Performance Fortran �HPF� est le r�esultat
de nombreux compromis� Il existe donc une marge d�am�elioration au niveau de
la conception� avec pour cons�equence des facilit�es ou di�cult�es d�implantation et
d�utilisation�

��� Analyse de la conception de HPF

Le chapitre � est une version l�eg�erement �etendue de  ��!� Il propose d�abord
des crit�eres pour �evaluer les caract�eristiques techniques du langage� Il analyse
ensuite certains aspects du langage par rapport �a ces crit�eres� et r�ev�ele quelques
d�e�ciences� Il d�eveloppe en�n trois adjonctions ou corrections �a la d�e�nition du
langage pour r�esoudre les probl�emes soulev�es�

����� Crit
eres d�analyse

Je sugg�ere �a la section ��� d�analyser les caract�eristiques du langage par rapport
�a l�application� au langage et �a son implantabilit�e �

Application

utilit�e pour am�eliorer les performances�
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expressivit�e pour les besoins r�eels�

�el�egance des notations�

Langage

homog�en�eit�e des di��erentes notations�

orthogonalit�e entre caract�eristiques�

compl�etude des cas d�ecrits�

Implantation

simplicit�e �potentielle� de l�implantation g�en�erale�

e�cacit�e en vue de hautes performances�

s�eparation de la compilation des routines�

����� Analyse d�HPF

Divers aspects du langage HPF sont ensuite analys�es �a la section ���� �a l�aide
des crit�eres pr�ec�edents �

Inherit permet de d�ecrire un placement inconnu pour un argument d�une routine�
Il assure donc simplement la compl�etude de la description du placement des
arguments� Cependant il ne founit aucune information au compilateur sur
le ou les placements en question� ce qui le rend �a la fois di�cile �a implanter
et potentiellement inutile pour les hautes performances�

Redistributions � bien int�egr�ees dans HPF� mais leur orthogonalit�e par rapport
au �ot de contr�ole rend possible des cas d�eg�en�er�es o�u le compilateur n�a
aucune information quant au placement d�une r�ef�erence� Ces cas sont �a la
fois compliqu�es �a g�erer� et inutiles pour toute application r�eelle�

Forall n�est pas une boucle parall�ele malgr�e les apparences� Sa s�emantique est
inhabituelle et il est parfois mal compris et mal utilis�e�

R�eductions � initialement sugg�er�ees avec une syntaxe interne �a la boucle� �a la
fois inhomog�enes� verbeuses et n�ecessitant plus de travail �a la compilation�
puis corrig�ees�

Directives de parall�elisme � inhomog�enes et non orthogonales� Les directives
new et reduction ne peuvent �etre utilis�ees qu�attach�ees �a une boucle mar
qu�ee independent�

����	 Suggestions d�am�elioration

En�n dans la section ��	 je sugg�ere des am�eliorations de la d�e�nition du langage
pour r�egler les probl�emes soulev�es �

Assume � cette directive vise �a remplacer inherit pour les cas o�u l�utilisateur
conna��t plusieurs placements parmi ceux pouvant atteindre les arguments
d�une routine� Elle est d�etaill�ee plus avant au chapitre 	�
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Redistributions � il est propos�e d�interdire les cas d�eg�en�er�es pour lesquels le
placement d�une r�ef�erence n�est pas connu statiquement du compilateur�
Cette contrainte permet une implantation simple et n�interdit aucun cas
d�applications r�eelles pouvant b�en�e�cier des redistributions�

Port�ee � il est en�n sugg�er�e d�ajouter une directive de port�ee 	scope� a�n d�utiliser
de mani�ere orthogonale les directives independent� new et reduction�

Ces quelques suggestions permettraient d�am�eliorer �a peu de frais� nous semble
til� le langage� tant en ce qui concerne son utilit�e pour les applications� sa nettet�e
en tant que langage de programmation que ses possibilit�es d�implantation e�cace
et simple�

��� Calcul des recouvrements �a l
initialisation

Le chapitre � d�ecrit une technique pour g�erer le calcul des recouvrements �quel
espace suppl�ementaire allouer pour stocker les �el�ements des processeurs voisins�
dans un contexte de compilation s�epar�ee o�u l�on ne dispose pas de l�information
n�ecessaire �a la compilation� La technique pr�esent�ee est na��ve� Elle est simplement
destin�ee �a montrer la faisabilit�e de l�op�eration� et donc le caract�ere essentiellement
inutile d�une extensions de langage pour requ�erir de l�utilisateur cette information
comme il a �et�e propos�e� Cette motivation explique la pr�esence dans la partie
consacr�ee �a la d�e�nition du langage de cette discussion dont le contenu porte
plut�ot sur une technique de compilation�

����� Le probl
eme

La section ��� expose le probl�eme� Dans un contexte de compilation s�epar�ee
des routines� le compilateur ne sait pas pour un tableau local �a la routine quelle
sera la taille des recouvrements n�ecessaires� car elle peut d�ependre des routines
appel�ees� En cons�equence� le code peut �etre conduit �a faire des recopies co�uteuses �a
l�ex�ecution lorsqu�une routine d�ecouvre que les recouvrements d�un tableau qu�elle
obtient en argument sont insu�sants� Il a donc �et�e sugg�er�e de permettre �a l�uti
lisateur de d�eclarer explicitement au niveau des distributions les recouvrements
n�ecessaires� Notre objectif est de montrer que ce recours est inutile�

����� La technique

La section ��� propose une solution qui �evite de requ�erir cette information� Elle
consiste simplement �a en remettre le calcul �a l�initialisation du programme� L�id�ee
est qu�ainsi l�information est disponible pour l�allocation des donn�ees locales� que
ce soit sur le tas ou dans la pile� Pratiquement� la technique g�en�ere une routine
d�initialisation pour chaque routine compil�ee� La g�en�eration de cette routine ne
suppose aucune information interproc�edurale� si ce n�est la d�eclaration de l�inter
face des routines appel�ees� Par ailleurs� le compilateur doit g�en�erer du code qui
fait l�hypoth�ese qu�il dispose de recouvrements de taille inconnue mais dont il sait
qu�ils seront su�sants �a l�ex�ecution�
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����	 Exemple

La section ��� pr�esente le code d�initialisation qui pourrait �etre g�en�er�e pour le
petit programme qui illustre la possibilit�e de d�eclarer des recouvrements explicite
ment� �A l�initialisation du programme �i�e� au moment de son lancement�� le calcul
des recouvrements it�ere sur le graphe d�appels jusqu��a convergence au point �xe�
Cet exemple est particuli�erement simple� puisqu�il n�y a pas de r�ecursion� Dans
des cas r�eels� il est tr�es probable que la di�cult�e soit la m�eme� et donc que la
r�esolution doit tr�es rapide� Cependant notre technique s�accomode de r�ecursions
arbitraires�

���� Algorithme

La section ��	 d�ecrit rapidement l�algorithme permettant de g�en�erer le code
d�initialisation pour une routine donn�ee� D�abord� les d�eclarations des di��erents
descripteurs n�ecessaires sont faites� Ils sont locaux pour les donn�ees locales� expor
t�es pour les arguments de la routine et import�es pour les arguments des routines
appel�ees� Ensuite� la routine d�initialisation est g�en�er�ee� Elle comporte une garde
pour n��etre appel�ee qu�une fois au plus par it�eration de la r�esolution �a l�initialisa
tion du programme des recouvrements n�ecessaires� La routine appelle les initiali
seurs de ses appel�ees� puis calcule ses propres descripteurs locaux et export�es� Le
graphe d�appel des routines reproduit celui du programme� et en mat�erialise donc
la structure� ce qui permet �a l�information de se propager�

��� Proposition de directive � ASSUME

Le chapitre 	 est le fruit d�un travail commun avec Henry Zongaro  �
!�
Il s�agit de proposer une nouvelle directive� Cette directive vise �a permettre la
description de plusieurs placements pour un argument donn�e d�une routine� en
lieu et place de la directive inherit� Une implantation possible et simple est
�egalement d�ecrite� �a base de clonage et de r�e�ecriture�

��	�� Motivation de la proposition

La section 	�� donne les raisons qui justi�ent cette nouvelle directive� Les ar
guments d�une routine peuvent se voir a�ecter di�erents types de placements � pas
de placement� un placement descriptif� prescriptif ou transcriptif �avec inherit��
La compilation de ce dernier cas est a priori particuli�erement ine�cace� puisque
aucune information n�est donn�ee au compilateur� Elle peut �etre correcte cepen
dant si le compilateur extrait luim�eme les informations n�ecessaires avec des ana
lyses interproc�edurales� Comme l�un des principes directeurs de la conception de
HPF est de ne pas requ�erir de telles analyses de la part des compilateurs� mais
de permettre au contraire une compilation s�epar�ee raisonnablement performante�
d�autres solutions doivent �etre envisag�ees�

Lorsque l�utilisateur conna��t un ensemble de placements possibles pour un
argument� cette connaissance ne peut �etre exprim�ee� Soit l�ine�cace inherit est
alors utilis�e� soit l�utilisateur duplique �a la main sa routine pour compiler chaque
instance avec plus d�information � � � L�id�ee de cette proposition est de permettre
de d�ecrire plusieurs placements pour les arguments d�une routine�
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��	�� Proposition formelle

La section 	�� d�ecrit la syntaxe de cette directive� Elle consiste simplement
�a s�eparer di��erentes descriptions par des marqueurs sp�eciaux qui s�eparent les
alternatives� Une syntaxe simpli��ee des marqueurs est aussi propos�ee pour les cas
simples� qui permet de pr�eciser une alternative �a l�int�erieurm�eme d�une directive�

Quelques contraintes r�egissent l�utilisation de cette directive� La premi�ere im
pose que la sp�eci�cation apparaisse �a l�identique dans l�interface de la routine�
de mani�ere �a ce que l�appelant dispose �egalement de l�information� La seconde
interdit la multiplicit�e des placements aux donn�ees persistantes entre les appels
�attribut save� donn�ees dans un common��

Cette proposition permet de r�eutiliser de mani�ere directe toutes les directives
HPF sans contrainte particuli�ere� Le placement des donn�ees locales de la rou
tine peut d�ependre des di��erents placements des arguments� En�n l�utilisation de
plusieurs directives assume ou de directives assume imbriqu�ees est possible�

��	�	 Exemple

La section 	�� pr�esente un exemple d�utilisation de la directive assume� Le
programme principal assume appelle une routine iterate dans di��erents contextes
d�ecrits �a l�aide de la directive propos�ee�

��	� Conseil d�implantation

La section 	�	 d�ecrit une technique d�implantation au sein d�un compilateur�
sans requ�erir de nouvelles techniques audel�a de l��etat de l�art� La technique pro
pos�ee permet de transformer un programme qui utilise la directive ASSUME avec
les restrictions impos�ees en un programme HPF standard� L�id�ee est de dupliquer
la routine en autant d�exemplaires que de placements d�ecrits� Chaque exemplaire
est compil�e avec un jeu d�hypoth�eses di��erentes� Vue de l�appelant� la d�eclaration
�a l�identique des placements permet de choisir la meilleure version en fonction du
placement courant des arguments� Les cas des donn�ees persistantes et des inter
actions possibles avec la directive inherit sont �egalement discut�es�

��	�� Avantages

La section 	�� conclut en pr�esentant les avantages de la directive� Celleci est fa
cilement implantable sans avanc�ee signi�cative des techniques de compilation� Elle
pr�eserve toute la s�emantique des placements autoris�es par HPF� qui peuvent �etre
r�eutilis�es directement� Les donn�ees locales peuvent voir leur placement d�ependre
du placement des arguments de la routine� En conclusion� cette proposition de
vrait permettre de remplacer e�cacement la plupart �voire toutes �a notre avis�
les instances de la directive inherit�

Le Forum n�a pas retenu cette proposition� au pro�t d�une nouvelle directive
RANGE qui indique un ensemble de distributions� mais ne permet pas de pr�eciser
des alignements ou des arrangements de processeurs� Cette directive est beau
coup moins g�en�erale que notre proposition� et est paradoxalement plus di�cile �a
implanter au sein d�un compilateur� En e�et� elle ne se ram�ene pas �a une d�ecla
ration statique� mais restreint l�ensemble des placements possibles d�un argument
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au placement h�erit�e� sans pour autant le pr�eciser� En particulier� le pas des aligne
ments� la duplication partielle des tableaux ou encore la tailles des arrangements
de processeurs ne peuvent pas �etre sp�eci��es alors que cette information est tr�es
utile �a la compilation� Elle apporte donc une information de nature di��erente qui
devra �etre int�egr�ee et g�er�ee sp�eci�quement par le compilateur� Un aspect n�egatif
suppl�ementaire est que cette extension ne reprend pas le model de placement de
HPF� Elle est donc inhomog�ene au reste du langage�



Chapitre �

Discussing HPF Design Issues

Ce chapitre a fait l�objet d�une communication �a Europar��� �����

R�esum�e

Alors que le High Performance Fortran �HPF� est �a la fois d�evelopp�e et
corrig�e par le Forum HPF	 il est important d�avoir des crit�eres d��evaluation
des caract�eristiques techniques du langage� Cet article pr�esente de tels crit�eres
li�es �a trois aspects � l�ad�equation aux applications	 l�esth�etique et la pertinence
dans un langage	 et les possibilit�es d�implantation� Certaines caract�eristiques
actuelles de HPF	 ou en cours d��etude	 sont ensuite analys�ees selon ces cri�
t�eres� Leur mauvais �equilibre nous permet de proposer de nouvelles sp�ecica�
tions pour r�esoudre les probl�emes rencontr�es � �a savoir une directive de port�ee	
des d�eclarations multiples de placement et des redistributions simpli�ees�

Abstract

As High Performance Fortran �HPF� is being both developed and re�
designed by the HPF Forum	 it is important to provide comprehensive criteria
for analyzing HPF features� This paper presents such criteria related to three
aspects� adequacy to applications	 aesthetic and soundness in a language	 and
implementability� Some features already in HPF or being currently discussed
are analyzed according to these criteria� They are shown as not balanced�
Thus new or improved features are suggested to solve the outlined decien�
cies� namely a scope provider	 multiple mapping declarations and simpler
remappings�

��� Introduction

Analyzing and discussing the design of a programming language  ���! involves
balancing issues related to targeted applications and possible implementations
within a compiler� The design must also address the technical and aesthetic quality
of features� HPF  ���! provides a data parallel programming model for distributed
memory parallel machines� It was developed by an informal standardization forum
after early commercial  ���! and academic  ��� ��#! projects� Users advise the
compiler about data mapping and parallelism through directives� constructs and
intrinsic functions added on top of Fortran �
  �	
!� The compiler is expected
to switch from the global name space and implicit communication of HPF to the
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distributed local name space and explicit communication of the target parallel
machine� This paper studies HPF design issues� after three years of existence and
as commercial compilers have been released� The language is being both developed
and redesigned by the HPF Forum� new features are considered for addition and
some are selected for de�ning an e�ciently implementable kernel� There is indeed
an opportunity to improve HPF on the application� language and implementation
aspects� as features are questioned at light of experience�

HPF version ���  ��! includes directives for describing regular mappings onto
multiprocessor machines� parallel constructs� and intrinsics considered as useful
or expressing some parallelism� Array mappings are statically declared through
template and processors objects using align and distribute� Arrays with
the dynamic attribute may be changed their mapping at runtime with realign

and redistribute executable directives� Subroutine arguments may be speci�ed
a descriptive� prescriptive or transcriptive mapping� it may be warranted� to be
enforced or unknown with inherit� Parallel loops are tagged with independent�
new speci�es variables private to iterations� forall is a dataparallel construct
which generalizes Fortran �
 array expressions� Intrinsics are available to query
at runtime about data mappings and to specify some reductions missing in For
tran �
�

These features form the core of HPF� After three years of existence� they
are reconsidered at the light of early compiler implementations� application ports
or teaching sessions� The Forum is redesigning the language through the kernel
de�nition to allow e�cient implementations� This paper �rst presents criteria to
analyze HPF features �Section ����� Some current and planed features are then
analyzed with respect to these criteria �Section ����� They are shown as not
well balanced� This is the ground for new or improved HPF features which are
suggested �Section ��	� before concluding�

��� Analysis criteria

It seems natural to analyze language features with respect to the application�
language and implementation aspects which are respectively the concern of users�
designers and implementors� For each point� several issues are discussed� which
express the interests each group might �nd in a feature�

����� Application

The preliminary goal of HPF is to suit dataparallel applications to be run e�
ciently on distributed memory parallel machines� HPF feature bene�ts for users
can be seen through three perspectives�

Useful� some applications require or bene�t from a feature for e�ciency� Some
unconstrained features such as remappings are not useful in their full gener
ality and are di�cult to handle for the compiler�

Expressive� HPF aims at providing to the user a mean to express its knowledge
about the application in order to help the compiler� If some knowledge
cannot be expressed while it would be useful� the language lacks something�
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�hpf� independent

do k��� n

�hpf� independent

do j��� n

�hpf� new

s � ��

�hpf� independent

do i��� n

�hpf� new

t � b�i�j�k	�c�i�j�k	

a�i�j�k	 � t�t�t

�hpf� reduction

s � s � t

�hpf� reduction

p � p � t

enddo

�hpf� reduction

p � p � s

enddo

enddo

�hpf� independent�k�j	� �

�hpf� new�s	� reduction�p	

do k��� n

do j��� n

s � ��

�hpf� independent�i	� �

�hpf� new�t	� reduction�s	

do i��� n

t � b�i�j�k	�c�i�j�k	

a�i�j�k	 � t�t�t

s � s � t

p � p � t

enddo

p � p � s

enddo

enddo

Figure ���� Internal and external directive styles

Elegant� notations must be concise� intuitive and as simple as possible� Thus
they are easy to teach� learn and remember� Also users may misunderstood
some features which are errorprone�

����� Language

From the designer point of view� language features must be neat� and have some
technical properties which are considered as qualities� or their absence are consid
ered as design mistakes and source of di�culties for users� It is

Homogeneous if di�erent features share a common look and feel� This issue is
illustrated in Figure ���� where two possible homogeneous directive styles
are presented� The �rst one applies on the next statement and is verbose�
while the other is external and applies on the explicitly speci�ed variables
in the next loop�

Orthogonal if features are not constrained one with respect to the other� HPF
is built orthogonaly �with very few restrictions� on top of Fortran �
� it
is up to the compiler to insure that HPF and Fortran features interact as
expected� Also for instance Fortran �
 array expressions cannot specify a
transposition� because dimensions are taken in the same order� HPF forall

provides the array expression and dimension orthogonality�

Complete if all cases are expressed� The inherit mapping addresses this point
�see Section ����� While this is a nice property for a language� handling any
case with no motivation for e�ciency can have a signi�cant impact on the
compiler costs� if not on the compiler structure�
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subroutine callee�A	

real A�n	

�hpf� inherit A

� A mapping is not known�

A � ���

Figure ���� Inherit unknowledge

�hpf� distribute A�block	

if ����	 then

�hpf� redistribute A�cyclic	

endif

� A is block OR cyclic

A � ���

Figure ���� Remapping unknowledge

����	 Compiler

The last but not least issue is the implementability at a reasonable cost in a
compiler� The state of the art evolves continuously because of active research� but
general conditions for sound and simple implementations remain� As the market
for the language is not very large development costs due to useless features must
be avoided� For the implementor a feature must be

Simple� features are added with some possible use in mind� but implementors
must handle them in all cases� including the worst& it may also happen that
some future optimizations are prevented or becomes more di�cult because
of complex features& this issues are illustrated below with remappings�

E�cient� to allow compilation to produce e�cient code� as much static informa
tion as possible must be provided� and compiletime handling must not be
prevented& see the assume directive suggestion in Section ��	���

Separable� as interprocedural compiler technology  ��#! is not yet the common
lot of software providers� features must not prevent separate compilation of
subroutines& Fortran �
 explicit subroutine interfaces provide the mean to
allow both maximum information about callees and separate compilation� if
they are both mandatory and extended�

��� HPF feature analyses

Let us now analyze some HPF features according to these criteria� They are shown
either as not simply and e�ciently implementable or miss some useful instances�
The di�culty of the design is to balance criteria for a given feature� in order to
reach a sound proposal�

Inherit was added for completion purposes when specifying mappings of subrou
tine arguments� Some passed arguments cannot be described naturally with
descriptive mappings� thus the need to be able to specify something else�
Compilation of this feature is tricky because the compiler cannot assume
any knowledge about the mapping �Figure ����� Applications in which dif
ferent mapping may reach a given subroutine tend to use this nondescription
while some knowledge could be available� Section ��	�� discusses the assume
directive which can provide more knowledge to the compiler�

Remappings are well integrated in HPF� but not in compilers� they are de�
nitely useful to application kernels such as ADI  ���!� FFT  ��#! and lin
ear algebra  �
�!& the syntax is homogeneous to static mapping directives&
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remappings are orthogonal to the program control �ow� This very orthog
onality is the nightmare of implementors �if any�� remappings may appear
anywhere without constraints in the program� and may depend on runtime
values� Thus for a given array reference the compiler may not know the
mapping status of an array� as show in Figure ���� This ambiguity similar to
inherit has a strong impact on the way references can be handled� delaying
everything to runtime� and preventing standard analyses and optimizations
from giving their full pro�t� This worst case must be handled before optimiz
ing for programs where there is no such ambiguity� Section ��	�� discusses
possible improvements in the design�

Forall was added for orthogonality of dimensions in array expressions� It is as
implementable as array expressions� Users often feel the forall as the par
allel loop of HPF� because it looks like a loop and is parallel� Moreover early
versions of HPF compilers did not include the independent directive� thus it
was the only mean to specify some parallelism� Most of the time independent
foralls are not tagged as such by users� However by doing so unnecessary
synchronizations and copies may be performed at runtime to warrant the
SIMD execution order of the loop� The feature is somehow misunderstood
and misused�

Internal style reductions �Figure ���� were �rst considered by designers  ���!�
and then changed  ��!� although equivalent to the external syntax� this
choice was not homogeneous with the new directive� which also deals with
scalars� Moreover the external syntax eases the implementation� in the
example the reduction on p is over the full loop nest while the one on s is
only at the i level� This level is directly speci�ed with the external syntax�
while it must be extracted upward in the code checking for some condition
with the internal syntax� requiring more work from the compiler�

Independent� New and Reduction are de�nitely not well integrated in the
language� the directive styles are not homogeneous �Figure ����� it is inter
nal for independent and external for others� Moreover these directives are
not orthogonal� new and reduction must be attached to an independent�
However some non independent loops could bene�t from these directives� as
well as pieces of �at code� Section ��	�� develops an homogeneous and or
thogonal proposal� This proposal does not change implementability issues�
but allows more information to be given to the compiler�

��	 Improved and additional features

In the previous analysis� several de�ciencies of HPF features were outlined� lacks
of simple implementability� language homogeneity and orthogonality or expres
siveness for some applications� In the following� several new or improved features
are suggested to solve these problems�
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assume�directive �

ASSUME

spec�directive�or�list

END ASSUME�

spec�directive�or�list �

spec�directive�list

 OR

spec�directive�or�list �

spec�directive�list �

�nothing�

� spec�directive

 spec�directive�list �

Figure ��	� ASSUME directive proposal

attached�directive �

explicit�independent�directive

� new�directive

� reduction�directive

� ���

explicit�independent�directive �

INDEPENDENT����	

scope�directive �

BLOCK

statements�and�directive�list

END BLOCK�

Figure ���� Scope for orthogonal di
rectives

subroutine callee�A����		

�hpf� ASSUME

�hpf� distribute A�block	

�hpf� OR

�hpf� distribute A�cyclic	

�hpf� OR

�hpf� � nothing� not mapped

�hpf� END ASSUME

Figure ���� Assume example

�hpf� DISTRIBUTE A�block�block	

if ����	 then

�hpf� REDISTRIBUTE A��� block	

���

endif

� A is ���block	 or �block��	

� thus must �not� be referenced

�hpf� REDISTRIBUTE A���block	

Figure ���� Remapping example

���� Assume

HPF does not allow to describe several mappings that may reach subroutine ar
guments� Thus either inherit is used� causing ine�ciency� and�or subroutines
are cloned by hand to build several versions to be compiled with more knowl
edge� There is a tradeo� between e�ciency and software quality� The assume

directive  ��� �
! outlined in Figure ��	 allows to describe several mapping for
arguments in the declaration part of the subroutine� Figure ��� shows a simple
example� It asserts that array A may reach the subroutine with a block or cyclic
distribution� or no distribution at all �i�e� a local array��

It is up to the compiler to manage the cloning and selection of the right version�
Some carefully designed constraints are necessary for allowing both simple and
e�cient implementations� ��� the assume directive must also appear in the explicit
subroutine interface& ��� the subroutine argument mappings must appear in the
same order in both declarations& These two points all together allow separate
compilation and compile�linktime handling of the feature�

The expressiveness is maximum� because no constraints are needed on the
mapping directives involved� descriptive and prescriptive mappings can be speci
�ed for the arguments� as well as on local variables� including partially redundant
or useless speci�cations� Thus no special checking is required� Several and nested
assume directives allows to describe the cross product of possible mappings� Con
straints ��� and ��� allow callers and callees to agree about naming conventions
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for e�cient and separate compile and link time implementation� when compiling
a call� the list of assumed mappings is scanned for the best match and this version
is called� Its name should depend on the version number� which is the same in
both caller and callee declarations� From these constraints� a program with an
assume speci�cation can be translated by cloning into a standard HPF program
as described in  �
!�

���� Remappings

As shown above remappings are perfectly integrated in the language and suited to
some applications� It is perfect� but the implementation� Thus the current design
of the HPF kernel excludes all remappings� We argue  ��! that some could be
kept� and especially those that are the most useful� This suggestion is supported
by a full implementation in our prototype HPF compiler  �#!�

The following constraints are suggested� ��� all remappings must be statically
known �i�e� as constrained as static mapping declarations�& ��� array references
should have at most one reaching mapping� These constraints disallow all ambigu
ities at the price of orthogonality� from ��� the mapping cannot depend on runtime
values� and ��� implies that remappings cannot appear anywhere� Checking for
��� is similar to the the reaching de�nition standard data �ow problem  �!� This
second restriction does not apply to remapping statements� there may be some
points in the program where the mapping of an array is ambiguous� provided that
the array is not referenced at this point� This is illustrated in Figure ���� between
the endif and up to the last redistribute the array mapping is ambiguous to
the compiler� thus the array must not be referenced� In such cases the runtime
must keep track of the current status of an array in order to perform the right
remapping� Remappings are much easier to compile under these constraints�

These restrictions do not prevent any use of remappings in the real application
kernels cited in Section ���� Indeed� it is very hard to imagine a real application
in which the desired mapping of some references would be unknown to the user�
As computations are performed by the application� the user has a clear idea of the
right mapping at di�erent point and the remapping directives naturally re�ect this
information to the compiler without ambiguity� The pathological cases that are the
nightmare of implementors are not those that would appear in any real application�
Thus the suggested constraints� while allowing a much simpler implementation�
does not prevent the use of remappings for e�ciency�

���	 Scope

As noted above� the independent� new and reduction directives are not homo
geneous and orthogonal� Let us �rst allow for homogeneity the external syntax
for independent� Figure ��# shows a loop example where the nonorthogonality
prevents the assertion of useful information� if iterations are performed across
processors in the �rst example� new advises the compiler not to transmit and up
date the time variable between all processors� and reduction does the same for
s� avoiding useless communication� These directives may also be useful outside of
loops� as shown in Figure ��� �with the syntax suggested hereafter�� stencil com
putations typically use particular formula for corners that use temporary scalars
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�hpf� new�time	� �

�hpf� reduction�s	

do i��� n

s � s � ���

time � i�delta

� some use of time

enddo

� no use �read	 of time

Figure ��#� Orthogonality of direc
tives

�hpf� new�t	� reduction�s	

�hpf� block

t � a����	�a�
��	

a���
	 � t�t

s � s � t � out of a loop

do i��� n

s � s � ��� � in

� some computation

enddo

�hpf� end block

Figure ���� new and reduction scop
ing

which can be private to the processor holding the corner�

The scope proposal in Figure ��� provides a solution to these problems� Di
rectives are orthogonal one to the other� and apply on the next statement scope�
which may be a loop or a scopeprovider directive in the spirit of what is suggested
for the on clause  ���!� The block�end block provides scoping for �at regions of
code� It would be obsoleted by the addition of such a structure to Fortran�

For consistency and homogeneity� these directives must be active for the next
statement scope� Thus independent	i
 implies that all loops with index i in
the scope are parallel� Parallel loop indexes are necessarily and implicitly private�
Moreover new and reduction do not make sense on forall� because no scalar
can be de�ned within this construct� Scopes may be nested� in Figure ��� scalar
s is private to the full loop nest but is protected as a reduction in the inner loop�
This proposal gives more homogeneity and orthogonality to HPF� Implementation
issues are not changed� more information than before is available to the compiler�
that can only bene�t to applications�

��� Conclusion

HPF design has been discussed with respect to application� language and imple
mentation issues� Several features have been analyzed and de�ciencies outlined�
Such an analysis is obviously much easier after experience� Then new features
were suggested to improve the language with respect to our criteria� An assume

directive� a new scope provider and simpler remappings were described� Possible
simple and e�cient implementation techniques were presented�

Other HPF features could also be discussed� replication of data through align

seems tricky for users� The simpler and intuitive syntax suggested in Fortran D and
Vienna Fortran could allow this speci�cation in distribute in most cases� The
on directive currently discussed is in the internal style spirit and includes a private
scope provider� This does not improve HPF homogeneity and orthogonality�

Discussing design issues is a di�cult task� Features are developed and dis
cussed independently one of the other� thus homogeneity issues and possible in
teractions are easily overlooked in the di�cult process of writing a sound and
correct speci�cation� Possible alternatives to design decisions are not obvious�
they require imagination� Although a Forum may be able to select good ideas
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once expressed and formalized� such ideas are not always found� Some problems
come only to light after experience� Teaching� implementing and using the lan
guage helps to clarify many points� to identify new problems and to o�er new
solutions�
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Chapitre �

Shadow Width Computation at
Initialization

L�objet principal de ce chapitre est de montrer qu�une extension de langage pour
d�eclarer explicitement les recouvrements requis ou utiles �a un tableau n�est pas
n�ecessaire� m�eme avec une contrainte de compilation s�epar�ee� Il est disponible
sous forme de rapport interne EMP�CRI A ��� ����

R�esum�e

Une technique standard pour compiler les programmes �a base de stencils

sur les machines �a m�emoire r�epartie est d�allouer une bordure pour stocker
les copies des �el�ements appartenant aux processeurs voisins� La gestion de
ces bords au niveau des appels de proc�edures par les compilateurs HPF n�est
pas �evidente car les appelants ne connaissent pas les besoins des appel�es� Il
a donc �et�e propos�e de permettre leur d�eclaration explicite� Nous pr�esentons
une technique pour calculer cette information �a l�initialisation du programme�
Elle peut alors �etre utilis�ee pour allouer de la m�emoire sur la pile ou dans le
tas� Cette technique permet la compilation s�epar�ee des programmes qu�il y ait
ou non r�ecursion� Le calcul de la taille des bordures est simplement e�ectu�e
au moment de l�initialisation du programme et est bas�e sur des conventions
simples �a la compilation�

Abstract

To compile stencil�like computations for distributed memory machines a
standard technique is to allocate shadow edges to store remote elements from
neighbor processors �
���� The e�cient management of these edges by HPF
compilers at subroutine boundaries is not obvious because the callers do not
know the callees� requirements� It was proposed to allow their explicit decla�
ration �
���� We present a technique to make this information automatically
available on entry in the program	 ready to be used for heap and stack al�
located data� It suits separate compilation of programs involving arbitrary
recursions� The shadow width computation is simply delayed at init�time and
is based on simple compile�time conventions�

��� Problem

Extending the local declarations of distributed arrays so as to store remote ele
ments is a standard technique for managing temporary data allocation of stencil
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like computations� The management of these overlaps at subroutine boundaries
is not obvious for non interpocedural compilers because of the following issues�

� the callees do not know about incoming array available overlaps�

� the callers do not know about the callees� requirements for overlaps�

The �rst problem is not a big issue� Indeed� the available overlap can be passed
from the caller to the callee through conventional descriptors� and the callee pro
gram can be compiled to managed unknow but su�cient overlap declarations�
However� if the overlap declaration is not su�cient� the callee must copy the pa
rameter into a larger array in order to match the required overlap� It is desirable
to avoid such useless runtime copies� In ADAPTOR  	�!� all arrays are heap allo
cated� When larger overlaps are required� the array is dynamically updated� and
will remain with this larger allocation until its death� This limits the number of
runtime copies required� However� they can be avoided�

��� Technique

We present a technique to make the callees� requirements available at runtime to
the caller� This technique makes the following assumptions�

� explicit declaration interfaces about the callees are available to the caller�

� this interface describes the mapping of dummy arguments�

� the dummy arguments are passed by assumed shape�

� a subroutine can be compiled with a unknown but su�cient overlap for
dummy arguments�

� the call graph may be arbitrary�

� data that may require overlap are heap or stack allocated �but the size and
initial o�sets should not be compiletime decided as it may be the case with
commons for instance��

� local overlaps required for each subroutine are compiletime constants�

Under these assumptions� simple compile time conventions allows to generate some
initialization functions which will compute the overlaps at inittime� When the
program is launched� these intialization functions are called to instantiate the
needed overlaps for every array along the call graph� Arbitrary recursion requires
a �xed point computation� thus these initialization functions must be called till
stability� They mimic the program call graph and propagate the required overlaps
from callees to callers� The technique is the following�

� compiletime

� compile each routine with an unkown but su�cient overlap assumption
about the dummy arguments� as it is already done for array arguments
the sizes of the dimension of which are unknown at compiletime�
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� global shadow width descriptors are created for the subroutine dummy
arguments�

� local shadow width descriptors are created for its local arrays�

� an initialization function is created for these descriptors�

� it calls the subroutine callees� associated initialization functions�

� it uses its callees� exported descriptors to compute and update its
own local and exported descriptors�

� if exported descriptors are modi�ed� then the computation is not
yet stable and will have to be recomputed again�

� care must be taken to manage recursion� that is not to run several
time the same initializer for a given iteration�

� inittime

� the main�s initializer is called� and it will propagates the initialization
to the whole callgraph�

� the process is iterated till stability�

� the convergence of the iterative process is insured because�

� each computed overlap is always increasing at each iteration� as a
maximum of other increasing overlaps required by callees�

� the overlaps are bounded by the largest overlap required over the
whole program� which is a compiletime constant�

The idea of the technique is to propagate the possible actual to dummy ar
gument bindings so as to compute the overlaps of all local variables� which will
be available and large enough for all possible argument passing through the call
graph� The actual possible implementation described hereafter is obviously naive
and not very e�cient� and is just intended at showing the feasability of such a
computation at inittime and with separate compilation�

��� Example

For the example in  ���! shown in Figure ��� we would have �� is used as a special
character to avoid any interaction with user�s global identi�ers��

� global initializer� to be called by main�

int 	�not�stable�

void 	�initialize��

�

int iter � ��

do �

	�not�stable � ��

	�initialize�main�iter����

� while �	�not�stable��

�
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program main

real� dimension	�������
�� A

�hpf� distribute 	block�block
�� A

interface

subroutine sub	D


real� dimension	�������
�� D

�hpf� distribute 	block�block
�� D

end subroutine

end interface

���

do i��� ����

call sub	A


end do

���

end program

subroutine sub	D


real� dimension	�������
�� D

�hpf� distribute 	block�block
�� D

forall	i�������j������


d	i�j
 � ����� 	d	i���j
�d	i���j
�d	i�j��
�d	i�j��



end forall

end subroutine

Figure ���� Simple code with hidden overlaps
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� program main initializer�

static int 	�main�a���lo� �� LOwer overlap for A of MAIN� dim��

static int 	�main�a���up�

extern int 	�sub�����lo� �� LOwer overlap of arg number � of SUB� dim��

extern int 	�sub�����up�

void 	�initialize�main�int iter�

�

static int done � �� �� last iteration computed

if �iter��done� return� �� once per iteration�

else done�iter�

	�initialize�sub�iter�� �� CALLEES

	�main�a���lo � 	�sub�����lo� �� LOCALS

	�main�a���up � 	�sub�����up� �� max of requirements���

�� NO GLOBALS

�

� subroutine sub initializer�

int 	�sub�����lo � �� �� LOwer overlap for arg number � of SUB� dim��

int 	�sub�����up � ��

extern int 	�not�stable�

void 	�initialize�sub�int iter�

�

int tmp�

static int done � ��

if �iter��done� return� else done�iter�

�� NO CALLEES

�� NO LOCALS

�� GLOBAL DUMMY ARGUMENTS�

tmp � ��

if �tmp��	�sub�����lo� �

	�sub�����lo � tmp�

	�not�stable � ��

�

tmp � ��

if �tmp��	�sub�����up� �

	�sub�����up � tmp�

	�not�stable � ��

�

�

Note that a similar template is generated for every routine �here main and
sub�� The initialization routines do not require any interprocedural assumptions
but the interface declarations which allow to reference the callees exported over
lap descriptors� The iterative process is necessary to solve what is a �xed point
computation over the callgraph� and the initial guard allows to manage arbitrary
recursion and enforces that each initialization is run only once per iteration�
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��	 Algorithm

Here is the algorithm for the compiler generation of the required initialization
functions� using the C language� When compiling routine r�

� for each distributed argument number i and dimension d that may be dis
tributed and have an overlap generate the exported descriptors�

int � r i d lo � �� � r i d up � ��

� for each argument number i and dimension d of callee c of r that may be
distributed and require an overlap generates the imported descriptors�

extern int � c i d lo� � c i d up�

� for each dimension d of local array of r named a that may be distributed
and require an overlap generates the local descriptors�

static int � r a d lo� � r a d up�

� generates the stability checker�

extern int � not stable�

� generates the initialization function�

� generates the prolog of the function�

void � initialize r	int iter


� int tmp� static int done � ��

if 	iter��done
 return� else done�iter�

� for each callee c of r generates a call to its initializer�

� initialize c	iter
�

� initialize each local array descriptor � r a d s �where a is the array
name� d the dimension number� s is lo or up� as the maximum of the
local overlap required l and the callee arguments a may be bound to in
routine r�

� initialize each global array descriptor � r i d s as above� and update
the � not stable variable if it is modi�ed�

tmp � � � �

if 	tmp��� r i d s
 �

� r i d s � tmp� � not stable � �� �

� generates the initialization function postlog� �

� the following routine must be called before main for computing the overlap
at inittime�

int ��not�stable�

void ��initialize	


�

int iter � ��

do �

��not�stable � ��
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��initialize�main	iter��
�

� while 	��not�stable
�

�

� stack or heap allocation of array a of r at runtime must use the overlap
computed for each dimension� that is � r a d s�

� the caller must pass to the callees the available overlaps� which are insured
to be greater or equal what is required�

��� Conclusion

We have presented a technique to compute at inittime the overlap required by
callees� so as to avoid useless copies at runtime� It simply delays the interprocedu
ral computation of this information when an interprocedural view of the program
is possible in a separate compilation environment� that is at runtime� The tech
nique suits heap and stack allocated data� It can be extended for�

� managing inittime known required overlaps �the required overlap was as
sumed to be a compiletime constant�&

� managing dynamically allocated and pointed array overlaps� by comput
ing at compiletime conservative assumptions about the possible aliasing of
pointers and actual data�

Such a technique can also be used in the context of optimized library calls� if
the initialization functions and argument descriptors are made available by these
libraries� following the same conventions�
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Chapitre �

ASSUME Directive Proposal

Fabien Coelho et Henry Zongaro

Ce chapitre pr�esente la sp�eci�cation de la directive ASSUME propos�ee au Forum
HPF� et refus�ee� Il fait l�objet du rapport interne EMP CRI A��� ����

R�esum�e

Cette proposition d�extension pour HPF permet la d�eclaration de plu�
sieurs placements au lieu d�un seul aux fronti�eres des sous�routines� Des mar�
queurs au niveau des d�eclarations s�eparent di��erentes descriptions de place�
ment donn�ees au compilateur pour les arguments des sous�routines� Toute la
richesse des directives HPF de placement peut �etre utilis�ee� Une technique de
r�e�ecriture est aussi pr�esent�ee qui permet de traduire un tel programme en un
programme HPF standard�

Abstract

This proposal allows the declaration of several mappings instead of just
one at subroutine boundaries� Markers within subroutine declarations sepa�
rate di�erent argument mapping assumptions provided to the compiler� Full
HPF specication directives can be expressed� A rewriting�based implemen�
tation technique is also suggested to translate such a program into a standard
HPF program�

	�� Motivation

Subroutine dummy arguments can be given descriptive� prescriptive or transcrip�
tive �inherit� mappings through HPF speci�cation directives� or no mapping
at all� While descriptive and prescriptive are thought as e�ciently manageable�
transcriptive can lead to very poor performances because no static knowledge is
provided to the compiler�

If several actual argument mappings can reach a subroutine� such information
cannot be expressed to the compiler� Thus� in order to compile the subroutine with
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some knowledge� the compiler must extract some information from the program�
what can be done only through interprocedural analyses by inspecting call sites
for the routine� However� it has been a design principle during the speci�cation
of HPF that no interprocedural compilation technique should be mandatory for
compiling HPF and producing reasonnably e�cient codes�

An alternative to the poor performances of inherit in the absence of interpro
cedural analyses is hand cloning� the routine is duplicated and di�erent mappings
are associated to the arguments� each routine is then compiled with some direct
descriptive or prescriptive mappings� and the right version must be called� maybe
through some runtime switching� This leads to poor software engineering prac
tices� Such simple issues as cloning a routine for di�erent argument mappings
and substituting the right version to call in its callers is de�nitely the job of the
compiler�

This proposal aims at allowing the speci�cation of several mappings that may
reach a routine� with minimum addition to the HPF mapping semantics� Another
issue is to preserve separate compilation� A very important point which drives this
proposal is its implementability and e�ciency with the current compiler technol
ogy� while preserving maximum �exibility and expressiveness for users� A possible
implementation described as an advice to the implementors is to actually clone
the routines following the user prescriptions and substitute the right version in
the callers�

	�� Proposal

The idea is to specify a set of mappings instead of one mapping for subroutine
dummy arguments� Each subset should be consistent on its own& that is the
speci�cation should make sense for the compiler� It can be seen as some kind of
interface to the caller in a callee� as there are interfaces about callees in callers�

���� Full syntax

The syntax of the assume directive consists of markers to distinguish between
di�erent standard HPF speci�cation directive sets to be taken into account by
the compiler� Each line with the assume directive scope should appear after a
directive�origin or be a comment� The syntax is the following�

assume�directive is
ASSUME

list�of�or�separated�speci�cation�directives
END ASSUME

list�of�or�separated�speci�cation�directives is
list�of�speci�cation�directives
 OR
list�of�or�separated�speci�cation�directives !

list�of�speci�cation�directives is
 speci�cation�directive
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 list�of�speci�cation�directives ! !

Constraint � The assume�directive may appear within the declarations of the
subroutine� If so� it must also appear in the subroutine explicit interface� the
mapping speci�cations related to dummy arguments being in the very same order�
	The rationnale for this is to allow both caller and callee to aggree about naming
conventions if a simple rewriting�based technique is used for implementing the
feature
�

Constraint � A variable with the SAVE attribute or which is a member of a com�
mon must not be speci�ed several mappings through the assume�directive 	thus
these variables may appear in an assume�directive� provided that they are mapped
the very same way in each set of speci�cations� what means that their mapping
speci�cations could be factored out of the assume�directive
�

Each list�of�speci�cation�directives in the list�of�or�separated�speci�cation�
directives specify a distinct set of assumptions about mappings that may reach
the subroutine arguments� The compiler can take advantage of the provided in
formation as described in Section 	�	�

���� Shorthand syntax

A shorthand syntax is also suggested to handle simple cases� It applies to any
speci�cation�directive� In such a directive� the �� � and � markers specify directly
within the directive di�erent assumptions� as depicted in Figure 	��� This syntax
is not as expressive as the full syntax speci�ed above�

begin � one � two � three � end

would be strictly equivalent to�

ASSUME

begin one end

OR

begin two end

OR

begin three end

END ASSUME

Figure 	��� � and � shorthands for assume

Here are some examples of shorthand syntax speci�cations�

�hpf� template T	���


�hpf� align with T	 � i � � � 
 �� A	i


�hpf� processors P � 	�
 � 	�
 �

�hpf� distribute 	 � block � cyclic � 
 onto P �� T

Note � The suggested shorthand syntax expressiveness is quite restricted com�
pared to the full syntax� Also it implies implicitely the cross product of speci�ca�
tions if several are used�

� �� � and � characters might cause interaction problems for some national
character sets� We might think of � and � in their place� Or of trigraphs�
such as ��	 and ��
�
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� Shorthand syntax issue� It seems clear that no context free grammar should
be looked for for handling such a construct� The only convenient approach
rather seems to have a mandatory preprocessing of the directive lines at the
lexical level that would look for the markers and rewrite the code to the full
syntax�

���	 Remarks

Note � The list�of�speci�cation�directives may be empty� specifying that the ar�
guments are not explicitely mapped�

Note � The list�of�speci�cation�directives may include directives on variables lo�
cal to the subroutine�

Note � Arbitrary mappings 	descriptive� prescriptive or even transcriptive
 can
be speci�ed within the assume scope� including not only alignments� distributions�
but also processors and template declarations�

Note � There may be other speci�cation�directives outside the scope of the
assume�directive�

Note 
 There may be several assume�directives within the declarations of the sub�
routine� specifying the cross product of the speci�cations� For instance both speci�
�cations in Figure ��� are equivalent�

Note � assume�directives may be nested� specifying the cross product of the spec�
i�cations� For instance both speci�cations in Figure ��� are equivalent�

	�� Example

Let us consider the example in Figure 	�	� Program assume calls subroutine
iterate in four di�erent contexts� The assume directives allows the caller and
callee to agree upon the possible mappings of arguments� Maximum static knowl
edge is provided to the compiler� for both handling the caller and the callee�

� program assume

� four local arrays are declared� of which three are distributed�

� subroutine iterate interface is declared� which uses a nested assume
directive& it includes a processors declaration�

� three possible reaching mappings are speci�ed� of which two are pre
scriptive and the last one is empty& thus it speci�es three calling con
texts� block� cyclic and not distributed�

� The �rst three calls to iterate correspond to the three contexts� no
remapping is required at runtime�

� For the last call� the compiler must chose which version to call� Both
prescriptive mappings are candidate� The compiler may chose the �rst
one� remapping array D to block� or apply any criterion� for instance
the expected cost due to the remapping�
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ASSUME

d�

OR

d�

END ASSUME

ASSUME

d

OR

d�

END ASSUME

ASSUME

d�

d

OR

d�

d�

OR

d�

d

OR

d�

d�

END ASSUME

Figure 	��� Several assume�directives

ASSUME

ASSUME

d�

OR

d�

END ASSUME

d

END ASSUME

ASSUME

d�

d

OR

d�

d

END ASSUME

Figure 	��� Nested assume�directives
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� subroutine iterate

� one local array �TMP� is declared�

� a saved variables is also declared �count�

� the assume directive speci�es the mapping of the local array and
dummy argument�

� the same three reaching mappings are speci�ed�

� it would not make much sense to have the TMP to X alignment or the
processors declaration outside of the assume because there are no
distribution for the third case�

	�	 Advice to implementors

In this section we describe a possible implementation based on cloning� Such an
implementation technique does not put new requirements on the compiler technol
ogy� the cloning procedure suggested hereafter is a rewriting technique applied on
an assume speci�cation to match a standard HPF program� thus can be applied
with the current state of the art in compilation� The contraints speci�ed on the
assume speci�cation allow this technique to be applied in a separate compilation
context� This technique is only illustrative�

Compilation of the callee

The callee is compiled by cloning the subroutine for each speci�ed mapping set�
For the example in Figure 	�	 it would lead to three subroutines� Some naming
convention must be chosen so as to di�erentiate the di�erent versions� Let us
assume it consists of appending i to the subroutine name� where i is the instance
number of the assumption set� This would lead to the three versions depicted in
Figure 	��� These three subroutines are standard HPF subroutines�

Handling of the SAVE attribute

In order to stick to the SAVE semantics the cloned versions must share the same
address space for these data� The rewriting process can put them in some special
COMMON �or MODULE� especially created for sharing data between cloned versions�
Constraint � allows such a special area to be created as depicted in Figure 	�� for
saved variable count�

Compilation of the caller

From the caller point of view� the very same cloning must be applied on the
assume part speci�ed in the interface� The very same naming convention can be
applied� because due to Constraint � the interface is in the same order as in the
callee declaration� The caller must also switch the call sites to the right version�
depending on the mapping of the array� This leads to the standard HPF program
depicted in Figure 	���
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program assume

real� dimension ����� �� A� B� C� D

�hpf	 processors P����

�hpf	 distribute onto P �� A�block�� B�cyclic�� D�cyclic���

interface

subroutine iterate�X�

real� dimension����� �� X

�hpf	 ASSUME

�hpf	 processors Px����

�hpf	 ASSUME

�hpf	 distribute X�block� onto Px

�hpf	 OR

�hpf	 distribute X�cyclic� onto Px

�hpf	 END ASSUME

�hpf	 OR

� X not distributed�

�hpf	 END ASSUME

end subroutine

end interface

call iterate�A� � block

call iterate�B� � cyclic

call iterate�C� � not distributed

call iterate�D� � compiler chosen version ��� remapping�

end program

subroutine iterate�X�

real� dimension����� �� X� TMP

�hpf	 ASSUME

�hpf	 align with X �� TMP

�hpf	 processors P����

�hpf	 ASSUME

�hpf	 distribute X�block� onto P

�hpf	 OR

�hpf	 distribute X�cyclic� onto P

�hpf	 END ASSUME

�hpf	 OR

� X not distributed�

�hpf	 END ASSUME

integer� save �� count

count � count � �

TMP � X�X � some computation���

X � � � X � TMP � TMP�TMP

end subroutine

Figure 	�	� Example with assume
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subroutine iterate��	X


real� dimension	���
 �� X� TMP

�hpf� align with X �� TMP

�hpf� processors P	��


�hpf� distribute X 	block
 onto P

common �iterate�save� count

integer count

count � count � �

TMP � X�X � some computation���

X � � � X � TMP � TMP�TMP

end subroutine

subroutine iterate��	X


real� dimension	���
 �� X� TMP

�hpf� align with X �� TMP

�hpf� processors P	��


�hpf� distribute X 	cyclic
 onto P

common �iterate�save� count

integer count

count � count � �

TMP � X�X � some computation���

X � � � X � TMP � TMP�TMP

end subroutine

subroutine iterate�	X


real� dimension	���
 �� X� TMP

common �iterate�save� count

integer count

count � count � �

TMP � X�X � some computation���

X � � � X � TMP � TMP�TMP

end subroutine

Figure 	��� Cloned callee versions for example in Figure 	�	
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program assume

real� dimension 	���
 �� A� B� C� D

�hpf� processors P	��


�hpf� distribute onto P �� A	block
� B	cyclic
� D	cyclic	�



interface

subroutine iterate��	X


real� dimension	���
 �� X

�hpf� processors Px	��


�hpf� distribute X 	block
 onto Px

end subroutine

subroutine iterate��	X


real� dimension	���
 �� X

�hpf� processors Px	��


�hpf� distribute X 	cyclic
 onto Px

end subroutine

subroutine iterate�	X


real� dimension	���
 �� X

end subroutine

end interface

call iterate��	A


call iterate��	B


call iterate�	C


call iterate��	D
 � compiler chosen version 	�� remapping


end program

Figure 	��� Caller version after rewriting
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Handling of INHERIT

It may happen that the actual argument mapping of an array is unknown from the
caller� due to inherit speci�ed on one of its own dummy arguments� In such cases
the rewriting must mimic the decision process usually handled by the compiler� as
depicted in Figure 	��� array Y is unknown to the compiler� hence the generated
code dynamically checks for the actual mapping in order to call the best version
of iterate�

subroutine inherited	Y


real� dimension	���
 �� Y

�hpf� inherit Y

�hpf� distribute � onto � �� Y

� iterate interface declaration���

call iterate	Y


end subroutine

subroutine inherited	Y


real� dimension	���
 �� Y

�hpf� inherit Y

�hpf� distribute � onto � �� Y

� iterate cloned interface declaration���

if 	Y is distributed block
 then

call iterate��	Y
 � no remapping

elif 	Y is distributed cyclic


call iterate��	Y
 � no remapping

elif 	Y is not distributed


call iterate�	Y
 � no remapping

else

call iterate��	Y
 � remapping required

end if

end subroutine

Figure 	��� Inherited unknown mapping management

	�� Conclusion

The assume directive proposal for specifying several mappings at subroutine
boundaries has important advantages� with respect to its expressiveness� its im
plementability and its simplicity�

� The full expressiveness of HPF mappings is used�

� Di�erent mappings that depend on the reaching mappings may be speci�ed
for local arrays�

� Prescriptive mappings can be used as a default case� indeed the compiler
can chose it as the version to call� whatever the incoming distribution� but
at price of a remapping�
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� It can be rewritten simply into a standard HPF program& thus it serves
software engineering quality purposes without many requirements from the
compiler technology�

� Handoptimized library versions with di�erent mapping assumptions can
also bene�t from this directive� by providing a uni�ed interface to the func
tion� For example� if matmul is available as library functions optimized for
	block�block
 �version ��� 	��block
 �version �� and no �version �� dis
tributions then the following interface would match these functions�

interface

subroutine matmul	A�B�C
 � computes A � B x C

real� dimension	���
 �� A� B� C

�hpf� ASSUME

�hpf� align with A �� B� C

�hpf� distribute A	block�block


�hpf� OR

�hpf� align with A �� B� C

�hpf� distribute A	��block


�hpf� OR

�hpf� END ASSUME

end subroutine

end interface

� It provides a nice alternative to most uses of inherit in any real world pro
gram that is expected to be high performance� thus it should be considered
for the core language� �inherit could be moved to approved extensions��

Users should be warned that specifying an assume�directive can lead to high
compilation costs due to the possible cloning performed by the compiler�

	�� Open questions

� Some empty or nothing or void directive could be allowed so as to make it
clear that no assumption is an assumption within an assume�directive when
no directives are speci�ed for a case�

�hpf� ASSUME

�hpf� align with T �� A� B

�hpf� distribute T	block


�hpf� OR

�hpf� nothing

�hpf� END ASSUME

� consider another keyword instead of ASSUME�

� consider another keyword instead of OR� ELSE� � or whatever�

� Derived type mappings� no assume�directive within a type declaration� but
may be allowed for variable instances�

subroutine sub	a
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type mmx

real det� array	��������


end type mmx

type	mmx
 �� a

�hpf� ASSUME

�hpf� distribute 	block��
 �� a array

�hpf� OR

�hpf� distribute 	cyclic��
 �� a array

�hpf� END ASSUME

���

end subroutine
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Chapitre �

Introduction

Abstract

This part presents our contributions to HPF compilation� This rst chap�
ter introduces in French the next ones� Chapter � presents a general linear
algebra framework for HPF compilation� Chapter � focuses on I�O�related
communications� Chapter � describes a compilation technique and associ�
ated optimizations to manage remappings with array copies� Finally Chap�
ter � presents an optimal communication code generation technique for array
remappings�

R�esum�e

Cette partie pr�esente nos contributions �a la compilation du langage HPF�
Ce premier chapitre introduit les suivants et en r�esume en fran�cais les princi�
pales id�ees� Le chapitre � pr�esente un cadre alg�ebrique a�ne pour mod�eliser
et compiler HPF� Le chapitre � se focalise particuli�erement sur les communi�
cations li�ees aux entr�ees�sorties� Le chapitre � d�ecrit une technique de com�
pilation et des optimisations associ�ees pour g�erer les replacements avec des
copies de tableaux� Enn le chapitre � pr�esente la g�en�eration de code de
communications optimales pour les replacements les plus g�en�eraux de HPF�

��� Un cadre alg�ebrique pour la compilation de HPF

Le chapitre � est le fruit d�un travail commun avec Corinne Ancourt� Fran�cois
Irigoin et Ronan Keryell  �� �!� Il pr�esente un cadre g�en�eral pour la compila
tion de HPF bas�e sur l�alg�ebre lin�eaire en nombres entiers� L�id�ee est de montrer
que ce cadre permet non seulement de formaliser de mani�ere math�ematique les
contraintes li�ees au placement et aux acc�es� mais aussi peut servir de base �a un
sch�ema de compilation g�en�eral qui inclut les communications et l�allocation des
donn�ees�

����� Hypoth
eses

La section ��� pr�esente les hypoth�eses et montre leur g�en�eralit�e� Nous nous
attachons �a d�ecrire de mani�ere g�en�erale les ensembles d��el�ements n�ecessaires �a
l�ex�ecution d�un nid de boucles aux bornes a�nes et aux it�erations �� ind�epen
dantes �� �directive HPF independent� sur une machine �a m�emoire r�epartie� Les
acc�es aux tableaux de donn�ees sont suppos�es �egalement a�nes� Aucune restriction
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n�est faite sur le placement des donn�ees �a travers les directives HPF� si ce n�est
que ce placement� incluant le nombre de processeurs� est suppos�e connu par le
compilateur� Ce dernier suivra la r�egle des calculs locaux�

Dans un souci de g�en�eralisation� nous montrons comment des instructions ou
constructions forall� mais aussi des boucles dont on impose le placement des
calculs �extension on de Fortran D� peuvent �etre ramen�ees �a des nids de boucles
�� ind�ependantes ���

����� Formalisation des directives

La section ��� d�ecrit la formalisation des d�eclarations et directives de placement
du langage en un syst�eme d��equations et d�in�equations a�nes en nombres entiers�
L�id�ee est d�a�ecter �a chaque dimension de chaque objet �tableau� template� pro�
cessors� une variable en d�ecrivant les indices� Ensuite� les di��erentes d�eclarations
sont traduites en contraintes a�nes sur ces variables et entre ces variables �

Notations � a d�esigne le vecteur des indices d�un tableau� t celui d�un template
et p celui d�un arrangement de processors� On a par exemple A	a��a�
�

D�eclarations � une d�eclaration de tableau se formalise simplement comme une
contrainte de borne sur la variable� Par exemple A	�����
 conduit �a 
 	
a� 	 �

� Pour simpli�er la pr�esentation toutes les d�eclarations d�emarrent
�a 
�

Alignement � il lie une dimension de tableau �a une dimension de template au
moyen d�une forme a�ne� Un alignement entre la i�eme dimension d�un
tableau sur la j�eme du template� avec un pas x et un d�ecalage y �align
A	����i����
 with T	����x�i�y����
� devient l��egalit�e � tj % xai $ y�

Distribution � elle place les �el�ements de template sur les processeurs disponibles�
dimension par dimension� Dans le cas g�en�eral des distributions cyclic	n
�
deux variables suppl�ementaires sont n�ecessaires�

D�ecalage  � il mesure le d�ecalage d�un �el�ement �a l�int�erieur d�un bloc sur
un processeur donn�e� On a la contrainte 
 	 k � n�

Cycle c � il d�esigne le num�ero de cycle autour de l�arrangement de proces
seurs pour un �el�ement de template donn�e�

�A l�aide de ces deux variables suppl�ementaires� on peut d�ecrire une distribu
tion g�en�erale de la j�eme dimension du template sur la k�eme dimension du
processors de taille � �distribute T	����cyclic	��
����
 onto P� avec
une �egalit�e � tj % �

ck $ �pk $ k �

Une formulation matricielle compl�ete est d�ecrite qui incorpore la description
des dimensions de duplication� Les solutions enti�eres du syst�eme complet d�ecrivent
les �el�ements de tableau� mais aussi leur placement� �a travers les variables de di
mension du processors�

En�n l�espace d�it�eration du nid de boucles et les acc�es aux tableaux sont
par hypoth�ese �egalement plac�es dans un cadre a�ne� apr�es normalisation des
boucles� Ces ensembles peuvent d�ependre de param�etres de structures disponibles
�a l�ex�ecution�
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����	 Sch�ema de compilation

La section ��� survole le sch�ema de compilation propos�e� Il s�agit de d�ecrire
pr�ecis�ement� au moyen de la formalisation d�ecrite �a la section pr�ec�edente� les
ensembles de donn�ees param�etriques �fonction de l�identit�e du processeur� mais
aussi de param�etres de structures� n�ecessaires �a la compilation � donn�ees locales�
donn�ees �a calculer� donn�ees �a communiquer� etc� On se limite �a un nid de boucles
parall�eles� Ces ensembles sont d�e�nis en combinant les syst�emes d��equations�

Local � les donn�ees locales �a un processeur sont simplement d�eriv�ees du syst�eme
d�ecrivant le placement et les d�eclarations�

Calcul � les donn�ees �a calculer sont d�etermin�ees avec la r�egle des calculs locaux�
Il s�agit des donn�ees locales qui sont d�e�nies par le nid de boucles� Cet
ensemble est calcul�e en faisant l�intersection des donn�ees locales avec les
donn�ees d�e�nies par le nid de boucles�

Besoin � les donn�ees dont a besoin un processeur sont celles n�ecessaires �a ses
calculs locaux� La d�etermination de ces donn�ees est une source potentielle
d�approximation�

Envoi � les donn�ees �a envoyer d�un processeur p �a un processeur q sont celles dont
a besoin q et que p poss�ede� Il s�agit donc d�une intersection d�ensembles
param�etriques�

�A partir de ces di��erents ensembles on peut d�ecrire un code SPMD de haut
niveau qui les �enum�ere pour g�en�erer les communications ou bien e�ectuer les
calculs� L�id�ee du code est de faire d�abord les communications n�ecessaires� puis
les calculs�

���� Ra�nement

La section ��	 pr�ecise le comment et non pas seulement le quoi� Le but est
de d�ecrire les solutions envisag�ees pour l��enum�eration des di��erents ensembles� et
aussi de montrer comment ces solutions sugg�erent des techniques d�allocation et
d�adressage en m�emoire pour les donn�ees locales comme pour les donn�ees tempo
raires�

�Enum�eration

Elle est bas�ee sur une m�ethode g�en�erale de parcours de Zpolytopes� Cepen
dant cette m�ethode n�exploite pas de mani�ere particuli�ere les �egalit�es qui sont
nombreuses dans notre mod�elisation� ce qui peut conduire �a des codes tr�es ine�
caces� Pour r�eduire ce probl�eme� un changement de rep�ere est propos�e� qui s�appuie
sur le calcul de formes de Hermite� L�id�ee est de se ramener �a un polytope dense
en les exploitant� tout en ma��trisant l�ordre des variables du parcours pour utiliser
au mieux le cache�
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R�esolution symbolique

Lorsque toute une dimension est acc�ed�ee au moyen d�une section de tableau� la
m�ethode d��enum�eration pr�ec�edente peut �etre calcul�ee de mani�ere symbolique� On
obtient alors de mani�ere explicite et dense les solutions d�ecrivant les �el�ements des
tableaux locaux �a un processeur� L�int�er�et de cette r�esolution manuelle est double�
D�une part� ce cas particulier est le cas fondamental trait�e par d�autres travaux�
il est donc important de montrer ce qui peut �etre fait pour comparaison� D�autre
part� il sert de base �a l�allocation et l�adressage en m�emoire des tableaux�

Allocation

La r�esolution symbolique permet de densi�er l�ensemble des points� Pour un
processeur donn�e� donc en �xant l�identit�e du processeur� cet ensemble param�e
trique est l�ensemble des �el�ements locaux� La vue densi��ee de cet ensemble est un
candidat id�eal pour l�allocation en m�emoire contigu�e� de mani�ere �a r�eduire l�espace
perdu� Cette solution a notamment trois avantages � d�abord� puisque d�ecid�ee en
conjonction avec la technique d��enum�eration� elle favorise donc le fonctionnement
du cache en parcourant les donn�ees dans le sens de stockage & ensuite� elle est
compatible avec l�analyse des recouvrements & en�n elle int�egre naturellement les
calculs d�adresses locales au processus d��enum�eration�

Temporaires

Certaines donn�ees non locales doivent �etre temporairement stock�ees et r�ef�e
renc�ees localement pour e�ectuer un calcul� Si les recouvrements n�o�rent pas de
solution satisfaisante� alors il est sugg�er�e d�allouer en fonction de l�espace d�it�era
tion et de la dimension des acc�es� Si l�acc�es est plein� on peut par exemple allouer
les donn�ees locales comme les donn�ees d�e�nies par le nid de boucles� Si l�acc�es
n�est pas plein� des transformations suppl�ementaires permettent de se ramener �a
un cas plein �en dimensions� et dense �pas de trous r�eguliers��

La g�en�eration de code doit jouer avec ces di��erents espaces d�adressage et
d�it�eration d�e�nis pour chaque tableau r�ef�erenc�e dans le nid de boucles parall�eles�

����� Conclusion

La section ��� pr�esente quelques exemples de codes g�en�er�es concernant l�adres
sage� les calculs et les communications� Les travaux d�autres �equipes sur ces pro
bl�emes sont pr�esent�es avant de conclure�

��� Compilation des communications li�ees aux E�S

Le chapitre � �etudie la compilation des communications li�ees aux entr�eessorties
�E�S�� Il a �et�e publi�e  ��!� Le premier probl�eme est de d�eterminer l�ensemble des
donn�ees qui font l�objet de ces op�erations� Ensuite� il faut g�en�erer les commu
nications qui am�eneront ces donn�ees �a leur lieu d�utilisation� Dans un premier
temps� le mod�ele un h�ote pour les E�S et plusieurs n"uds pour les calculs est
utilis�e� Ce mod�ele est repr�esentatif par exemple d�un r�eseau de stations de travail
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qui d�ependent d�un m�eme serveur pour le stockage permanent des donn�ees� On
g�en�eralise ensuite aux entr�eessorties pour un mod�ele de machine parall�ele�

����� Formalisation du probl
eme

La section ��� pr�esente les analyses et algorithmes utilis�es pour d�ecrire math�e
matiquement les donn�ees qui font l�objet d�entr�eessorties� Il faut ��� d�ecrire les
�el�ements r�ef�erenc�es� ��� d�ecider du placement dans le code des communications et
��� mod�eliser le placement des donn�ees�

Les donn�ees concern�ees par les entr�eessorties sont caract�eris�ees de mani�ere
param�etrique et a�ne gr�ace �a l�analyse des r�egions� Cette analyse donne une sur
approximation des �el�ements de tableau r�ef�erenc�es par une section de code� lus
�r�egion read� ou �ecrits �r�egion write�� Elle fournit �egalement une information sur
l�exactitude du r�esultat �approximation must si exacte et may si la r�egion est un
surensemble des �el�ements r�ef�erenc�es��

La seconde question concerne le placement dans le code des mouvements de
donn�ees� Celuici est choisi au plus haut niveau possible� en remontant par exemple
les boucles ne contenant que des instructions d�entr�eessorties� Les communications
sont ainsi factoris�ees� Les directives HPF et les d�eclarations sont mod�elis�ees comme
pr�ec�edemment� sous forme de syst�emes d��equations et d�in�equations a�nes�

�A partir de cette mod�elisation a�ne des donn�ees concern�ees� il faut g�en�erer
le code de communication entre l�h�ote et les n"uds� Pour ce faire le syst�eme est
d�abord nettoy�e des variables inutiles �ins�er�ees par la construction syst�ematique
du syst�eme� par projection� L�algorithme de Ancourt et Irigoin  �! est ensuite
appliqu�e pour produire un syst�eme dont les solutions sont directement �enum�e
rables avec des boucles� L��enum�eration des �el�ements param�etr�ee par les proces
seurs concern�es� l��enum�eration de ces processeurs et une condition qui d�etecte une
�eventuelle entr�eesortie vide sont s�epar�ees� Dans le cas le plus g�en�eral de place
ment� qui comporte de la duplication �eventuellement partielle� les processeurs sont
partitionn�es en groupe partageant les m�emes donn�ees� L�un deux devra �etre choisi
pour les envois� et tous devront recevoir les mises �a jour�

����� G�en�eration de code

La section ��� discute de code �a g�en�erer dans di��erents cas� Quatre cas sont �a
�etudier� selon que les donn�ees concern�ees sont r�eparties ou non� et selon qu�elles
sont lues ou �ecrites�

Le principe est de collecter si n�ecessaire sur l�h�ote les donn�ees lorsque celles
ci sont r�ef�erenc�ees en lecture �PRINT�� et au contraire de faire des mises �a jour �a
partir de l�h�ote lorsque cellesci sont d�e�nies �READ� par l�op�eration d�entr�eesortie�
Cependant il faut veiller �a g�erer correctement l�approximation due �a l�analyse des
r�egions� En e�et� on est �eventuellement contraint d�envoyer un surensemble des
donn�ees lors d�une mise �a jour� ce qui peut �ecraser �a tort des valeurs qui n�ont
pas �et�e red�e�nies� Dans ce cas pr�ecis� la solution propos�ee est de collecter a priori
les donn�ees avant l�op�eration� pour assurer que la mise �a jour se fasse avec les
valeurs souhait�ees� red�e�nies ou initiales� Ces communications suppl�ementaires
sont �evit�ees lorsque le compilateur sait que la description est exacte�

Le code de communication g�en�er�e pour les di��erents cas exploite simplement
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de mani�ere compl�ementaire entre l�h�ote et les n"uds l��enum�eration des solutions
du syst�eme repr�esentant les di��erents �el�ements de tableau concern�es par l�entr�ee
sortie et leur placement� L�h�ote utilise la description des processeurs pour les
�enum�erer� tandis que les processeurs l�utilisent pour se s�electionner ou non� Il est
montr�e que les messages sont bien g�en�er�es dans le m�eme ordre de part et d�autre�
et que l�envoi et la r�eception sont bien sym�etriques par construction� ce qui assure
la correction� La taille des bu�ers n�ecessaire est born�ee par la taille de l�ensemble
des donn�ees concern�ees�

����	 Extensions

La section ��	 d�ecrit des extensions et am�eliorations possibles� pour produire
du code plus e�cace et aussi pour utiliser des entr�eessorties parall�eles�

Tout d�abord on note que le code g�en�er�e par l�implantation des algorithmes au
sein de notre prototype de compilateur HPF �HPFC� pr�esent�e au chapitre �� incor
pore d�ej�a des optimisations � les variables inutiles ont �et�e �elimin�ees� les conditions
simpli��ees pour ne garder que le n�ecessaire� et le code parcourt les donn�ees dans
le sens du cache� Cependant d�autres am�eliorations sont encore possibles� Le code
peut b�en�e�cier de nombreuses optimisations standard comme le d�eplacement du
code invariant� la r�eduction de force� mais aussi de transformations plus globales
comme la modi�cation du poly�edre initial pour le rendre dense�

Les travaux pr�esent�es sont ensuite �etendus pour un cas particulier d�entr�ees
sorties parall�eles� L�id�ee est d�a�ecter les processeurs non plus seulement �a un seul
h�ote� mais plut�ot �a un ensemble de processeurs d�entr�eessorties� Il est sugg�er�e de
pouvoir d�eclarer de tels processeurs et de leur a�ecter ensuite les processeurs de
calculs au moyen d�une directive de type distribution� Il faut reconna��tre qu�une
telle extension est un peu trop restrictive et contrainte par rapport �a la g�en�era
lit�e des cas envisageables� Cependant cette description se rapproche de machines
existantes� comme la Paragon� et les techniques d�ecrites sont directement g�en�e
ralisables �a ce cas�

La conclusion pr�esente les travaux d�autres groupes dans ce domaine� essen
tiellement bas�es sur l�utilisation de librairies qui doivent g�erer les di��erentes dis
tributions�

��� Compilation des replacements par copies

Le chapitre 	 d�ecrit une technique de compilation pour g�erer les replacements
au moyen de copies de tableaux� Le mot replacement est employ�e ici comme tra
duction de remapping� Il d�esigne dans la sp�eci�cation de HPF la modi�cation
dynamique du placement d�un tableau� Cette modi�cation peut �etre due soit aux
directives ex�ecutables realign ou redistribute� soit aux placements prescriptifs
des arguments muets d�une routine lorsque celleci est appel�ee et que les arguments
r�eels doivent s�y conformer�

L�id�ee est de traduire un code avec des placements dynamiques en un code
purement statique� Les replacements d�un tableau sont assur�es par des recopies
entre di��erentes versions du tableaux plac�ees statiquement� Cette technique per
met �egalement de supprimer automatiquement de nombreux replacements inutiles�
soit parce que un tableau n�est jamais r�ef�erenc�e avec le nouveau placement� soit
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parce que les valeurs d�une copie du tableau avec le placement d�esir�e sont encore
vivantes� Ces techniques de compilation et d�optimisation corrigent� compl�etent et
�etendent celles pr�esent�ees par Hall et al�  ���!�

La technique pr�esent�ee n�ecessite quelques contraintes suppl�ementaires sur le
langage HPF par rapport �a sa d�e�nition� pour garantir que le compilateur puisse
conna��tre le placement des donn�ees de mani�ere statique� Dans ce cas� une r�e�ecri
ture syst�ematique du HPF avec replacements en une version HPF avec placements
statiques est possible� Il faut noter que ces contraintes simpli�catrices n�emp�eche
raient le portage d�aucune des applications r�eelles que nous avons rencontr�ees et
qui b�en�e�cieraient de replacements�

��	�� Survol de l�approche suivie

La section 	�� d�etaille l�approche suivie� en discutant pr�ecis�ement les restric
tions n�ecessaires impos�ees sur le langage� ainsi que la gestion des appels de proc�e
dure avec des tableaux r�epartis en param�etres�

Pour que la traduction des replacements en simples copies soit possible� il
faut que le compilateur connaisse le placement requis aux di��erents points de
redistribution� Pour cela� il faut que les replacements soient aussi contraints que
les placements statiques� il ne peuvent donc plus d�ependre de valeurs disponibles
�a l�ex�ecution seulement� Pour substituer aux di��erentes r�ef�erences une seule copie
de tableau� il faut proscrire les cas ambigus de placements li�es au �ot de contr�ole�
En�n il faut que les placements requis par les appel�es pour leurs arguments soient
connus� Il faut donc que les interfaces d�ecrivant ce placement soient obligatoires
�c�est d�ej�a le cas de langages comme C$$� Pascal� ADA� il semble donc que les
utilisateurs puissent se faire �a ce type de contraintes� surtout si elles sont justi��ees
par la possibilit�e d�avoir de meilleures techniques de compilation et de meilleures
performances��

Pour les appels de sousroutines� nous suivons l�approche propos�ee dans  ���!�
qui charge l�appelant de se conformer au placement attendu par l�appel�e� Cette
approche permet beaucoup plus d�optimisations car plus d�information est dispo
nible� Pour les placements d�arguments descriptifs� le compilateur doit v�eri�er que
le placement est bien conforme� Dans le cas prescriptif� une recopie vers un tableau
conforme au placement attendu de l�argument sera g�en�er�ee� En�n le cas transcrip
tif est plus simple et plus compliqu�e �a la fois� Du point de vue de l�appelant�
l�appel�e est sens�e g�erer n�importe quel placement� donc a priori pas de probl�eme�
Cependant� du c�ot�e de l�appel�e� la compilation du code est complexe et le code
g�en�er�e sera plut�ot ine�cace car aucune information n�est donn�ee au compilateur
qui doit tout d�el�eguer �a l�ex�ecutif� La gestion des r�ef�erences sera potentiellement
tr�es co�uteuse� et notre id�ee du langage et de sa compilation est plut�ot de proscrire
de tels placements au pro�t d�autres extensions discut�ees �a la partie conception�
comme la directive assume �chapitre II�	��

��	�� Graphe des replacements

La section 	�� pr�esente le graphe des replacements et sa construction� Ce graphe
est un sousgraphe du graphe de contr�ole� qui ne garde que les sommets contenant
des replacements� ainsi que des sommets additionels pour repr�esenter le placement
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initial� l�appel de la routine et son retour� Les arcs d�enotent un chemin possible
dans le graphe de contr�ole avec un m�eme tableau replac�e aux deux sommets� Les
sommets sont �etiquet�es avec les copies entrantes et sortantes de chaque tableau
dynamique� et avec des informations sur l�utilisation des donn�ees� qui permettront
de tracer les copies de tableau vivantes�

L�algorithme de construction du graphe consiste �a propager des copies avec
les placements initiaux pour chaque tableau �a partir du point d�entr�ee dans la
routine� La propagation est arr�et�ee par les replacements rencontr�es qui a�ectent
la copie� Une nouvelle copie avec le nouveau placement devra �etre propag�ee �a
partir du sommet en question� Au fur et �a mesure de la propagation des copies� les
r�ef�erences aux tableaux sont mises �a jour avec la copie �a r�ef�erencer� et les sommets�
arcs et �etiquettes n�ecessaires sont ajout�es au graphe des replacements�

��	�	 Optimisations sur ce graphe

La section 	�	 pr�esente les optimisations e�ectu�ees sur le graphe des repla
cements� D�abord� les replacements dont la copie sortante n�est jamais r�ef�erenc�ee
sont retir�es� Le retrait de ces copies inutiles change cependant les copies entrantes�
qui peuvent atteindre les di��erents sommets du graphe des replacements� Elle sont
donc remises �a jour �a partir des copies e�ectivement utilis�ees et en suivant les che
mins sans replacement interm�ediaire�

La seconde optimisation envisag�ee est inh�erente �a la technique par recopies
entre tableaux� L�id�ee est que lorqu�une copie est e�ectu�ee et que le nouveau
tableau n�est r�ef�erenc�e qu�en lecture� il est possible de garder la copie initiale
qui est encore valable et peut �etre utilis�ee en cas de besoin sans mettre �a jour
ses valeurs� De plus� de telles situations peuvent appara��tre selon le chemin suivi
dans le �ot de contr�ole �a l�ex�ecution� Notre technique d�el�egue donc �a l�ex�ecutif la
gestion de cette information� mais le compilateur r�eduit l�ensemble des copies �a
garder �a celles qui peuvent s�av�erer utile� de mani�ere �a r�eduire les co�uts m�emoire
de la conservation des copies de tableau�

En�n des optimisations sugg�er�ees dans  ���! sont abord�ees� Il s�agit d�une part
de la d�etection des tableaux dont les valeurs ne seront pas r�eutilis�ees� et dont
on peut �eviter les communications li�ees aux replacements� Une directive �kill�
ajout�ee permet �a notre compilateur de disposer de cette information� D�autre part�
les replacements invariants dans un corps de boucles peuvent �etre extraits et mis
�a l�ext�erieur de la boucle� Nous soulignons alors qu�il faut que la boucle soit bien
ex�ecut�ee une fois pour que cette modi�cation soit �a coup s�ur une am�elioration� et
proposons un code optimis�e di��erent pour �eviter ce genre de probl�eme�

��	� Implications sur l�ex�ecutif

La section 	�� discute des implications sur l�ex�ecutif des di��erentes techniques
d�ecrites� L�ex�ecutif doit maintenir �a jour quelques informations � le placement cou
rant des tableaux� et� pour un tableau donn�e� l�ensemble des copies dont les valeurs
sont �a jour et qui n�ont donc pas besoin d��etre recopi�es en cas de replacement�

Nous pr�esentons ensuite l�algorithme qui g�en�ere pour chaque sommet de re
placement du graphe de contr�ole le code qui e�ectuera �a l�ex�ecution les recopies
requises� Il se base sur le graphe optimis�e des replacements� Le code g�en�er�e main
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tient �a jour les structures de donn�ees d�ecrivant l��etat des tableaux et de leurs
copies�

Ces techniques permettent de transformer� sous r�eserve du respect de contraintes
raisonnables par le programme consid�er�e� un code HPF avec replacements en un
code �a placement statique avec des recopies entre tableaux� Elles permettent �ega
lement de nombreuses optimisations qui �evitent des replacements inutiles� d�etect�es
comme tels �a la compilation ou m�eme �a l�ex�ecution�

��	 Compilation optimale des replacements

Ce chapitre est issu d�un travail en commun e�ectu�e avec Corinne Ancourt
 �#!� La contribution essentielle est la description d�une technique de compilation
des communications li�ees �a un replacement �r�ealignement ou redistribution�� Cette
technique g�ere tous les cas de placements HPF� y compris les alignements non uni
taires� les distributions les plus g�en�erales� mais aussi la duplication partielle des
donn�ees dont on tire b�en�e�ce en utilisant des communications de un �a plusieurs
	broadcast
 et en �equilibrant la charge� La formalisation adopt�ee permet de d�e
montrer des r�esultats d�optimalit�e tant en ce qui concerne la latence que la bande
passante � les co�uts de communication sont donc minimis�es�

���� Motivation et autres travaux

La section ��� introduit et motive ce travail� Elle discute les autres travaux
e�ectu�es sur cette question�

Les replacements sont tr�es utiles pour toute une classe d�applications dont le
placement optimal des donn�ees n�est pas constant tout au long des calculs� On
trouve des exemples de traitement du signal �FFT� radar�� mais aussi dans les
techniques d�alg�ebre lin�eaire �ADI� r�esolutions de syst�emes par ScaLapack � � � ��
Les r�ealignements sont envisag�es comme technique de compilation pour le langage
HPF� En�n les outils qui sugg�erent de mani�ere automatique des placements fonc
tionnent �egalement par phases et aboutissent naturellement �a des replacements
entre ces phases� Tous ces exemples montrent �a l��evidence l�int�er�et de la dynami
cit�e du placement et de sa compilation la plus e�cace possible�

De nombreux travaux ont donc �et�e consacr�es �a ce probl�eme particulier� Il faut
cependant noter que toute technique se proposant de compiler une a�ectation
g�en�erale entre deux tableaux doit g�erer des communications similaires� et est donc
candidate pour les redistributions� Cependant� aucune de ces techniques ne g�ere le
cas le plus g�en�eral� mais au contraire chacune fait des hypoth�eses simpli�catrices
qui en r�eduisent la port�ee� le plus souvent en n�egligeant les alignements et la
duplication� Notre technique est donc la seule �a incorporer toute la probl�ematique
dans sa g�en�eralit�e� en incluant non seulement l�adressage local des tableaux sur
les n"uds� mais encore le partage de charge ou de surcharge des n"uds�

Notre technique compile les communications en d�eterminant tout d�abord les
couples de placements source et cible pour un tableau donn�e qui peuvent faire
l�objet �a l�ex�ecution d�un replacement� En d�eterminant ces couples �a l�aide d�une
formulation classique bas�ee sur les �ots de donn�ees� quelques optimisations sont
faites qui retirent les replacements inutiles� Ensuite� le compilateur g�en�ere un code
de communication SPMD pour chaque couple de placement� La pertinence de la
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technique est montr�ee de mani�ere math�ematique dans le cas g�en�eral� On minimise
les co�uts de communications en nombre de messages mais aussi en quantit�e de
donn�ees �echang�ees� La preuve est rendue possible par la formalisation adopt�ee qui
est bas�ee sur l�alg�ebre lin�eaire en nombres entiers�

���� Formalisation dans le cadre alg�ebrique a�ne

La section ��� d�ecrit la formalisation du probl�eme sous forme de syst�eme
d��equations et d�in�equations a�nes� Pour ce qui est des placements source et cible
et de l�incorporation de l�adressage local� cette formalisation est la m�eme que celle
pr�esent�ee dans les chapitres pr�ec�edents� Les solutions du syst�eme d��equations ob
tenues d�ecrivent les �el�ements de tableau et leurs placements sur les processeurs
sources et cibles� On cherche donc �a �enum�erer ces solutions pour g�en�erer les mes
sages n�ecessaires entre processeurs� et e�ectuer les communications requises par
le replacement�

Cependant� du fait de la duplication� il n�y a pas forc�ement une solution unique
pour chaque �el�ement de tableau� On ne peut pas a�ecter une seule source �a un pro
cesseur cible� On veut donc pro�ter de cette duplication pour g�en�erer un meilleur
code si possible� Du c�ot�e des processeurs cibles� la duplication regroupe des proces
seurs attendant exactement les m�emes donn�ees� ce qui sugg�ere donc de leur envoyer
les m�emes messages �a l�aide de communications g�en�erales de type broadcast� Du
c�ot�e des processeurs sources� la duplication regroupe des processeurs disposant
des m�emes donn�ees� l�id�ee naturelle est que chacun de ces processeurs s�occupe
de processeurs cibles distincts� Cela permet d��equilibrer la charge de l�envoi des
messages�

Pratiquement� pour les di�usions� il su�t de s�eparer les �equations portant
sur les dimensions de duplication de l�arrangement de processeurs cibles� Pour
le partage de charge� une simple �equation suppl�ementaire liant dimensions cibles
distribu�ees et dimensions sources dupliqu�ees su�t �a produire le r�esultat escompt�e�
L��equation revient �a distribuer de mani�ere cyclique les processeurs cibles sur les
processeurs sources disponibles� On obtient �nalement un syst�eme d��equations
dont les solutions enti�eres mat�erialisent les communications souhait�ees� y compris
l�adressage local des donn�ees sur les processeurs et le partage de charge� Il reste
alors �a g�en�erer le code des processeurs qui �enum�erera ces solutions et r�ealisera les
communications�

���	 G�en�eration du code SPMD

La section ��� pr�esente le code g�en�er�e �a partir du syst�eme d��equations� Le
syst�eme pr�ecedent est project�e sur les processeurs pour d�eterminer un ensemble des
couples de processeurs qui peuvent vouloir communiquer� Cette projection n��etant
pas n�ecessairement exacte� on obtient un surensemble des processeurs pouvant
communiquer� Cependant ce surensemble reste g�en�eralement petit par rapport
a l�ensemble de tous les couples processeurs possibles� Les couples sont �enum�er�es
de mani�ere sym�etrique par le code d�envoi et le code de r�eception� Les sources
se s�electionnent et �enum�erent leurs cibles� alors que les cibles se s�electionnent et
�enum�erent leurs sources� Pour chaque couple de processeurs� les �el�ements �a envoyer
ou recevoir sont ensuite parcourus a�n de fabriquer le message correspondant�
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Lorsque les donn�ees sont disponibles localement� une recopie locale est e�ectu�ee�
Le code produit est donc compos�e de deux parties� La premi�ere est l�envoi� La
seconde regroupe la r�eception et la recopie� Cette recopie �eventuelle des donn�ees
disponibles localement est retard�ee de mani�ere �a acc�el�erer la fabrication et l�envoi
des messages�

Quelques gardes et astuces sont utilis�ees dans le code produit� D�abord� les
messages vides ne sont pas envoy�es � � � le probl�eme est alors de ne pas les recevoir�
Pour ce faire� la r�eception �eventuelle d�un message est retard�ee au moment ou un
�el�ement doit en �etre extrait� garantissant ainsi qu�il n�est pas vide et aura donc bien
�et�e envoy�e� De plus� les messages ne sont envoy�es qu�aux processeurs qui ne sont
pas des jumeaux du processeur courant� i�e� des processeurs poss�edant les m�emes
donn�ees du fait de la duplication� Ces gardes sont e�ectu�ees �a l�ex�ecution� parce
que HPF ne permet aucune hypoth�ese sur la mani�ere dont les processeurs HPF de
di��erents arrangements de processeurs sont plac�es sur les processeurs r�eels� En�n
nous discutons quelques optimisations suppl�ementaires pour �eviter les probl�emes
de surcharge des n"uds �plusieurs processeurs cherchent �a envoyer un message �a
un m�eme processeur cible��

��� Optimalit�e et exp�eriences

La section ��	 pr�esente les r�esultats th�eoriques et pratiques de notre technique
de compilation�

Tout d�abord la m�ethode est optimale� tant en ce qui concerne les co�uts de
latence que de bande passante� La d�emonstration est d�etaill�ee en annexe� Elle
s�appuie sur des propri�et�es intrins�eques des placements permis par HPF� parti
culi�erement sur l�orthogonalit�e entre dimensions distribu�ees et dimensions dupli
qu�ees� Elle utilise le fait que la description �a base d��equations lin�eaires est exacte�
En�n elle requiert les astuces de programmation et les gardes introduites dans le
code pour �eviter l�envoi de messages vides et ne pas communiquer avec des proces
seurs jumeaux� La correction du code peut �egalement �etre montr�ee en raisonnant
sur la structure du code produit� en v�eri�ant que les variables sont proprement
instanci�ees�

Notre technique est implant�ee au sein de notre prototype de compilateur HPF�
Du code bas�e sur PVM est produit� Un certain nombre d�exp�eriences ont �et�e ef
fectu�ees sur la ferme d�Alpha du LIFL �Laboratoire d�Informatique Fondamentale
de Lilles�� Elles ont consist�e �a mesurer les temps d�ex�ecution de transpositions
de matrice� pour des arrangements de processeurs et distributions di��erents� Les
meilleurs temps ont �et�e conserv�es � les temps moyens n��etaient pas signi�catifs car
la machine n��etait pas d�edi�ee �a nos exp�eriences� Les r�esultats obtenus sont encou
rageants� en particulier vue l�implantation �a haut niveau de notre technique � les
performances sont de �
 �a �
( meilleures que celles du compilateur HPF de DEC�
Ces tests ont �egalement montr�es que certaines optimisations et transformations
de codes� autant particuli�eres que usuelles� �etaient indispensables pour obtenir des
codes d��enum�eration rapides�
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���� Annexe

La section ��� d�etaille les points qui n�ont �et�e qu�abord�es dans le corps de l�ar
ticle� par manque de place� Les notations et la formalisation sont d�abord revues�
en soulignant les propri�et�es utiles �a la preuve d�optimalit�e� Ensuite� le code g�en�er�e
est revu attentivement� Les r�esultats d�optimalit�e sont ensuite �enonc�es et prouv�es�
En�n les conditions exp�erimentales et les mesures brutes sont d�etaill�ees�
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A Linear Algebra Framework
for Static HPF Code
Distribution

Corinne Ancourt� Fabien Coelho� Fran�cois Irigoin et

Ronan Keryell

Une version pr�eliminaire de ce chapitre a fait l�objet d�une communication au
Workshop CPC��� �a Delft ���� Il doit para��tre sous cette forme dans Scienti�c
Programming ����

R�esum�e

Fortran HPF a �et�e d�evelopp�e pour permettre la programmation �a paral�
l�elisme de donn�ees des machines �a m�emoire r�epartie� Le programmeur peut
utiliser l�espace m�emoire uniforme qui lui est familier pour la programma�
tion s�equentielle et sp�ecie la r�epartition des donn�ees par des directives� Le
compilateur utilise ces directives pour allouer des tableaux dans les m�emoires
locales	 pour attribuer les it�erations aux processeurs �el�ementaires et pour d�e�
placer les donn�ees n�ecessaires entre processeurs� Nous montrons que l�alg�ebre
lin�eaire fournit un cadre ad�equat pour encoder les directives HPF et pour
synth�etiser du code r�eparti pour des boucles parall�eles� La m�emoire est utili�
s�ee �a bon escient	 les bornes de boucles sont ajust�ees et les communications
sont minimales� L�utilisation syst�ematique de l�alg�ebre lin�eaire rend possible
les preuves de correction et d�optimalit�e du sch�ema de compilation propos�e�
Le code g�en�er�e incorpore les optimisations usuelles que sont l��elimination des
gardes	 la vectorisation et l�agr�egation des messages ainsi que l�analyse des
recouvrements�

Abstract

High Performance Fortran �hpf� was developed to support data
parallel programming for simd and mimd machines with distributed memory�
The programmer is provided with a familiar uniform logical address space and
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species the data distribution by directives� The compiler then exploits these
directives to allocate arrays in the local memories	 to assign computations to
elementary processors and to migrate data between processors when required�
We show here that linear algebra is a powerful framework to encode HPF
directives and to synthesize distributed code with space�e�cient array allo�
cation	 tight loop bounds and vectorized communications for INDEPENDENT
loops� The generated code includes traditional optimizations such as guard
elimination	 message vectorization and aggregation	 overlap analysis��� The
systematic use of an a�ne framework makes it possible to prove the compi�
lation scheme correct�

��� Introduction

Distributed memory multiprocessors can be used e�ciently if each local memory
contains the right pieces of data� if local computations use local data and if missing
pieces of data are quickly moved at the right time between processors� Macro
packages and libraries are available to ease the programmer�s burden but the level
of details still required transforms the simplest algorithm� e�g� a matrix multiply�
into hundreds of lines of code� This fact decreases programmer productivity and
jeopardizes portability� as well as the economical survival of distributed memory
parallel machines�

Manufacturers and research laboratories� led by Digital and Rice University�
decided in ���� to shift part of the burden onto compilers by providing the pro
grammer a uniform address space to allocate objects and a �mainly� implicit way to
express parallelism� Numerous research projects  �
�� ���� �	�! and a few commer
cial products had shown that this goal could be achieved and the High Performance
Fortran Forum was set up to select the most useful functionalities and to stan
dardize the syntax� The initial de�nition of the new language� HPF� was frozen in
May ����� and corrections were added in November ���	  ��!� Prototype compilers
incorporating some HPF features are available  �#� ��� ��� �	�� ��
� ��!� Commer
cial compilers from APR  ���� ��#!� DEC  ���� �#!� IBM  ���! and PGI  #
� �##!
are also being developed or are already available� These compilers implement
part or all of the HPF Subset� which only allows static distribution of data and
prohibits dynamic redistributions�

This paper deals with this HPF static subset and shows how changes of basis
and a�ne constraints can be used to relate the global memory and computation
spaces seen by the programmer to the local memory and computation spaces
allocated to each elementary processor� These relations� which depend on HPF
directives added by the programmer� are used to allocate local parts of global
arrays and temporary copies which are necessary when nonlocal data is used
by local computations� These constraints are also used in combination with the
owner�computes rule to decide which computations are local to a processor� and to
derive loop bounds� Finally they are used to generate send and receive statements
required to access nonlocal data�

These three steps� local memory allocation� local iteration enumeration and
data communication� are put together as a general compilation scheme for par
allel loops� known as INDEPENDENT in HPF� with a�ne bounds and subscript
expressions� HPF�s FORALL statements or constructs� as well as a possible fu
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ture ON extension to advise the compiler about the distribution of iterations onto
the processors� can be translated into a set of independent loops by introducing
a temporary array mapped as required to store the intermediate results� These
translations are brie�y outlined in Figures ��� and ���� The resulting code is a pair
of loops which can be compiled by our scheme� following the owner�computes rule�
if the ON clause is put into the a�ne framework� The FORALL translation requires
a temporary array due to its simdlike semantics� However� if the assigned array is
not referenced in the rhs� the FORALL loop is independent and should be tagged as
such to �t directly our scheme� Such necessary temporary arrays are not expected
to cost much� both on the compilation and execution point of view� The allocated
memory is reusable �it may be allocated on the stack�� and the copy assignment
on local data should be quite fast�

� non�independent

� A in the rhs may

� induce RW dependences���

FORALL �i���n� j���m� MASK�i�j		

A�i�j	 � f�A� ���	

� array TMP declared and mapped as A

� initial copy of A into TMP

� because of potential RW dependences

INDEPENDENT�j�i	

do j��� m

do i��� n

TMP�i�j	 � A�i�j	

enddo

enddo

� possible synchro���

INDEPENDENT�j�i	

do j��� m

do i��� n

if �MASK�i�j		 A�i�j	 � f�TMP� ���	

enddo

enddo

Figure ���� Masked FORALL to INDEPENDENT loops

INDEPENDENT�j�i	� ON����	

do j��� m

do i��� n

A�i�j	 � f����	

enddo

enddo

� array TMP�iteration space	

� mapped as ON�iteration space	

INDEPENDENT�j�i	

do j��� m

do i��� n

TMP�i�j	 � f����	

enddo

enddo

� possible synchro���

INDEPENDENT�j�i	

do j��� m

do i��� n

A�i�j	 � TMP�i�j	

enddo

enddo

Figure ���� ON to INDEPENDENT loops

This compilation scheme directly generates optimized code which includes
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techniques such as guard elimination  �
�!� message vectorization and aggre
gation  ���� �	�!� It is compatible with overlap analysis  �
�!� There are no
restrictions neither on the kind of distribution �general cyclic distributions are
handled�� nor on the rank of array references �the dimension of the referenced
space� for instance rank of A	i�i
 is ��� The memory allocation part� whether
based on overlap extensions� or dealing with temporary arrays needed to store
both remote and local elements� is independent of parallel loops and can always
be used� The relations between the global programmer space and the local proces
sor spaces can also be used to translate sequential loops with a runtime resolution
mechanism or with some optimizations� The reader is assumed knowledgeable in
HPF directives  ��! and optimization techniques for HPF  �
�� �	�!�

The paper is organized as follow� Section ��� shows how HPF directives can be
expressed as a�ne constraints and normalized to simplify the compilation process
and its description� Section ��� presents an overview of the compilation scheme
and introduces the basic sets Own� Compute� Send and Receive that are used to
allocate local parts of HPF arrays and temporaries� to enumerate local iterations
and to generate data exchanges between processors� Section ��	 re�nes these sets
to minimize the amount of memory space allocated� to reduce the number of loops
whenever possible and to improve the communication pattern� This is achieved
by using di�erent coordinates to enumerate the same sets� Examples are shown
in Section ��� and the method is compared with previous work in Section ����

��� HPF directives

The basic idea of this work was to show that the hpf compilation problem can
be put into a linear form� including both equalities and inequalities� then to show
how to use polyhedron manipulation and scanning techniques to compile an hpf
program from this linear form� The linear representations of the array and hpf

declarations� the data mapping and the loop nest accesses are presented in this
section�

HPF speci�es data mappings in two steps� First� the array elements are aligned
with a template� which is an abstract grid used as a convenient way to relate dif
ferent arrays together� Each array element is assigned to at least one template cell
thru the ALIGN directive� Second� the template is distributed onto the processors�
which is an array of virtual processors� Each template cell is assigned to one and
only one processor thru the DISTRIBUTE directive� The template and processors
are declared with the TEMPLATE and PROCESSORS directives respectively�

Elements of arrays aligned on the same template cell are allocated on the
same elementary processor� Expressions using these elements can be evaluated
locally� without interprocessor communications� Thus the alignment step mainly
depends on the algorithm� The template elements are packed in blocks to reduce
communication and scheduling overheads without increasing load imbalance too
much� The block sizes depend on the target machine� while the load imbalance
stems from the algorithm� Templates can be bypassed by aligning an array on
another array� and by distributing array directly on processors� This does not
increase the expressiveness of the language but implies additional check on hpf
declarations� Templates are systematically used in this paper to simplify algorithm
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descriptions� Our framework deals with both stages and could easily tackle direct
alignment and direct distribution� The next sections show that any hpf directive
can be expressed as a set of a�ne constraints�

����� Notations

Throughout this paper� a lower case letter as v denotes a vector of integers� which
may be variables and constants� vi� �i � �� the ith element or variable of vector v�
Subscript 
� as in v�� denotes a constant integer vector� As a convention� a denotes
the variables which describe the elements of an array� t is used for templates and
p for processors� An upper case letter as A denotes a constant integer matrix�
Constants are implicitly expanded to the required number of dimensions� For
instance � may denote a vector of �� jAj denotes the determinant of matrix A�

����� Declarations

The data arrays� the templates and the processors are declared as Cartesian
grids in hpf� If a is the vector of variables describing the dimensions of array
A	���������
� then the following linear constraints are induced on a�

� 	 a� 	 #� 
� 	 a� 	 �� � 	 a� 	 �

These may be translated into the matrix form DAa 	 d where�
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Any valid array element must verify the linear constraints� i�e� A	a��a��a�
 is
a valid array element if Equation ����� is veri�ed by vector a� In the remaining of
the paper it is assumed without loss of generality that the dimension lower bounds
are equal to 
� This assumption simpli�es the formula by deleting a constant o�set
at the origin� Thus the declaration constraints for A	����������!
 can be written
intuitively as


 	 a � D�� �����

where
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D is a diagonal matrix composed of the sizes of A� The rationale for storing the
sizes in a diagonal matrix instead of a vector is that this form is needed for
the distribution formula �see Section ����	�� Likewise the template declaration
constraints are 
 	 t � T�� and the processors 
 	 p � P���
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����	 Alignment

The ALIGN directive is used to specify the alignment relation between one object
and one or many other objects through an a�ne expression� The alignment of an
array A on a template T is an a�ne mapping from a to t� Alignments are speci�ed
dimensionwise with integer a�ne expressions as template subscript expressions�
Each array index can be used at most once in a template subscript expression in
any given alignment� and each subscript expression cannot contain more than one
index  ��!� Let us consider the following hpf alignment directive� where the �rst
dimension of the array is collapsed and the most general alignment subscripts are
used for the other dimensions�

align A	��i�j
 with T	��j����i��


it induces the following constraints between the dimensions of A and T represented
respectively by vector a and t�

t� % �a� 
 �� t� % 
a� $ �

Thus the relation between A and T is given by t % Aa$ s� where

t %

�
t�
t�

�
� A %

�

 
 �

 
� 


�
� a %

�
�a�a�
a�

�
A � s� %

�
�
�

�

A �for alignment� is a matrix with at most one nonzero integer element per column
�dummy variables must appear at most once in the alignment subscripts� and per
row �no more than one dummy variable in an alignment subscript�� and s� is a
constant vector that denotes the constant shift associated to the alignment� Note
that since the �rst dimension of the array is collapsed the �rst column of A is null�
and that the remaining columns constitute an antidiagonal matrix since i and j

are used in reverse order in the subscript expressions�
However this representation cannot express replication of elements on a di

mension of the template� as allowed by hpf� The former relation is generalized
by adding a projection matrix R �for replication� which selects the dimensions of
the template which are actually aligned� Thus the following example�

align A	i
 with T	��i����


is translated into

Rt % Aa $ s� �����

where R %
�
� 


�
� t %

�
t�
t�

�
� A %

�
�
�
� a %

�
a�
�
� s� %

�
�
�

The same formalism can also deal with a chain of alignment relations �A is
aligned to B which is aligned to C� etc�� by composing the alignments� To summa
rize� a )�* in an array reference induces a zero column in A and a )�* in a template
reference a zero column in R� When no replication is speci�ed� R is the identity
matrix� The number of rows of R and A corresponds to the number of template
dimensions that are actually aligned� thus leading to equations linking template
and array dimensions� Template dimensions with no matching array dimensions
are removed through R�
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template T	��""
� T#	��""


processors P	���


distribute T	block	��

� T#	cyclic	�

 onto P

Figure ���� Example �

���� Distribution

Once optional alignments are de�ned in HPF� objects or aligned objects can be
distributed on Cartesian processor arrangements� declared like arrays and tem
plates� and represented by the inequality 
 	 p � P��� Each dimension can be
distributed by block� or in a cyclic way� on the processor set or even collapsed on
the processors� Let us �rst consider the Examples � and � in Figures ��� and ����

Example �

In Example �� the distributions of the templates creates a link between the tem
plates elements t and the processors p� so that each processor owns some of the
template elements� These links can be translated into linear formulae with the
addition of variables� For the block distribution of template T� assuming the local
o�set  within the size �
 block� 
 	  � �
� then the formula simply is�

t % �
p$ 

For a �xed processor p and the allowed range of o�sets within a block � the formula
gives the corresponding template elements that are mapped on that processor�
There is no constant in the equality due to the assumption that template and
processor dimensions start from 
� For the cyclic distribution of template T#�
a cycle variable c counts the number of cycles over the processors for a given
template element� Thus the formula is�

t� % �c$ p

The cycle number c generates an initial o�set on the template for each cycle over
the processors� Then the p translation associates the processor�s owned template
element for that cycle� The general cyclic	n
 multidimensional case necessitates
both cycle c and local o�set  variable vectors� and can be formulated with a matrix
expression to deal with all dimensions at once�

General case

HPF allows a di�erent block size for each dimension� The extents �n in BLOCK	n

or CYCLIC	n
� are stored in a diagonal matrix� C� P is a square matrix with the
size of the processor dimensions on the diagonal� Such a distribution is not linear
according to its de�nition  ��! but may be written as a linear relation between the
processor coordinate p� the template coordinate t and two additional variables� 
and c�

�t % CPc $ Cp$  �����
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chpf	 processors P�����

chpf	 template T�������

chpf	 distribute T�cyclic�
�� onto P

Figure ��	� Example of a template distribution �from  ��!��

template T	��""���""���""


processors P	��"���"


distribute T	��cyclic	�
�block	�

 onto P

Figure ���� Example �

Vector  represents the o�set within one block in one processor and vector c

represents the number of wraparound �the sizes of which are CP � that must be
performed to allocate blocks cyclically on processors as shown on Figure ��	 for
the example in Figure ����

The projection matrix � is needed when some dimensions are collapsed on
processors� that means that all the elements on the dimension are on a same
processor� These dimensions are thus orthogonal to the processor parallelism
and can be eliminated� The usual modulo and integer division operators dealing
with the block size are replaced by prede�ned constraints on p and additional
constraints on � Vector c is implicitly constrained by array declarations and�or
�depending on the replication� by the TEMPLATE declaration�

Specifying BLOCK	n
 in a distribution instead of CYCLIC	n
 is equivalent but
tells the compiler that the distribution will not wrap around and the Equation �����
can be simpli�ed by zeroing the c coordinate for this dimension� This additional
equation reduces the number of free variables and� hence� removes a loop in the
generated code� CYCLIC is equivalent to CYCLIC	�
 which is translated into an
additional equation�  % 
� BLOCK without parameter is equivalent to BLOCK	d et

ep
e


where et and ep are the template and processor extents in the matching dimensions�
Since block distributions do not cycle around the processors� c % 
 can be added�

The variables are bounded by�


 	 p � P��� 
 	 t � T��� 
 	  � C�� ���	�
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Example �

Let us consider the second� more general example� in Figure ���� These directives
can be translated into the following matrix form��


 � 


 
 �

�
t %

�
	
 


 ��


�
c $

�
	 


 ��

�
p $ �

�





�
	  �

�
	
��

�

where

t %

�
�t�t�
t�

�
A � p %

�
p�
p�

�
� c %

�
c�
c�

�
�  %

�
�
�

�
� c� % 


and

� %

�

 � 


 
 �

�
� C %

�
	 


 ��

�
� P %

�
�
 


 �


�
In this example� the distribution is of type BLOCK in the last dimension� thus

the added c� % 
� If a dimension of a template is collapsed on the processors�
the corresponding coordinate is useless because even if it is used to distribute the
dimension of an array� this dimension is collapsed on the processors� Thus it can
be discarded from the equations� It means that it can be assumed that � % I in
Equation ����� if these useless dimensions are removed by a normalization process�

����� Iteration domains and subscript functions

Although iteration domains and subscript functions do not concern directly the
placement and the distribution of the data in HPF� they must be considered for
the code generation� Since loops are assumed INDEPENDENT with a�ne bounds�
they can be represented by a set of inequalities on the iteration vectors i� The
original enumeration order is not kept by this representation� but the independence
of the loop means that the result of the computation does not depend on this very
order� The array reference links the iteration vector to the array dimensions�

INDEPENDENT�i
�i�	

do j��� n�� �

do i��j�
� n
��

A�
�i���� n��j�i�	 � ���

enddo

enddo

� normalized �stride �	 version

do i
��� �n���	��

do i����i
��� n
��

A�
�i���� n����i
�i���	 � ���

enddo

enddo

Figure ���� Loop example

Let us consider for instance the example in Figure ���� The iteration domain
can be translated into a parametric �n� and n� may not be known at compile time�
form� where the constant vector is a function over the parameters� Thus the set
of constraints for the loop nest iterations� with the additional change of variable
j % �i� $ � to normalize the loop  ���!� is��

BB�

 
�

 �
� 


� �

�
CCA
�
i�
i�

�
	

�
BB�



n� 
 �
n� $ �

�

�
CCA
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real A���
��

�HPF	 template T�������

�HPF	 processors P�����

�HPF	 align A�i� with T���i�

�HPF	 distribute T�cyclic�
�� onto P

A���U��� � ���

Figure ���� Example in Chatterjee et al�  ��!

Moreover the array reference can also be translated into a set of linear equalities�

a %

�
a�
a�

�
%

�
� 

� 
�

��
i�
i�

�
$

�
�

n� 
 �

�

In the general case� a set of constraints is derived for the iteration domain of
the loop nest �Equation ������ where n stands for a vector of parameters for the
loop nest� and for the array references �Equation �������

Li 	 b��n� �����

a % Si$ a��n� �����

����� Putting it all together

Let us now consider the example in Figure ���� According to the previous Sections�
all the declaration of distributions� alignments� arrays� processors and templates�
iterations and references can be rewritten as


 	  � C���


 	 a � D���


 	 p � P���


 	 t � T���

Rt % Aa$ s��

t % CPc $ Cp$ �

Li 	 b��n��

a % Si$ a��n�

where

D % �	��� T % ���#�� A % ���� s� % �
�� R % ���� C % �	�� P % �	��

L %

�
�

�

�
� b��n� %

�
U




�
� S % ���� a��n� % �
��

The array mapping of A is represented by the )�* or )�* on Figure ��# and the
written elements �if U % 	�� of A with )�*� As can be seen on this �d representation
of a �d space� the mapping and the access are done according to a regular pattern�
namely a lattice� This is exploited to translate the compilation problem in a linear
algebra framework�
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� � � � � � � � � � � � � � � �

p % 
 p % � p % � p % �

Figure ��#� Example of an array mapping and writing �from  ��!��

��� Overview of the compilation scheme

The compilation scheme is based on the HPF declarations� the owner computes
rule and the spmd paradigm� and deals with INDEPENDENT loops� Loop bound
expressions and array subscript expressions are assumed a�ne� Such a parallel
loop independently assigns elements of some left hand side X with some right hand
side expression f on variables Y� Z� etc� �Figure ����� The loop is normalized to
use unit steps as explained in the previous section� Since the loop is independent�
SX must be injective on the iteration domain for an independent parallel loop to
be deterministic� The n models external runtime parameters that may be involved
in some subexpressions� namely the loop bounds and the reference shifts�

The HPF standard does not specify the relationship between the HPF pro
cessors and the actual physical processors� Thus� e�ciently compiling loop nests
involving arrays distributed onto di�erent processor sets without further speci�ca
tion is beyond the scope of this paper� But if the processor virtualization process
can be represented by a�ne functions� which would be probably the case� we can
encompass these di�erent processor sets in our framework by remaining on the
physical processors� In the following we assume for clarity that the interfering
distributed arrays in a loop nest are distributed on the same processors set�

INDEPENDENT	i

forall	Li 	 b��n�


X	SXi $ aX��n�
 � f	Y	 SYi$ aY��n�
� Z	SZi$ aZ��n�



Figure ���� Generic loop

��	�� Own Set

The subset of X that is allocated on processor p according to HPF directives must
be mapped onto an array of the output program� Let OwnX�p� be this subset of
X and X� the local array mapping this subset� Each element of OwnX�p� must be
mapped to one element of X� but some elements of X� may not be used� Finding a
good mapping involves a tradeo� between the memory space usage and the access
function complexity� This is studied in Section ��	��� Subset OwnX�p� is derived



��
 CHAPITRE �� A LINEAR ALGEBRA FRAMEWORK � � �

from HPF declarations� expressed in an a�ne formalism �see Section ����� as�

OwnX�p� %
�
a j �t� �c� �� s�t� RXt % AXa$ sX�

� t % CXPc $ CXp $ X
� 
 	 a � DX��
� 
 	 p � P��
� 
 	  � CX��
� 
 	 t � TX��

	
Subset OwnX�p� can be mapped onto a Fortran array by projection on c and

� or on any equivalent set of variables� i�e� up to an injective mapping� Although
Own is not a dense polyhedron as de�ned here with only variable a �the set may
not represent contiguous integer points of array indexes� there may be holes�� it can
be seen as such in the higher dimensional �a� c� � space� that is with the addition
for variables that enable skipping over the regular holes� Thus this view is used in
the following� although our interest it just to represent the array elements a� Note
that for a given distributed dimension ai there is one and only one corresponding
�pj � cj� j� triple�

��	�� Compute set

Using the owner computes rule� the set of iterations local to p� Compute�p�� is
directly derived from the previous set� OwnX�p�� The iterations to be computed
by a given processor are those of the loop nest for which the lhs are owned by the
processor�

Compute�p� % fi j SXi $ aX��n� � OwnX�p�� Li 	 b��n�g

Note that Compute�p� and OwnX�p� are equivalent sets if the reference is direct
�SX % I � aX� % 
� and if the iteration and array spaces conform� This is used
in Section ��	�� to study the allocation of local arrays as a special case of local
iterations� According to this de�nition of Compute� when X is replicated� its new
values are computed on all processors having a copy� Depending on a tradeo�
between communication and computation speed� the optimal choice may be to
broadcast the data computed once in parallel rather than computing each value
locally�

��	�	 View set

The subset of Y �or Z����� used by the loop that compute X is induced by the set
of local iterations�

ViewY�p� % fa j �i � Compute�p� s�t� a % SYi$ aY��n�g

Note that unlike SX� matrix SY is not constrained and cannot always be inverted�
If the intersection of this set with OwnY�p� is nonempty� some elements needed

by processor p for the computation are fortunately on the same processor p� Then�
in order to simplify the access to ViewY�p� without having to care about dealing
di�erently with remote and local elements in the computation part� the local copy
Y� may be enlarged so as to include its neighborhood� including ViewY�p�� The
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neighborhood is usually considered not too large when it is bounded by a numer
ical small constant� which is typically the case if X and Y are identically aligned
and accessed at least on one dimension up to a translation� such as encountered in
numerical �nite di�erence schemes� This optimization is known as overlap anal�
ysis  �
�!� Once remote values are copied into the overlapping Y�� all elements
of ViewY�p� can be accessed uniformly in Y� with no overhead� However such
an allocation extension may be considered as very rough and expensive in some
cases �e�g� a matrix multiplication�� because of the induced memory consump
tion� A reusable temporary array might be preferred� and locally available array
elements must be copied� Such tradeo�s to be considered in the decision process
are not discussed in this paper� but present the techniques for implementing both
solutions�

When Y �or X� or Z����� is referenced many times in the input loop or in the input
program� these references must be clustered according to their connection in the
dependence graph  #!� Input dependencies are taken into account as well as usual
ones ��ow� anti and outputdependencies�� If two references are independent�
they access two distant area in the array and two di�erent local copies should be
allocated to reduce the total amount of memory allocated� a unique copy would
be as large as the convex hull of these distant regions� If the two references
are dependent� only one local copy should be allocated to avoid any consistency
problem between copies� If Y is a distributed array� its local elements must be
taken into account as a special reference and be accessed with �p� c� � instead of
i�

The de�nition of View is thus altered to take into account array regions � These
regions are the result of a precise program analysis which is presented in  �	
�
���� ��� �#� ��� ��� ��� ��!� An array region is a set of array elements described
by equalities and inequalities de�ning a convex polyhedron� This polyhedron may
be parameterized by program variables� Each array dimension is described by a
variable� The equations due to subscript expression SY are replaced by the array
region� a parametric polyhedral subset of Y which can be automatically computed�
For instance� the set of references to Y performed in the loop body of�

do i� � �� N

do i� � �� N

X�i��i�� � Y�i��i�� � Y�i����i�� � Y�i��i����

enddo

enddo

is automatically summarized by the parametric region on aY % �y�� y�� for the Y

reference in the loop body of the example above as�

Y	y��y�
�f�y�� y�� j y� 	 i� � y� 	 i� � i� $ i� 	 y� $ y� $ �g

Subset ViewY is still polyhedral and array bounds can be derived by projection�
up to a change of basis� If regions are not precise enough because convex hulls are
used to summarize multiple references� it is possible to use additional parameters
to exactly express a set of references with regular holes  �!� This might be useful
for redblack sor�

As mentioned before� if Y is a distributed array and its region includes local
elements� it might be desired to simply extend the local allocation so as to simplify
the addressing and to allow a uniform way of accessing these array elements� for
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a given processor pY and cycle cY� The required extension is computed simply by
mixing the distribution and alignment equations to the ViewY description� For
the example above� assuming that X and Y are aligned and thus distributed the
same way� the overlap is expressed on the block o�set Y with�

RYt % AYaY $ sY�

t % CPcY $ CpY $ Y

aY � ViewY�p�

Vectors cY and pY are constrained as usual by the loop� the processor declaration
and the template declaration of X but vector Y is no more constrained in the
block size �C�� It is indirectly constrained by aY and the Y region� This leads to
a 
� 	 Y lower bound instead of the initial 
 	 Y� expressing the size � overlap
on the left�

��	� Send and Receive Sets

The set of elements that are owned by p and used by other processors and the set
of elements that are used by p but owned by other processors are both intersections
of previously de�ned sets�

SendY�p� p�� % OwnY�p� �ViewY�p
��

ReceiveY�p� p�� % ViewY�p� � OwnY�p
��

These two sets cannot always be used to derive the data exchange code� Firstly�
a processor p does not need to exchange data with itself� This cannot be ex
pressed directly as an a�ne constraint and must be added as a guard in the out
put code�� Secondly� replicated arrays would lead to useless communication� each
owner would try to send data to each viewer� An additional constraint should be
added to restrict the sets of communications to needed ones� Di�erent techniques
can be used to address this issue� ��� replication allows broadcasts and�or load
balance� what is simply translated into linear constraints as described in  �#!� ���
The assignment of owners to viewers can also be optimized in order to reduce the
distance between communicating processors� For instance� the cost function could
be the minimal Manhattan distance� between p and p� or the lexicographically
minimal vector� p� 
 p if the interconnection network is a jpjdimension grid�� A
combined cost function might even be better by taking advantage of the Manhat
tan distance to minimize the number of hops and of the lexicographical minimum
to insure uniqueness� These problems can be cast as linear parametric problems
and solved  #�!�

When no replication occurs� elementary data communication implied by SendY
and ReceiveY can be parametrically enumerated in basis �p� u�� where u is a basis

�This could be avoided by exchanging data �rst with processors p� such that p� � p and then
with processors such that p� � p� using the lexicographic order� But this additional optimization
is not likely to decrease the execution time much� because the loop over p� is an outermost loop�

�The Manhattan norm of a vector is the sum of the absolute values of its coordinates� i�e� the
l� norm�

�i�e� the closest on the �rst dimension� and then the closest on the second dimension� and so
on� dimension per dimension� till one processor is determined�

�For a vector v� let jvj denotes its dimension�
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real X�	�c� � � OwnX�p�
�
Y�	�c� � � ViewY�p�
�
Z�	�c� � � ViewZ�p�


forall	U � fY�� Z�� � � �g

forall	�p� p��� p �% p�� SendU�p� p

�� �% � 


forall	�� c� � SendU�p� p��

send	p�� U�� c�


forall	U � fY�� Z�� � � �g

forall	�p� p��� p �% p��ReceiveU�p� p�� �% � 


forall	�� c� � ReceiveU�p� p��

U	� c
 � receive	p�


if Compute�p� �% �

forall	�� c� � Compute�p�

X�	SX��� c�
 � f	Y�	SY��� c�
�

Z�	SZ��� c�
����


Figure ���
� The output spmd code�

for Y�� the local part of Y� the allocation and addressing of which are discussed in
Section ��	��� Send and Receive are polyhedral sets and algorithms in  �! can be
used� If the last component of u is allocated contiguously� vector messages can be
generated�

��	�� Output SPMD code

The generic output spmd code� parametric on the local processor p� is shown
in Figure ���
� U represents nay local array generated according to the depen
dence graph� Communications between processors can be executed in parallel
when asynchronous send�receive calls and�or parallel hardware is available as in
Transputerbased machines or in the Paragon� The guards as SendU can be omit
ted if unused HPF processors are not able to free physical processors for other
useful tasks� The loop bound correctness ensures that no spurious iteration or
communication occur� The parallel loop on U can be exchanged with the paral
lel inner loop on p� included in the forall� This other ordering makes message
aggregation possible�

This code presented in Figure ���
 is quite di�erent from the one suggested
in  ��	� ���!� Firstly� the set of local iterations Compute�p� is no longer expressed
in the i frame but in the �c� � frame� There is no actual need to know about the
initial index values in the original code� Secondly� no di�erence is made between
local and nonlocal iteration computations� at the price of possible communication
and computation overlaps� but at the pro�t of an homogeneous addressing� Only
one reference and addressing should be generated for each original reference in the
computation expression� thus avoiding costly code duplications or runtime guards
to deal with each reference of an expression that may or may not be locally avail
able at every iteration� The temporary array management and addressing issues
are discussed further in the next sections� Thirdly� nonlocal iterations computed
as a set di�erence is not likely to produce an easily manageable set for code gener
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ation� since it should generally be non convex� Thirdly� the parametric description
of the communications allows to enumerate a subset of active processors�

Additional changes of basis or changes of coordinates must be performed to
reduce the space allocated in local memory and to generate a minimal number of
more e�cient scanning loops� Each change must exactly preserve integer points�
whether they represent array elements or iterations� This is detailed in the next
section�

��	 Re�nement

The pseudocode shown in Figure ���
 is still far from Fortran� Additional changes
of coordinates are needed to generate proper Fortran declarations and loops�

���� Enumeration of iterations

A general method to enumerate local iterations is described below� It is based on
��� solving HPF and loop Equations� both equalities ����� ���� ���� and inequal
ities ���	� ����� on ��� searching a good lattice basis to scan the local iterations
in an appropriate order using p as parameter since each processor knows its own
identity and ��� on using linear transformations to switch from the user visible
frame to the local frame�

In this section� a change of frame is computed based on the available equalities
to �nd a dense polyhedron that can be scanned e�ciently with standard tech
niques� The change of frame computation uses two Hermite forms to preserve
the order of the �� c� variables which are related to the allocation scheme� for
bene�ting from cache e�ects�

Simplifying formalism

The subscript function S and loop bounds are a�ne� All object declarations are
normalized with 
 as lower bound� The HPF array mapping is also normalized�
� % I � Under these assumptions and according to Section ���� HPF declarations
and Fortran references are represented by the following set of equations�

alignment ����� Rt % Aa$ s�
distribution ����� t % CPc$ Cp$ 

a�ne reference ����� a % Si$ a��n�


�
� �����

where p is the processor vector�  the local o�set vector� c the cycle vector� a the
accessed element i the iteration and n the parameters�

Problem description

Let x be the following set of variables�

x % �� c� a� t� i�t ���#�

They are needed to describe array references and iterations� The order of the  and
c variables chosen here should be re�ected by the local allocation in order to bene�t
from cache e�ects� This order suits best cyclic distributions� as discussed in  �	�!�
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because there should be more cycles �along c� than block elements �along � in such
cases� Putting the block o�set after the cycle number for a given dimension would
lead to larger inner loops for more block distributions� Note that the derivations
discussed in this section are independent of this order� Equation ����� can be
rewritten as

Fx % f��n� p� �����

with

F %

�
�
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�
A and f��n� p� %
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For instance in the Chatterjee et al� example in Figure ���� Equation ���
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The set of interest is the lattice F % fxjFx % f��n� p�g� The goal of this section is
to �nd a parametric solution for each component of x� This allows each processor
p to scan its part of F with minimal control overhead�

It is important to note that F is of full rowrank� The rows contain distinct
variables that insure their independence one from the other� Firstly� the alignment
equations are composed of independent equalities �they di�er from a variables�&
This is also the case for the distribution and reference equations because of the
 and t variables� Secondly the equalities composing the distribution equations
are the only to contain  variables� thus they are independent from the alignment
and reference� Thirdly� the alignment and reference equations are separated by
the template variables thru R� Since all equalities are independent� F is a full
rowrank� Note that HPF restrictions about alignment are not exploited� and
need not be� Our technique can equally handle skewed alignments�

If additional equalities are taken into account� such as those arising from simple
block �ci % 
� or cyclic �i % 
� distributions� they can be used to remove the
variables from the equation and do not actually change this property� Other
degenerate cases may arise �for instance� there is only one processor on a given
dimension � � � �� but they are not actually discussed here� Our general scheme can
directly take advantage of such extra information to optimize the generated code
by including it as additional equalities and inequalities�

Parametric solution of equations

Lattice F is implicitly de�ned but a parametric de�nition is needed to enumerate
its elements for a given processor p� There are two kinds of parameters that must
be set apart� First the constant unknown parameters n and local processor id p the
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value of which are known at runtime on each processor� Second� the parameters we
are interested in� that have to be enumerated or instantiated on each processor to
scan the integer solutions to the HPF equations� namely the variables in vector x�

An Hermite form  ���! of integer matrix F is used to �nd the parameters�
This form associates to F �an n � m matrix with m � n� three matrices H � P
and Q� such that H % PFQ� P is a permutation �a square n � n matrix�� H
an n �m lower triangular integer matrix and Q an m�m unimodular change of
basis� Since F is of full rowrank� no permutation is needed� P % I and H % FQ

�a�� By de�nition� H is a lower triangular matrix� and thus can be decomposed
as H % �HL 
�� where HL is an n � n integer triangular square matrix� We
know that jHLj � f
�� �g� Indeed� HL is of full rank �as F � and the column
combinations performed by the Hermite form computation puts unit coe�cients
on HL diagonal� This is insured since independent unit coe�cients appear in each
row of F � Thus HL is an integer triangular unimodular matrix� and has an integral
inverse�

Now we can use Q as a change of basis between new variables v and x� with
v % Q��x �b�� Vector v can also be decomposed like H in two components�
v % �v�� v

��� where jv�j is the rank of H � Using �a� and �b� Equation ����� can be
rewritten as�

Fx % FQQ��x % Hv % �HL
��v�� v
�� % HLv� % f��n� p�

v� is a parametric solution at the origin which depends of the runtime value of
the n and p parameters� Thus we have v��n� p� % H��

L f��n� p�� By construction�
H does not constrain v� and Q can also be decomposed like v as Q % �Q� F

���
Lattice F can be expressed in a parametric linear way�

x % Qv % �Q� F
���v��n� p�� v�� % Q�v��n� p� $ F �v�

and with x��n� p� % Q�v��n� p� % Q�H
��
L
f��n� p��

F % fxj�v� s�t� x % x��n� p� $ F �v�g ������

We have switched from an implicit ����� description of a lattice on x to an explicit
������ one through F � and v�� Note that F � is of full columnrank�

Cache�friendly order

As mentionned earlier� the allocation is based somehow on the �� c� variables�
The order used for the enumeration should re�ect as much as possible the one
used for the allocation� so as to bene�t from memory locality� Equation ������ is
a parametric de�nition of x � However the new variables v� are not necessarily
ordered as the variables we are interested in� The aim of this paragraph is to
reorder the variables as desired� by computing a new transformation based on the
Hermite form of F �� Let H � % P �F �Q� be this form� Let Q� de�ne a new basis�

u % Q���v� ������

x
 x��n� p� % F �v� % P ���H �Q��v� % P ���H �u ������

If P � % I � the new generating system of F is based on a triangular transformation
between x and u ������� Since H � is a lower triangular integer matrix� the variables
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of u and of x simply correspond one to the other� Knowing this correspondance
allows to order the variable u components to preserve locality of accesses� If
P � �% I � the variables are shu+ed and some cache e�ect may be lost� However we
have never encountered such an example� but have not succeeded in proving that
it could not occur�

Code generation

Variable u de�ning x in lattice F and polyhedron K are easy to scan with DO loops�
The constraints de�ning polyhedron K are coming from declarations� HPF direc
tives and normalized loop bounds� They are�


 	  � C��� 
 	 t � T��� 
 	 a � D��� Li 	 b��n�

Let Kx 	 k��n� be these constraints on x� Using ������ the constraints on u
can be written K�x��n� p� $ P ���H �u� 	 k��n�� that is K�u 	 k���n� p�� where
K� % KP ��aH � and k���n� p� % k��n�
Kx��n� p��

Algorithms presented in  �! or others  #�� ��� �	#� �� 	�� 	#� ���� ���� �	�� ���!
can be used to generate the loop nest enumerating the local iterations� When
S is of rank jaj� optimal code is generated because no projections are required�
Otherwise� the quality of the control overhead depends on the accuracy of integer
projections  ��
! but the correctness does not�

Correctness

The correctness of this enumeration scheme stems from ��� the exact solution of
integer equations using the Hermite form to generate a parametric enumeration�
from ��� the unimodularity of the transformation used to obtain a triangular
enumeration� and from ��� the independent parallelism of the loop which allows
any enumeration order�

���� Symbolic solution

The previous method can be applied in a symbolic way� if the dimensions are not
coupled and thus can be dealt with independently� as array sections in  ��� ����
��
!� Equations ����� then become for a given dimension�

alignment t % �a $ t�
distribution t % ��c$ �p$ 

a�ne reference a % �i$ a�


�
� ����	�

where � is the number of processors �a diagonal coe�cient of P �� and � the
block size �i�e� a diagonal coe�cient in C�� In order to simplify the symbolic
solution� variables a and t are eliminated� The matrix form of the system is then
f� % ��a� $ t� 
 �p�� x % �� c� i� and F % � � �� 
�� ��

The Hermite form is H % � � 
 
 � % PFQ� with P % I and�

Q %

�
� � 
�� ��


 � 


 
 �

�
A
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�p �  
 � � �� 
 �!

do u� �
�a�
t���p
�
g��

g
�

�a�
t���p
g

do u� �
��u�


��
g
��

��

g

�
�����u�

��

g

x � H �u $ x��p�

Figure ����� Generated code

Let g� � and � be such that g is gcd���� ��� and g % ��� 
 ��� is the
Bezout identity� The Hermite form H � of the two rightmost columns of Q
noted F � �H � % P �F �Q�� is such that x
 x� % H �u with�

H � %

�
� 
g 


� ��
g

� 	�

g

�
A � x� %

�
� �a� $ t� 
 �p






�
A � P � % I and Q� %


� ��

g

� 	�
g

�

This links the two unconstrained variables u to the elements x of the original
lattice F � Variables a and t can be retrieved using Equations ����	��

The translation of constraints on x to u gives a way to generate a loop nest to
scan the polyhedron� Under the assumption � 
 
 and � 
 
� assuming that loop
bounds are rectangular� and using the constraints in K�
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and can be translated as constraints on u��
BB�
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The resulting generic spmd code for an array section is shown in Figure �����
As expected� the loop nest is parameterized by p� the processor identity� Integer
divisions with positive remainders are used in the loop bounds�

���	 HPF array allocation

The previous two sections can also be used to allocate local parts of HPF dis
tributed arrays� A loop nest referencing a whole array through an identity sub
script function �S % I� a� % 
� serves as a basis for the allocation� The dense

�This assumption is� of course� not necessary for the general algorithm described in Sec�
tion ������ but met by array sections�
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Figure ����� Packing of elements

polyhedron obtained by the changes of bases for the enumeration purpose can
be used to store the required elements� since local iterations and local elements
are strictly equivalent� Thus the constraints on local iterations can be reused as
constraints on local elements� We identify simply the iteration space and array
space to reuse our previous results developed to enumerate iterations for managing
memory allocation and addressing of distributed arrays�

However� Fortran array declarations are based on Cartesian sets and are not as
general as Fortran loop bounds� General methods have been proposed to allocate
polyhedra  ��
!� For or particular case� it is possible to add another change of
frame to �t Fortran array declaration constraints better and to reduce the amount
of allocated memory at the expense of the access function complexity�

The local array elements are packed onto local memories dimension by dimen
sion� The geometric intuition of the packing scheme for the  ��! example is shown
in Figure ����� The basic idea is to remove the regular holes due to the alignment
stride by allocating the dense u space on each processor� The )�* and )�* are just
used to support the geometrical intuition of the change of frame� The �rst grid is
the part of the template local to the processor� in the cycle and o�set coordinate
system� The second grid shows the same grid through transformation from x to u�
The third one is the �nal packed form� which could be used if no space must be
wasted� but at the expense of a complex access function�

An array dimension can be collapsed or distributed� If the dimension is col
lapsed no packing is needed� so the initial declaration is preserved� If the dimension
is aligned� there are three corresponding coordinates �p� � c�� For every proces
sor p� local �� c� pairs have to be packed onto a smaller area� This is done by �rst
packing up the elements along the columns� then by removing the empty ones� Of
course� a dual method is to pack �rst along the rows� then removing the empty
ones� This last method is less e�cient for the example on Figure ���� since it
would require �� �#� �� elements instead of �� ��� 	�� The two packing schemes
can be chosen according to this criterion� Other issues of interest are the induced
e�ects for the cache behavior and the enumeration costs� Formulae are derived
below to perform these packing schemes�

Packing of the symbolic solution

Let us consider the result of the above symbolic solution� when the subscript
expression is the identity �� % �� a� % 
�� The equation between u and the free
variables of x is obtained by selecting the triangular part of H �� i�e� its �rst rows�



��
 CHAPITRE �� A LINEAR ALGEBRA FRAMEWORK � � �

If H �� % �I 
�H � is the selected submatrix� we have x� 
 x�� % H ��u� i�e��

�

 t� $ �p

c

�
%

� 
g 

� �

g

��
u�
u�

�

Variables � and a� were substituted by their values in the initial de�nition of H ��

Variables �u�� u�� could be used to de�ne an e�cient packing� since holes are
removed by the �rst change of basis �Figure ������ In order to match simply and
closely the � c space� the sign of u� �linked to � can be changed� and the vector
should be shifted so that the �rst local array element is mapped near �
� 
��

Some space may be wasted at the beginning and end of the allocated space�
For a contrived example �with very few cycles� the wasted space can represent an
arbitrary amount on each dimension� Let us assume that two third of the space
is wasted for a given dimension� Thus the memory actually used for an array
with � of these dimensions is �	�� and ��	�� of the allocated memory is wasted
� � � If such a case occurs� the allocation may be skewed to match a rectangle as
closely as possible� This may be done if space limitation is at the main issue and
if more complex� nona�ne access functions are acceptable� The improved and
more costly scheme is described in the next section�

Allocation basis

Let M be the positive diagonal integer matrix composed of the absolute value of
the diagonal coe�cients of H ���

u� % alloc�u� % bM���x� 
 x���c % bM��H ��uc ������

M provides the right parameters to perform the proposed packing scheme� To
every u a vector u� is associated through Formula ����� This formula introduces an
integer division� Let�s show why u� is correct and induces a better mapping of array
elements on local memories than u� Since H �� is lower triangular� Formula ����
can be rewritten�

�i �  � � � � juj!� u�i %
hi
i
jhi
ijui $

Pi��
j�� hi
juj

jhi
ij ������

Function alloc�u� is bijective� alloc�u� is injective� if ua and ub are di�erent
vectors� and i is the �rst dimension for which they di�er� Formula ���� shows
that u�ai and u�bi will also di�er� The function is also surjective� since the property
allows to construct a vector that matches any u� by induction on i�

Array declaration

Two of the three components of x�� namely p and � are explicitly bounded in K�
Implicit bounds for the third component� c� are obtained by projecting K on c�
These three pairs of bounds� divided by M � are used to declare the local part of
the HPF array� Figure ���� shows the resulting declaration for the local part of
the array� in the general symbolic case� for one dimension of the array� Bounds
min�c� and max�c� are computed by Fourier projection�
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Figure ����� Local new declaration

The packing scheme induced by u� is better than the one induced by u be
cause there are no nondiagonal coe�cients between u� and x� that would intro
duce a waste of space� and u� is as packed as u because contiguity is preserved
by Formula ����� The row packing scheme would have been obtained by choos
ing �c� � instead of �� c� for x�� Di�erent choices can be made for each dimension�
The access function requires an integer division for the reduced memory alloca
tion� Techniques have been suggested to handle divisions by invariant integers
e�ciently  ���! that could help reduce this cost� Also� because contiguity is pre
served� only one division per column is required to compute the base location
�addresses can be managed incrementally�� These packing schemes de�ne two pa
rameters �u��� u

�
�� to map one element of one dimension of the HPF array to the

processor�s local part� The local array declaration can be linearized with the u��
dimension �rst� if the Fortran limit of � dimensions is exceeded�

��� Properties

The proposed iteration enumeration and packing scheme has several interesting
properties� It is compatible with e�cient cache exploitation and overlap analysis�
Moreover� some improvements can statically enhance the generated code�

According to the access function� the iteration enumeration order and the
packing scheme in Figure ���� can be reversed via loop u� direction in order that
accesses to the local array are contiguous� Thus the local cache and�or prefetch
mechanisms� if any� are e�ciently used�

The packing scheme is also compatible with overlap analysis techniques  �
�!�
Local array declarations are extended to provide space for border elements that are
owned by neighbor processors� and to simplify accesses to nonlocal elements� The
overlap is induced by relaxing constraints on � which is transformed through the
scheme as relaxed constraints on u��� This allows overlaps to be simply considered
by the scheme� Moreover a translated access in the original loop leading to an
overlap is transformed into a translated access in the local spmd generated code�

For example using the HPF array mapping of Figure ����

align B with A

A	����
 � B	����


has a ViewB area represented in grey on Figure ���	 in the unpacked template
space and the local packed array space� The local array B� can be extended by
overlap to contain the grey area� Thus� constraint 
 	  	 � in Own becomes

� 	  	 �� expressing the size � overlap on the left�
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Figure ���	� Overlap before and after packing�

� � �� t� � �� � � �� a� � �� � � �� � � �� � � 
�

�p �  
 � � ��!
do u�� � 
� �

lb� %
��p
�u�

�
�
 � ub� %

��p
�u�

�
	


lb�� %
lb���u�

����p
�

do u�� � lb��� lb
�
� $ �ub� 
 lb��

� � �

Figure ����� Optimized code�
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The generic code proposed in Figure ���� can be greatly improved in many
cases� Integer division may be simpli�ed� or performed e�ciently with shifts�
or even removed by strength reduction� Node splitting and loop invariant code
motion should be used to reduce the control overhead� Constraints may also be
simpli�ed� for instance if the concerned elements just match a cycle� Moreover�
it is possible to generate the loop nest directly on u�� when u is not used in the
loop body� For the main example in  ��!� such transformations produce the code
shown in Figure �����

In the general solution scheme �Section ��	��� the cycle variables c were put
after the local o�sets � The induced inner loop nest is then on c� It may be
interesting to exchange  and c in x� when the block size is larger than the number
of cycles� the loop with the larger range would then be the inner one� This may
be useful when elementary processors have some vector capability�

���� Allocation of temporaries

Temporary space must be allocated to hold nonlocal array elements accessed by
local iterations� For each loop L and array X� this set is inferred from ComputeL�p�
and from subscript function SX� For instance� references to array Y in Figure ���#
require local copies� Because of Y�s distribution� overlap analysis is �ne but another
algorithm is necessary for other cases�

Let us consider the generic loop in Figure ��� and assume that local elements
of Y cannot e�ciently be stored using overlap analysis techniques� First of all� if all
or most of local elements of the lhs reference are de�ned by the loop nest� and if SY
has the same rank as SX� temporaries can be stored as X� If furthermore the access
function SX uses one and only one index in each dimension� the resulting access
pattern is still HPFlike� so the result of Section ��	�� can be used to allocate the
temporary array� Otherwise� another multistage change of coordinates is required
to allocate a minimal area�

The general idea of the temporary allocation scheme is �rst to reduce the
number of necessary dimensions for the temporary array via an Hermite trans
formation� then to use this new basis for declaration� or the compressed form to
reduce further the allocated space�

The set of local iterations� Compute�p�� is now de�ned by a new basis and
new constraints� such that x 
 x� % P ���H �u ������ and K �u 	 k�� Some rows
of P ���H � de�ne iteration vector i� which is part of x ���#�� Let H �

i be this sub
matrix� i % H �

iu�

Let HY % PYSYQY be SY�s Hermite form� Let v % Q��Y i be the new parame
ters� then SYi % P��Y HYv� Vector v can be decomposed as �v�� v��� where v� % ,v
contributes to the computation of i and v�� belongs to HY�s kernel� If HYL is a
selection of the nonzero columns of HY % �HYL 
�� then we have�

aY 
 aY� % SYi % P��Y HYL v
�

v� % ,Q��Y i

and by substituting i�

v� % ,Q��Y H �
iu
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input� fy � f�w�Ww � �g
output� fy� � f ��wg

initial system� f� � f

for i � 
 � � � �jwj � 
�
gi � gcd�ff i��j � j 	 ig�

Ti � ftjt �
P

j�i f
i��
j wj �Wwj � �g

si � maxt�Ti
t � mint�Ti

t

if �si � gi�
then f i � f i��

else �j � i� f ij � f i��j and �j 	 i� f ij �
f
i��

j

gi
si

end for

f � � f jwj��

Figure ����� Heuristic to reduce allocated space

It is sometime possible to use x� instead of v�� For instance� if the alignments
and the subscript expressions are translations� i is an a�ne function of x� and
v� simply depends on x�� The allocation algorithm is based on u but can also be
applied when x� is used instead�

Since the local allocation does not depend on the processor identity� the �rst jpj
components of u should not appear in the access function� This is achieved by
decomposing u as �u�� u��� with ju�j % jpj and ,Q��Y H �

i in �FP � FY� such that�

v� % FPu
� $ FYu

��

and the local part v�� is introduced as�

v�� % FYu
��

Then the �rst solution is to compute the amount of memory to allocate by
projecting constraints K onto v��� This is always correct but may lead to a waste
of space because periodic patterns of accesses are not recognized and holes are
allocated� In order to reduce the amount of allocated memory� a heuristic� based
on large coe�cients in FY and constraints K� is suggested�

Each dimension� i�e� component of v��� is treated independently� Let F i
Y be a

line of FY and y the corresponding component of v��� y % fv��� A change of basis
G �not related to the previous alloc operation� is applied to v�� to reduce f to
a simpler equivalent linear form f � where each coe�cient appears only once and
where coe�cients are sorted by increasing order� For instance�

f % � �� � 
	 
�� 
 �

is replaced by�

f % f �G

G %

�
� 
 � 
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f � % � � 	 �� �
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Figure ����� Relationships between frames

and v�� is replaced by w % Gv��� Constraints K on u are rewritten as constraints W
on w by removing the constraints due to processors and by using projections and G�

Linear form f is then processed by the heuristic shown in Figure ����� It
reduces the extent by si

gi
at each step� if the constraints W show that there is a

hole� A hole exists when gi is larger than the extent of the partial linear form
being built� under constraints W � Linearity of access to temporary elements is
preserved�

This scheme is correct if and only if a unique location y� is associated to
each y� Further insight on this problem� the minimal covering of a set by interval
congruences� can be found in  ��
� �#�!�

���� Data movements

The relationships between the bases and frames de�ned in the previous sections
are shown in Figure ����� Three areas are distinguished� The top one contains
user level bases for iterations� i� and array elements� aX� aY���� The middle area
contains the bases and frames used by the compiler to enumerate local iterations�
u� and to allocate local parts of HPF arrays� a�X� a�Y���� as well as the universal
bases� x�X and x�Y� used to de�ne the lattices of interest� F and F �� The bottom
area shows new bases used to allocate temporary arrays� a��Y and a���Y � as de�ned in
Section ��	���

Solid arrows denote a�ne functions between di�erent spaces and dashed ar
rows denote possibly nona�ne functions built with integer divide and modulo
operators� A quick look at these arrows shows that u� which was de�ned in Sec
tion ��	�� is the central basis of the scheme� because every other coordinates can
be derived from u� along one or more paths�

Two kinds of data exchanges must be generated� updates of overlap areas and
initializations of temporary copies� Overlap areas are easier to handle because the
local parts are mapped in the same way on each processor� using the same alloc
function� Let us consider array X in Figure ����� The send and receive statements
are enumerated from the same polyhedron� up to a permutation of p and p�� with
the same basis u� To each u corresponds only one element in the user space� aX�
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by construction� of u� To each aX corresponds only one a�X on each processor	� As
a result� data exchanges controlled by loop on u enumerate the same element at
the same iteration�

Because the allocation scheme is the same on each processor� the inner loop
may be transformed into a vector message if the corresponding dimension is con
tiguous and�or the send�receive library supports constant but nonunit strides�
Block copies of larger areas also are possible when alloc is a�ne� which is not the
general case from a theoretical point of view but should very often happen in real
applications which should display simple interprocessor communication patterns�
Such more optimizable cases can also appear when replicating data over proces
sors� On the other hand� overlaps may create regularly distributed areas in the
memory allocated for an array that is not to be communicated� preventing such
optimizations�

Temporary arrays like Y�� and Y��� are more di�cult to initialize because there
is no such identity between their allocation function as local part of an HPF ar
ray� allocY� and their allocation functions as temporaries� t allocY�� and t allocY��� �
However� basis u can still be used�

When the temporary is allocated exactly like the master array� e�g� Y��� and X��
any enumeration of elements u in U enumerates every element a���Y once and only
once because the input loop is assumed independent� On the receiver side� a���Y is
directly derived from u� On the sender side� aY is computed as SYFiu and a non
a�ne function is used to obtain x�Y and a�Y� Vector messages can be used when
every function is a�ne� because a constant stride is transformed into another
constant stride� and when such transfers are supported by the target machine�
Otherwise� calls to packing and unpacking routines can be generated�

When the temporary is allocated with its own allocation function M � it is more
di�cult to �nd a set of u enumerating exactly once its elements� This is the case for
copy Y�� in Figure ����� Elements of Y��� a��Y� must be used to compute one related u

among many possible one� This can be achieved by using a pseudoinverse of the
access matrix M �

u % M t�MM t�
��
a��Y ������

Vector u is the rational solution of equation a��Y % Mu which has a minimum
norm� It may well not belong to U � the polyhedron of meaningful u which are
linked to a user iteration� However� M was built to have the same kernel as
SYFi� Thus the same element aY is accessed as it would be by a regular u� Since
only linear transformations are applied� these steps can be performed with integer
computations by multiplying Equation ������ with the determinant of MM t and
by dividing the results by the same quantity� The local address� a�Y� is then derived
as above� This proves that sends and receives can be enumerated by scanning
elements a��Y�

�As explained in Section ����	� allocation is handled as a special case by choosing the identity
for SX�

�Elements in overlap area are allocated more than once� but on di
erent processors�
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implicit integer �a�z	

real X���
������	� Y���
������	

�HPF� template T����������	

�HPF� align X�I�J	 with T���I�J	

�HPF� align Y with X

�HPF� processors P�������
	

�HPF� distribute T�cyclic��	�block	 onto P

read �� m� n

�HPF� independent�I�J	

do I � m� ��m

do J � �� 
�I

X�
�I�J	 � Y�
�I�J	 � Y�
�I���J	 � I � J

enddo

enddo

�HPF� independent�I	

do I � �� n

Y�I�I	 � I

enddo

Figure ���#� Code example�

��� Examples

The di�erent algorithms presented in the previous section were used to distribute
the contrived piece of code of Figure ���#� using functions of a linear algebra
library developed at �Ecole des mines de Paris�

This is an extension of the example in  ��! showing that allocation of HPF
arrays may be nontrivial� The reference to X in the �rst loop requires an allocation
of X� and the computation of new loop bounds� It is not a simple case because
the subscript function is not the identity and because a cyclic	�
 and block

distribution is speci�ed� The two references to Y in the �rst loop are similar but
they imply some data exchange between processors and the allocation of an overlap
area in Y�� Furthermore� the values of the I and J are used in the computation�
the iteration domain is non rectangular and is parameterized with m�

The second loop shows that the Compute�p� set may have fewer dimensions
than the array referenced and that fewer loops have to be generated�

The output code is too long to be printed here� Interesting excerpts are shown
in �gures ���� and ���
 and commented below�

����� HPF Declarations

HPF declarations are already normalized� Templates are all used thus � % I �
Other key parameters are�

P �

�
� �
� �

�
� T �

�
�� �
� 
�

�
� C �

�
� �
� �

�

AX � AY �

�
� �
� 


�
� RX � RY �

�

 �
� 


�
� t�X � t�Y �

�
�
�

�
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implicit integer �az�

c Local declaration of X and Y������������

real X�hpf����� ��	� ����� Y�hpf����� ���� ����

read �� m� n

c For each processor P�p	�p��

c Send view�Y to compute�X�

do dest�p	 � �� �

do dest�p� � �� �

if �dest�p	
ne
p	
or
dest�p�
ne
p�� then

do u� � max�	�� �  ��p	�� min��� ��p	�

do u� � max��� divide�	�  ��u�� 	����

� min��� divide���  ��u�� 	���

do u � ��p�� min���� ��p��

do u! � �� �

do u		 � max��� divide�	��u� � ��u����� m� �� � ��dest�p	 �  �u!�����

� min�	�� divide�	��u� � ��u����� ��m� ���dest�p	 �  �u!����

do u	� � max��� divide���u		  u � �	�� divide���dest�p�  u � �	���

� min��� divide��� � ��dest�p�  u � �	��

w� � ��u� � u�

w� � �u�  ��p	���

w� � u  ��p�

send�P�dest�p	�dest�p��� Y�hpf�w��w��w���

enddo

enddo

enddo

enddo

enddo

enddo

endif

enddo

enddo

c receive�Y

c 




c compute�X�

do u� � �� �

do u� � max��� m� �� � ��p	 �  �u������

� min�	�� ��m� �	 � ��p	 �  �u�����

do u� � max��� ��p��� min�	 � ��u�� � � ��p��

w� � u�

w� � ���u�  	��u�  ��p	���

w� � u�  ��p�

i � u�

j � u�

X�hpf�w�� w�� w�� � Y�hpf�w�� w�� w��

� � i  j � Y�hpf�w�� w� � 	� w��

enddo

enddo

enddo

Figure ����� Output code �excerpts� part ���
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c compute�Y�

do u� � �� �

do u� � max��� ��p�� �� � ��p	 � 	��u������

� min�	 � � � ��p�� n� �� � ��p	 � 	��u�����

w� � u�

w� � ���u�  	��u�  ��p	���

w� � u�  ��p�

i � u�

Y�hpf�w�� w�� w�� � i

enddo

enddo

end

c Integer divide with positive remainder
 Assumes j��


integer function divide�i�j�

integer i�j

if�i
ge
�� then

divide � i�j

else

divide � �i�j	��j

endif

end

Figure ���
� Output code �excerpts� part ���

����� Allocation of X�

Array X is referenced only once� as a lhs� Thus its local part is directly derived
from the set OwnX�p� using the algorithm described in section ��	���

OwnX�p� %
�

�x�� x�� j t� % �x�� t� % x�
t� % ��c� $ 	p� $ �� t� % ��c� $ �p� $ �

 	 x� 	 �	� 
 	 x� 	 �#� 
 	 p� 	 �� 
 	 p� 	 �

 	 � 	 �� 
 	 � 	 �� 
 	 t� 	 #
� 
 	 t� 	 �#

	
The equations are parametrically solved and x is replaced by u in the constraints
according to the following change of basis�

u� % p�� u� % p�� u� % c�� �u� 
 ��u� 
 	u� % �
u� % c�� u� % x�� u� % x�� u� 
 ��u� 
 �u� % �

Then� Frame u is replaced by Frame u� �represented with the w variables in the
Fortran code� to avoid nondiagonal terms in the constraints� Frame u� is linked
to the user basis x by�

u�� % p�� u�� % p�� u�� % c�� u�� % c�� �u�� % �� u�� % �

and constraints K are projected on each component of u� to derive the declaration
bounds of X��


 	 u�� 	 �� 
 	 u�� 	 �� 
 	 u�� 	 	

 	 u�� 	 
� 
 	 u�� 	 �� 
 	 u�� 	 �

Coordinates u�� and u�� are the processor coordinates� The other coordinates� u�� to
u��� are the local array coordinates� Note that since we have a block distribution
in the second dimension� u�� % 
� The Fortran declaration of X� is shown in
Figure ���� as X�hpf� �
� � elements are allocated while �� � would be enough�
The e�ciency factor may be better in the �p� � c� basis� It would also be better
with less contrived alignments and subscript expressions and�or larger blocks�
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����	 Sending Y�

Before the �rst loop nest is executed� each processor �p�� p�� must send some
elements of Y to its right neighbor �p�$�� p��� with a wraparound for the rightmost
processors� ��� p��� The pairs of communicating processors are not accurately
represented by convex constraints and the dest p� and dest p� loop is not as
tight as it could� This suggests that central and edge processors should be handled
di�erently when overlap is observed� A linearized view of the processors could also
help to �x this issue�

The bounds for the inner loops are complicated but they could mostly be
evaluated iteratively if node splitting and loop invariant code motion are used�
Also� the test on u� can be simpli�ed as a modulo operation� Finally w� and w!

can also be evaluated iteratively�

���� Local iterations for the second loop

As for the �rst loop� the second loop cannot be represented as an array section
assignment� which makes it harder to handle than the �rst one� The set of local
iteration is de�ned by�

ComputeY�p� %
�

�y�� y�� j y� % i� y� % i� t� % �y�� t� % y�
t� % ��c� $ 	p� $ �� t� % ��c� $ �p� $ �

 	 i 	 n� 
 	 y� 	 �	� 
 	 y� 	 �#� 
 	 p� 	 �� 
 	 p� 	 �

 	 � 	 �� 
 	 � 	 �� 
 	 t� 	 #
� 
 	 t� 	 �#

	
The loop bounds were retrieved by projection on u� It is probably useless to

generate a guard on the processor identity because noninvolved processor have
nothing to do and because this does not delay the other ones� The guard may as
well be hidden in the inner loop bounds� Experiments are needed to �nd out the
best approach�

Note that an extraloop is generated� Y diagonal can be enumerated with only
two loops and three are generated� This is due to the use of an imprecise projection
algorithm but does not endanger correctness  �!� Further work is needed in this
area�

Integer divide

One implementation of the integer divide is �nally shown� The divider is assumed
strictly positive� as is the case in all call sites� It necessary because Fortran re
mainder is not positive for negative numbers� It was added to insure the semantics
of the output code� Nevertheless� if we can prove the dividend is positive� we can
use the Fortran division�

��� Related work

Techniques to generate distributed code from sequential or parallel code using a
uniform memory space have been extensively studied since ��##  	�� ���� ���!�
Techniques and prototypes have been developed based on Fortran  �
�� �
�� ����
�#� ��
� ��
� ��� 	�!� C  ��� ��	� �
� ���� ��� ���! or others languages  ��
� ����
��	� ���� ���!�
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The most obvious� most general and safest technique is called runtime resolu
tion  	�� ���� ��
!� Each instruction is guarded by a condition which is only true
for processors that must execute it� Each memory address is checked before it is
referenced to decide whether the address is local and the reference is executed�
whether it is remote� and a receive is executed� or whether it is remotely accessed
and a send is executed� This rewriting scheme is easy to implement  ��! but very
ine�cient at runtime because guards� tests� sends and receives are pure overhead�
Moreover every processor has to execute the whole control �ow of the program�
and even for parallel loop� communications may sequentialize the program at run
time  	�!�

Many optimization techniques have been introduced to handle speci�c cases�
Gerndt introduced overlap analysis in  �
�! for block distributions� When local
array parts are allocated with the necessary overlap and when parallel loops are
translated� the instruction guards can very often be moved in the loop bounds
and the send�receive statements are globally executed before the local iterations�
i�e� the loop nest with runtime resolution is distributed into two loop nests� one
for communications and one for computations� The communication loops can be
rearranged to generate vector messages�

Tseng  �	�! presents lots of additional techniques �message aggregation and
coalescing� message and vector message pipelining� computation replication� col
lective communication � � � �� He assumes a�ne loop bounds and array subscripts
to perform most optimizations� He only handles block and cyclic	�
 distribu
tions and the alignment coe�cient must be ��

Recent publications tackle any alignment and distribution but often restrict
references to array sections� Each dimension is independent of the others as was
assumed in Section ��	���

In Paalvast et al�  �

� �	�! a technique based on the resolution of the as
sociated Diophantine equations is presented� Row and columnwise allocation
and addressing schemes are discussed� Benkner et al�  ��� �	! present similar
techniques�

Chatterjee et al�  ��! developed a �nite state machine approach to enumerate
local elements� No memory space is wasted and local array elements are ordered by
Fortran lexicographic order exactly like user array elements� They are sequentially
accessed by while loops executing the fsm�s� which may be a problem if vector
units are available� Moreover� accesses to an auxiliary data structure� the fsm
transition map� add to the overhead� Note that the code generated in Figure ����
may be used to compute the fsm� In fact the lower iteration of the innermost
loop is computed by the algorithm that builds the fsm� Kennedy et al�  ����
���� ���� ��
! and others  ��#! have suggested improvements to this technique�
essentially to compute faster at runtime the automaton transition map� Also
multidimensional cases need many transition maps to be handled�

Papers by Stichnoth et al�  ��
� ��#! on the one hand and Gupta et al�  ����
���� �	�! on the other hand present two similar methods based on closed forms
for this problem� They use array sections but compute some of the coe�cients
at runtime� Gupta et al� solve the block distribution case and use processor
virtualization to handle cyclic distributions� Arrays are densely allocated as in  ��!
and the initial order is preserved but no formulae are given� Stichnoth uses the
dual method for array allocation as in  ��!� that is blocks are �rst compressed� and
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the cycle number is used as a second argument�

In  	� #! polyhedronbased techniques are presented to generate transfer code
for machines with a distributed memory� In  �� �	�! advanced analyses are used
as an input to a code generation phase for distributed memory machines� Poly
hedron scanning techniques are used for generating the code� Two family of tech
niques have been suggested for that purpose� First� Fourier elimination based
techniques  ���� �� �	#� �� ���� ���� �	�� ���!� and second� parametric integer
programming based methods  #�� ��� 	�� 	#!� In  ��!� a twofold Hermite trans
formation is also used to remove modulo indexing from a loop nest� First� variables
are added to explicit the modulo computation� then the Hermite computations
are used to regenerate simply new loop bounds� While the aim is di�erent� the
transformations are very similar to those presented here�

�� Conclusion

The generation of e�cient SPMD code from an HPF program is not a simple
task and� up to now� many attempts have provided partial solutions and many
techniques� A translation of HPF directives in a�ne constraints� avoiding integer
division and modulo� was presented in Section ��� to provide a unique and powerful
framework for HPF optimizations� Homogeneous notations are used to succinctly
represent user speci�cations and a normalization step is then applied to reduce
the number of objects used in the compilation scheme overviewed in Section ����
New algorithms are presented to ��� enumerate local iterations� to ��� allocate
local parts of distributed arrays� to ��� generate send and receive blocks and to
�	� allocate temporaries implied by rhs references� They are based on changes of
basis and enumeration schemes� It is shown in Section ��	 that problem ��� can
be cast as special case of problem ��� by using an identity subscript function but
that constraints on array bounds are more di�cult to e�ciently satisfy than loop
bounds� Problem ��� is an extension of problem ���� a unique reference to an array
is replaced by a set of references and the equation used to express the reference is
replaced by a set of inequalities� Problem �	� is an extension of problem ���� The
set of elements to allocate is no longer the image of a rectangle but the image of
an iteration set which can have any polyhedral shape� This shows that all these
problems are closely linked�

Although the usual a�ne assumptions are made for loop bounds and subscript
expressions� our compilation scheme simultaneously lifts several restrictions� Ar
ray references are not restricted to array sections� General HPF alignments and
distributions are supported� and the same algorithms also generate e�cient codes
for classical block distributions� similar to the ones produced by classical tech
niques� Memory allocation is almost �

 ( e�cient on large blocks and performs
quite well on small ones when strange alignments are used� We believe that this
slight memory waste is more than compensated by the stride� vector load� store�
send and receive which can be performed on the copies and which are necessary for
machines including vector units� These contiguous accesses also perform well with
a cache� The overlap analysis and allocation is integrated to the basic allocation
scheme� Finally� all the work for generating the computation and communication
code is performed at compiletime and no auxiliary data structures are used at
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runtime�
Our scheme can also be extended to cope with processor virtualization if the

virtualization scheme is expressed with a�ne constraints� Such a scheme could
reuse HPF distribution to map HPF processors on physical processors�

Many partial optimization techniques are integrated in our direct synthesis
approach� message vectorization� and aggregation  ���!� overlap analysis  �
�!� A
new storage management scheme is also proposed� Moreover other optimizations
techniques may be applied to the generated code such as vectorization  ���!� loop
invariant code motion  �! and software pipelining  �
�� �	�!�

This technique uses algorithms� directly or indirectly� that may be costly� such
as Fourier elimination or the simplex algorithm� which have exponential worst
case behaviors� They are used for array region analysis� in the set manipulations
and in the code generation for polyhedron scanning� However our experience with
such algorithms is that they remain practical for our purpose� Polyhedronbased
techniques are widely implemented in the PIPS framework  ��#! where hpfc� our
prototype HPF compiler� is developped� Firstly� for a given loop nest� the number
of equalities and inequalities is quite low� typically a dozen or less� Moreover
these systems tend to be composed of independent subsystems on a dimension per
dimension basis� resulting in a more e�cient practical behavior� Secondly e�cient
and highly tuned versions of such algorithms are available� for instance in the
Omega library� Thirdly� potentially less precise but faster program analysis  		�
�
� ���! can also be used in place of the region analysis�

Polyhedronbased techniques are already implemented in hpfc� our prototype
HPF compiler  ��! to deal with I�O communications in a host�nodes model  ��!
and also to deal with dynamic remappings  �#! �realign and redistribute di
rectives�� For instance� the code generation times for arbitrary remappings are in

����s range� Future work includes the implementation of our scheme in hpfc�
experiments� extensions to optimize sequential loops� to overlap communication
and computation� and to handle indirections�
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Chapitre �

Compilation of I�O
Communications for HPF

Ce chapitre a fait l�objet d�une communication �a Frontiers��� �����

R�esum�e

Les machines massivement parall�eles sont le plus souvent des machines �a
m�emoire repartie� Ce principe facilite l�extensibilit�e	 au prix de la facilit�e de
programmation� De nouveaux langages	 comme HPF	 ont �et�e introduits pour
r�esoudre ce probl�eme� L�utilisateur conseille le compilateur sur le placement
des donn�ees et les calculs parall�eles au moyen de directives� Cet article est
consacr�e �a la compilation des communications li�ees aux entr�ees�sorties pour
HPF� Les donn�ees doivent �etre collect�ees sur le processeur h�ote	 ou mises �a
jour �a partir de l�h�ote	 de mani�ere e�cace	 avec des messages vectoris�es	 quel
que soit le placement des donn�ees� Le probl�eme est r�esolu en utilisant des
techniques standards de parcours de poly�edres� La g�en�eration de code dans
les di��erents cas est trait�ee� Puis on montre comment am�eliorer la m�ethode
et comment l��etendre au cas des entr�ees�sorties parall�eles� Ce travail sugg�ere
de nouvelles directives HPF pour la compilation des entr�ees�sorties parall�eles�

Abstract

The MIMD Distributed Memory architecture is the choice architecture
for massively parallel machines� It insures scalability	 but at the expense of
programming ease� New languages such as HPF were introduced to solve this
problem� the user advises the compiler about data distribution and parallel
computations through directives� This paper focuses on the compilation of
I�O communications for HPF� Data must be e�ciently collected to or up�
dated from I�O nodes with vectorized messages	 for any possible mapping�
The problem is solved using standard polyhedron scanning techniques� The
code generation issues to handle the di�erent cases are addressed� Then the
method is improved and extended to parallel I�Os� This work suggests new
HPF directives for parallel I�Os�

��� Introduction

The supercomputing community is more and more interested in massively par
allel architectures� Only these machines will meet the performances required to
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solve problems such as the Grand Challenges� The choice architecture is the
mimd Distributed Memory architecture� a set of loosely coupled processors linked
by a network� Such a design insures scalability� at the expense of programming
ease� Since the programmer is not given a global name space� distributed data
addressing and low level communications are to be dealt with explicitely� Non
portable codes are produced at great expense� This problem must be solved to
enlarge the potential market for these machines� The SVM �Shared Virtual Mem
ory� approach  �#
� ��! puts the burden on the hardware and operating system�
which have to simulate a shared memory� The hpf Forum chose to put it on the
language and compiler technology  ��!� following early academic and commercial
experiments  ���� ��� �	�� ��
� �#� 	�!� The user is given a way to advise the
compiler about data distributions and parallel computations� through a set of di
rectives added to Fortran �
� The Forum did not address parallel i�o since no
concensus was found�

However MPP machines have parallel i�o capabilities  ��! that have to be used
e�ciently to run real applications  �
	� ��� �#�!� For instance� the TMC�s CM� or
the Intel�s Paragon have so called i�o nodes attached to their fast network� They
are used in parallel by applications requiring high i�o throughput� For networks
of workstations� �les are usually centralized on a server and accessed through NFS�
Such a system can be seen as a parallel machine using PVMlike libraries  �
�!�
These systems are often programmed with a hostnode model� To allow nodes to
access disk data� one solution is to provide the machine with parallel i�o which
ensure i�o operation coherency when many nodes share the same data�

Another solution is to rely on program analyses to determine the data needed
on each node� and to generate the communications from one or several processes
which directly perform the i�o� This paper presents a technique for such an
approach� which may be extended to parallel i�os as shown in Section ��	��� It
focuses on the compilation of i�o communications for hpf� data must be collected
to or updated from one or several i�o nodes� for any possible mapping� An array
may be mapped onto all processors �i�e� it is shared�� or distributed� or even
partially replicated onto some� depending on the mapping directives� Vectorized
messages must be generated between the nodes that have data to input or output
and the i�o nodes�

program triangle

real A�������

chpf	 template T�������

chpf	 align A�i�j� with T���i�j�

chpf	 processors P�
���

chpf	 distribute T�block�cyclic��� onto P

read �� m

do � j��� m

do � i��� m�j��

� print �� A�i�j�

end

Figure ���� Example triangle

Let us look at the example in Figure ���� a �D array A is mapped onto a
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Figure ���� Accessed area of array A for m % ��

	� � processor grid P� The i�o statement within the loop nest accesses the upper
left of A using parameter m as shown in Figure ���� Several problems must be
solved to compile this program� �rst� the loop nest must be considered as a whole
to generate e�cient messages� If the sole print instruction is considered� and
since it outputs one array element at a time� there is no message vectorization
opportunity� Second� the accessed array elements are only known at runtime �m
dependence�� so the method must be parametric� Third� the block distribution of
the array �rst dimension is not regular� due to the stride � alignment and the odd
size of the block� the array block size on the processor grid �rst dimension oscillates
between # and � elements� Such issues must be managed by the solution� Finally�
the generated code must deal with the array local addressing scheme chosen on
the nodes to reduce the allocated memory in an e�cient way� in order to avoid
expensive address computations at runtime�

Section ��� gives the problem a mathematical formulation� and solves it using
standard polyhedron scanning techniques� Section ��� describes the generated
code to handle the di�erent cases� collect or update of distributed or shared arrays�
Section ��	 discusses possible improvements and extensions of the technique to
parallel i�o� This work suggests new hpf directives to help compile parallel i�o
communications�
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��� Problem expression

From an i�o statement� a distributed code must be generated� The �rst step is
to formalize the problem in a mathematical way and to show how this problem
is solved� This section addresses this point� The next step will be to show how
the mathematical solution is embodied in a generated program� that is how to
generate code from the mathematical solution� First� the basic analyses used
are presented� Second� the communications required by an i�o statement are
formulated in a linear framework� Third� the scheme for solving these equations
is brie�y outlined�

	���� Analyses and assumptions

A precise description of the elements accessed by an i�o statement is needed�
For each statement and each array accessed within this statement� a set of linear
equalities and inequalities describing the region of accessed elements can be auto
matically derived from the program  ���� �	
� ��� ��!� A region is given an action
and an approximation� The action is READ if the elements are read and WRITE if
written� The approximation is MUST if all the elements are actually accessed and
MAY if only a subset of these elements will probably be accessed� Figure ��� shows
the region derived from the i�o loop nest of the running example� The � vari
ables range over the accessed region on each dimension of the array� The linear
inequalities select the upper left of the array� except borders�

Moreover the point where to insert the communications to achieve a possible
message vectorization must be chosen� The running example may have been ex
pressed with the implieddo syntax� however such loop nests can be dealt with�
A simple bottomup algorithm starting from the i�o instructions and walking
through the abstract syntax tree of the program gives a possible level for the
communications� For the running example� the i�o compilation technique will be
applied to the whole loop nest�

	���� Linear formulation

The declarations� the hpf directives and the local addressing scheme �Figure ��	�
each node allocates a �� �� array A� to store its local part of distributed array A�
and the displayed formulae allow to switch from global to local addresses� are
translated into linear constraints� as suggested in  �!� Together with the region�
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Figure ���� Linear constraints for triangle

it gives a fully linear description of the communication problem� that is the enu
meration of the elements to be sent and received� Figure ��� shows the linear
constraints derived for the running example� The � variables �resp� �� �� describe
the dimensions of the array �resp� the template� the processors�� The �� variables
are used for the array local declaration� The � and � variables show the implicit
linearity within the distribution� the ��s range within blocks� and the ��s over
cycles� �� is an auxiliary variable�

The �rst three inequalities come from the declarations� The alignment con
straints simply link the array ��� to the template ��� variables� following the a�ne
alignment subscript expressions� The distribution constraints introduce the block
variables ���� and the cyclic distribution on the second dimension requires a cycle
variable ��� which counts the cycles over the processors for a given template cell�
Each distributed dimension is described by an equation that links the template
and the processor dimensions together with the added variables� The local ad
dressing scheme for the array is also translated into a set of linear constraints on ��

variables� It enables the direct enumeration of the elements to exchange without
expensive address computations at runtime� However what is really needed is the
ability to switch from global to local addresses� so any other addressing scheme
would �t into this technique� Moreover other addressing schemes  �#	! may be
translated into a linear framework�

	���	 Solving the equations

The integer solutions to the previous set of equations must be enumerated to
generate the communications� Any polyhedron scanning technique  #�� 	� �� ����
��� �	#� 	#� ���� ���! can be used� The key issue is the control of the enumeration
order to generate tight bounds and to reduce the control overhead� Here the word
polyhedron denotes a set of constraints that de�nes a subspace of integer points�
Di�erent sets of constraints may de�ne the same subspace� and some allow loop
nests to be generated to scan the points� A scannable polyhedron for a given list
of variables is such that its constraints are ordered in a triangular way which suits
loop bound generation� One loop bound level must only depend on the outer
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Figure ���� Scannable polyhedra for triangle

levels� hence the triangular structure�
The technique used in the implementation is algorithm row echelon  �!� It is a

twostage algorithm that takes as input a polyhedron and a list of variables� and
generates a scannable polyhedron on these variables� the others being considered
as parameters� The �rst stage builds the scannable polyhedron through successive
projections� and the second stage improves the quality of the solution by removing
redundant constraints while preserving the triangular structure� This algorithm
generates a remainder polyhedron by separating the constraints that do not involve
the scanning variables�

For the running example� this algorithm is applied twice� The �rst step ad
dresses the actual element enumeration for a given processor� The processor iden
tity is considered as a �xed parameter to enumerate the elements �E with ��� �
and �� variables�� The second step is applied on the remainder polyhedron of the
�rst� It addresses the processor enumeration �P with � variables�� to characterize
the nodes that have a contribution in the i�o statement� The �nal remainder
polyhedron �C� is a condition to detect empty i�os� The resulting polyhedra are
shown in Figure ���� each line gives the variable and the linear constraints that
de�ne its lower and upper bounds� The algorithm insures that each variable has
a lower and upper bounds which only depend on the outer variables and the pa
rameters� Unnecessary variables �variables that are not needed to generate the
communications� are eliminated when possible to simplify the loop nest and speed
up the execution� �� � and � variables are removed� but �� cannot� The order of
the variables to enumerate the elements is an important issue which is discussed
in Section ��	���

��� Code generation

In the previous section� it has been shown how to formalize an hpf i�o statement
into a linear framework� and how to solve the problem� The solution is based
on standard polyhedron techniques� From a set of equalities and inequalities� it
allows to build scannable polyhedra that suit loop bound generation� The method
presented on the running example is very general� and any hpf i�o statement
may be formalized and solved as described in Section ���� The only point which
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Figure ���� Generated code

is not yet addressed is the replication� In this section� the polyhedra generated
in the very general case �replication included� are presented� Then the di�erent
code generation issues are discussed� First the macro code to handle the di�erent
cases is outlined� Second the particular problems linked to the actual generation
of the communications are addressed� that is how data is to be collected to or to
updated from the host�

	�	�� General case polyhedra

In the general case� replication must be handled� Since several processors share
the same view of the data� the same message will be sent on updates� For collects�
only one processor will send the needed data� Thus four polyhedra are generated
which de�ne constraints on the variables between parentheses as described�

condition C �parameters�� to guard empty i�os�

primary owner P� ���s�� one of the owner processors for the array� which is
arbitrarily chosen on the replication dimensions� The hpf replications occur
regularily on speci�c dimensions of the processor grid� One processor is
chosen by �xing the � variable on these dimensions� This subset describes
the one processors that will send data on collects� if several are able to do it
for some data� due to replication for instance�

other owners Pr �also ��s�� for a given primary owner in P�� all the processors
which share the same view of the data� This is achieved by relaxing the
previously �xed dimensions� This polyhedron synthetises the replication
information� If there is no replication� then Pr % I � thus the simpler P
notation used in Figure ��� for P�� This polyhedron is used to send the
message to all the processors which wait for the same data�

elements E �scanners�� a processor identity ��� being considered as a parame
ter� it allows to enumerate the array elements of the i�o statement that are
on this processor� The scanning variables are the variables introduced by
the formalization� except the parameters and the ��s�
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Figure ��#� Distributed collect

HOST�

if �� � C� � non�empty I�O
� for each primary owner
for p� � P�

� enumerate the elements to pack
for e � E�p��

pack A�global�e��
� send the bu�er to all owners
for p � Pr�p��

send to p

SPMD node� � p is my id
� if non�empty I�O and I am an owner
if �� � CV p � P� � Pr�

receive from host
� enumerate the elements to unpack
for e � E�p�

unpack A��local�e��

Figure ���� Distributed update

	�	�� Generated code

The target programming model is a hostnode architecture� The host processor
runs a speci�c code and has to perform the i�o� and the nodes execute the com
putations� However the technique is not restricted to such a model� and the host
processor could be one of the nodes with little adaptation� The generated codes
for the distributed and shared arrays are shown in Figure ���� For the shared
array case� it is assumed that each processor �host included� has its own copy
of the array� so no communication is needed when the array is read� When it is
written� the message is sent to all nodes� the accessed elements de�ned by the i�o
statement are broadcast�

For the distributed array case� the whole array is allocated on the host� so the
addressing on the host is the same as in the original code� However this copy is not
kept coherent with the values on the nodes� It is used just as a temporary space
to hold i�o data� The only issue is to move the needed values from the nodes
to the host when the array is read� and to update the nodes from the host when
the array is written� If the region�s approximation is MAY and the array is de�ned
within the statement �distributed row and WRITE e�ect column in Figure ����� a
collect is performed prior to the i�o and the expected update� The rationale is
that some of the described elements may not be de�ned by the statement� while
the update generates a full copy of that region� hence overwritting carelessly the
initial values stored on the nodes� This added collect insures that the elements
that are not rede�ned by the i�o are updated latter on with their initial value�
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	�	�	 Scanning code

The next issue is the generation of the collects and updates� and how the polyhedra
are used� For the hostnode model� two codes are generated� one for the host� and
one spmd code for the nodes� parameterized by the processor identity� The two
codes use the processor polyhedron �P� di�erently� While the host scans all the
nodes described by the polyhedron� the nodes check if they belong to the described
set to decide whether they have to communicate with the host� On the host side�
the polyhedron is used to enumerate the remote nodes� while on the node side it
enables an spmd code�

The distributed collect code is shown in Figure ��#� First� each part checks
whether an empty i�o is going to occur� If not� the host enumerates one of the
owner of the data to be communicated through the P� polyhedron� The messages
are packed and sent from the contributing nodes� and symetrically received and
unpacked on the host� The local and global functions used model the addressing
scheme for a given point of the polyhedron which represents an array element� For
the running example� it is a mere projection since both global ��� and local ����
indices are directly generated by the enumeration process �E�� The distributed
update code is shown in Figure ���� The replication polyhedron Pr is used to send
a copy of the same message to all the processors that share the same view of the
array�

The correctness of the scheme requires that as many messages are sent as
received� and that these messages are packed and unpacked in the same order�
The balance of messages comes from the complementary conditions on the host
and the nodes� the host scans the very node set that is used by the nodes to
decide whether to communicate or not� The packing�unpacking synchronization
is ensured since the same scanning loop �E� is generated to enumerate the required
elements on both sides� The fact that for the distributed update case the messages
are packed for the primary owner and unpacked on all the owners is not a problem�
the area to be enumerated is the same� so it cannot depend on the � variables of
the replication dimensions� Thus the enumeration order is the same�
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This technique is implemented in hpfc� a prototype hpf compiler  ��� ��!� An
excerpt of the automatically generated code for the running example is shown in
Figure ���
� The integer division with a positive remainder is used� The array
declaration is statically reduced on the nodes� The spmd code is parameterized by
the processor identity ���� ��� which is instanciated di�erently on each node� The
inner loop nest to enumerate the elements is the same in both codes� as needed to
ensure the packing�unpacking synchronization�

��	 Extensions

The previous sections address the compilation of hpf i�o communications for a
hostnode model� From an i�o statement� it has been shown how to formalize and
to solve the problem� then how to generate code from this mathematical solution�
In this section� possible improvements are discussed �rst� then the technique is
extended to handle parallel i�o communications�

	��� Improvements

The implementation of the technique in hpfc already includes many basic opti
mizations� Let us look at the automatically generated code again� Non necessary
variables ��� �� �� are removed from the original system through exact integer pro
jections when legal� to reduce the polyhedron dimension� The condition checked
by the node to decide whether it has to communicate is simpli�ed� for instance
constraints coming from the declarations on ��s do not need to be checked� More
over the variables used to scan the accessed elements are ordered so that the
accesses are contiguous if possible in the memory� taking into account the row
major allocation scheme of Fortran� Thus they are ordered by dimension �rst�
then the cycle before the array variables� etc� However the generated code may
still be improved�

First� Hermite transformations could have been systematically applied to min
imize the polyhedron dimension� as suggested in  �!� The simpli�cation scheme
used in the implementation may keep unnecessary variables in some cases�

Second� the generated code would bene�t from many standard optimizations
such as strength reduction� invariant code motion� dag detection and constant
propagation  �!� which are performed by any classical compiler at no cost for
hpfc� For instance� in Figure ���
� a compiler may notice that ��� loop lower and
upper bounds are equal� that ��� computation may be moved outside of the ��
loop� or even that ��� and ��� computations are not necessary on the host�

Third� improving the analyses used by the technique would help enhance the
generated code� For instance� the current implementation of the region analysis
only computes a polyhedron around the accessed elements� Thus� it fails to detect
accesses with a stride� and useless elements may be transmitted� Equalities may
be added to the analysis to catch the underlying lattice which is lost in such cases�
Another issue is to detect more MUST regions in general� Indeed� if the region
approximation is MAY while all elements are accessed� then useless communications
are generated when distributed arrays are de�ned�
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	��� Parallel I�O

The technique was presented for a host�node architecture� It can be extended to
parallel i�o� The basic idea of the method is to use standard polyhedron scanning
techniques to generate vectorized messages� A linear description of the problem
is needed� The reciprocal would be that if given a linear description of a parallel
i�o problem� an e�cient vectorized message passing code can be generated� So it
is� Let us consider the running example again� Let us now assume that instead of
a host�node architecture� we have � i�o processors which are regularily attached
to the processor grid as depicted in Figure ����� This kind of arrangement is
representative of i�o capabilities of some real world machines� However� there is
no need for i�o nodes to be physically mapped as depicted� This regular mapping
may only be a virtual one  ��! which allows to attach groups of processors to i�o
nodes�

Figure ���� suggests a possible linear formulation of the link between the i�o
nodes and their attached processors� �io ranges over the i�o nodes� An auxiliary
dummy variable ��io� is used to scan the corresponding processors� This descrip
tion looks like the one presented in Figure ���� The same scheme to enumerate
the elements of interest �the contributing nodes� namely polyhedron P� can be
applied� with some external parameters ��io� m� to be instantiated at runtime on
the di�erent nodes� the algorithm to build the scannable polyhedra is applied
three times instead of two� The added level allows the i�o nodes �Pio� to scan
their processors �P�� as the processors are allowed to scan their elements �E��

The resulting scannable polyhedra are shown in Figure ����� They allow to
generate the � spmd codes of Figure ���	� One is for the i�o nodes� and the other
for the computation nodes� The inner loops are skipped� since they are the same
as in Figure ���
� The i�o nodes scan their attached nodes to collect the needed
messages� and the computation nodes communicate with their attached i�o node
instead of the host� To complete the code generation� a new addressing scheme
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ENDIF

Figure ���	� Parallel i�o collect

should be chosen on the i�o nodes� and a parallel �le system should be used to
respect the distributed data coherency�

This compilation scheme suggests new hpf directives to help compile parallel
i�o statements� Indeed� what is needed is a linear link between the i�o nodes
and the processing nodes� Moreover every computing node must be given a corre
sponding i�o node� The easiest way to achieve both linearity and total function is
to rely on a distributionlike declaration� that is to distribute processors onto i�o
nodes� A possible syntax is shown in Figure ����� It advises the compiler about the
distribution of the i�os onto the i�o nodes of the machine for dataparallel i�o� It
is in the spirit of the hint approach that was investigated by the hpf Forum  �	!�
that is to give some information to the compiler� However the record oriented �le
organization de�ned by the Fortran standard� which may also be mapped onto
i�o nodes� is not directly addressed by this work� but such mappings may also be
translated into linear constraints and compiled  �!�

	��	 Related work

Other teams investigate the distributed memory multicomputers i�o issues� both
on the language and runtime support point of view� Most works focus on the de
velopment of runtime libraries to handle parallel i�o in a convenient way for users�
The suggested solutions focus more on general issues than on speci�c techniques
to handle the required communications e�ciently� They are designed for the spmd
programming model� and the allowed data distribution semantics is reduced with
respect to the extended data mapping available in hpf�

In  �
!� a twophase access strategy is advocated to handle parallel i�o ef
�ciently� One phase performs the i�o� and the other redistribute the data as
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expected by the application� The technique presented in this paper would help
the compilation of the communications involved by such a redistribution �between
the i�o nodes and the computation nodes�� This whatever the hpf mapping� as
part of a dataparallel program to be compiled to a mimd architecture�

In  �

!� the PETSc�Chameleon package is presented� It emphasizes portability
and parallel i�o abstraction�  ��! suggests to decluster explicitely the �les�
thus de�ning logical partitions to be dealt with separately� Their approach is
investigated in the context of the Vesta �le system� An interface is provided to
help the user to perform parallel i�o� In  ��	!� the pious system is described� It
is in the spirit of the clientserver paradigm� and a databaselike protocol insures
the coherency of the concurrent accesses�

Moreover polyhedron scanning techniques have proven to be e�cient and re
alistic methods for compilers to deal with general code transformations  ���� �	#!
as well as distributed code generation  �� ���� �!� In  �!� a data�ow analysis is
used to determine the communication sets� These sets are presented in a linear
framework� which includes more parametrization and overlaps� The data mapping
onto the processors is a superset of the hpf mapping� The local memory alloca
tion scheme is very simplistic �no address translations� and cyclic distributions
are handled through processor virtualization�  ���! presents similar techniques
in the context of the Pandore project� for commutative loop nests� The mapping
semantics is a subset of the hpf mapping semantics� The Pandore local memory
allocation is based on a pagelike technique� managed by the compiler  ���!� Both
teh local addressing scheme and the cyclic distributions are integrated in  �! to
compile hpf� Moreover equalities are used to improve the scanning loop nests�
and temporary allocation issues are discussed�

��� Conclusion

Experiments were performed on a network of workstations and on a CM� with the
PVM�based generated code for the hostnode model� The performances are as
good as what could have been expected on such systems� The control overhead to
enumerate the required elements is not too high� especially for simple distributions�
For network of workstations� the host should be the �le server� otherwise the data
must be transfered twice on the network�

We have presented a technique based on polyhedron scanning methods to com
pile parallel i�o communications for distributed memory multicomputers� This
technique for the hostnode architecture is implemented within hpfc� a prototype
hpf compiler developed at CRI� This compiler is part of the PIPS automatic paral
lelizer  ��#!� From Fortran �� code and static hpf mapping directives� it generates
portable PVM �based code� It implements several optimizations such as message
vectorization and overlap analysis on top of a runtime resolution compilation� Fu
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ture work includes experiments� the implementation of advanced optimizations  �!
and tests on real world codes�
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Chapitre �

Compiling Dynamic Mappings
with Array Copies

Ce chapitre est pr�esent�e en rapport interne EMP CRI A���� �����

R�esum�e

Les replacements de tableaux sont utiles �a de nombreuses applications et
sont int�egr�es dans le langage �a parall�elisme de donn�ees HPF qui vise les ma�
chines parall�eles �a m�emoire r�epartie� Ce chapitre d�ecrit des techniques pour
g�erer le placement dynamique avec des copies de tableaux � les replacements
sont remplac�es par des recopies entre tableaux plac�es statiquement� Il discute
les restrictions de langage n�ecessaires pour appliquer une telle approche� Le
graphe des replacements	 qui capture l�information d�utilisation et les repla�
cements n�ecessaires est pr�esent�e	 ainsi que des optimisations appliqu�ees sur
ce graphe pour �eviter des replacements inutiles et co�uteux �a l�ex�ecution� De
tels remplacements apparaissent quand un tableau n�est pas r�ef�erenc�e apr�es
un replacement� De plus	 une gestion dynamique des copies de tableaux dont
les valeurs sont vivantes permet d��eviter encore d�autres cas de replacements�
Finalement	 la g�en�eration du code et les implications sur l�ex�ecutif sont dis�
cut�ees� Ces techniques sont implant�ees dans notre prototype de compilateur
HPF�

Abstract

Array remappings are useful to many applications on distributed memory
parallel machines� They are integrated into High Performance Fortran	 a
Fortran ���based data�parallel language� This paper describes techniques for
handling dynamic mappings through simple array copies� array remappings
are translated into copies between statically mapped distinct versions of the
array� It discusses the language restrictions required to do so� The remapping
graph which captures all remapping and liveness information is presented	
as well as additional data��ow optimizations that can be performed on this
graph	 so as to avoid useless remappings at runtime� Such useless remappings
appear for arrays that are not used after a remapping� Live array copies
are also kept to avoid other �ow�dependent useless remappings� Finally the
code generation and runtime required by our scheme are discussed� These
techniques are implemented in our prototype HPF compiler�
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�hpf� align with B�� A

�hpf� distribute B	block��


���

� A is remapped

�hpf� realign A	i�j
 with B	j�i


� A is remapped again

�hpf� redistribute B	cyclic��


Figure 	��� Possible direct A remapping

�hpf� align with B�� C

�hpf� distribute B	block��


���

� C is remapped

�hpf� realign C	i�j
 with B	j�i


� C is remapped back to initial�

�hpf� redistribute B	��block


Figure 	��� useless C remappings

	�� Introduction

Array remappings� i�e� the ability to change array mappings at runtime� are
de�nitely useful to applications and kernels such as ADI  ���!� linear algebra
solvers  �
�!� �d FFT  ��#! and signal processing  �#�! for e�cient execution on
distributed memory parallel computers� HPF  ���! provides explicit remappings
through realign and redistribute directives and implicit ones at subroutine
calls and returns for array arguments� This paper discusses compiler handling of
remappings and associated data �ow optimizations�

���� Motivation

These features are costly at runtime because they imply communication� More
over� even well written HPF programs may require useless remappings that can
be avoided� In Figure 	�� the change of both alignment and distribution of A

requires two remappings while it could be remapped at once from 	block��


to 	��cyclic
 rather than using the intermediate 	��block
 mapping� In Fig
ure 	�� both C remappings are useless because the redistribution restores its initial
mapping� In Figure 	�� template T redistribution enforces the remapping of all
�ve aligned arrays� although only two of them are used afterwards� In Figure 	�	
the consecutive calls to subroutine foo remap the argument on entry in and on
exit from the routine� and both back and forth remappings could be avoided be
tween the two calls& moreover� between calls to foo and bla� array Y is remapped
from 	cyclic
 to 	block
 and then from 	block
 to 	cyclic	�

 while a direct
remapping would be possible� All these examples do not arise from badly written
programs� but from a normal use of HPF features� They demonstrate the need
for compiletime data �ow optimizations to avoid remappings at runtime�

���� Related work

Such optimizations� especially the interprocedural ones� are discussed in Hall

et al�  ���!� For handling subroutine calls� they show that the right approach is
that the caller must comply to the callee requirements� that is the caller must
insures that the arguments are properly mapped before the call� Our approach
follows these lines� However� their analysis and optimization algorithms do not
suit HPF for several technical reasons� �rst� they overlook the fact that in the
general case several mappings can be associated at runtime to an array reference&
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�hpf� align with T �� $

�hpf� A�B�C�D�E

�hpf� distribute T	block


��� A B C D E ���

�hpf� redistribute T	cyclic


��� A D ���

Figure 	��� Aligned array remap
pings

real Y	����


�hpf� distribute Y	block


interface

subroutine foo	X


real X	����


�hpf� distribute X	cyclic


end subroutine

subroutine bla	X


real X	����


�hpf� distribute X	cyclic	�



end subroutine

end interface

��� Y ���

call foo	Y


call foo	Y


call bla	Y


��� Y ���

Figure 	�	� Useless argument remappings

second� they do not address the practical handling of array references& third� the
twolevel mappings of HPF cannot be directly adapted to the simple algorithms
described or suggested�

Let us focus on their work� Reaching decompositions are computed within
procedures to describe possible mappings of array references�

�  ���! p� ���� To determine the decomposition of distributed arrays
at each point in the program� the compiler calculates reaching decom�
positions� Locally� it is computed in the same manner as reaching
de�nitions� with each decomposition treated as a )de�nition*  �!�

Although it is indeed a data�ow problem� the computation of reaching mappings
is not as simple as the reaching de�nitions problem because the compiler cannot
directly know the mapping of arrays while looking at a remapping� whether an ar
ray is remapped or not may depend on the control �ow� as shown in Figure 	���a�&
array A mapping is modi�ed by the redistribute if the realign was executed
before at runtime� otherwise A is aligned with template T	 and get through T�
redistribution unchanged& thus reaching mappings must be computed from the
entry point of the program� propagating each initial mapping& however� unlike the
reaching de�nition problem� new mappings �de�nitions� may appear in the graph
as possible mappings reaching a remapping are changed by the directive�

Useless remappings are also removed by computing live decompositions �

�  ���! p� ���� We de�ne live decompositions to be the set of data com
position speci�cations that may reach some array reference aligned
with the decomposition�  � � � ! We calculate live decompositions
by simply propagating uses backwards through the local control �ow
graph for each procedure  �!�
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�hpf� template T	�T�
�hpf� align with T	 �� A

��� A ���

if 	���
 then

�hpf� realign with T� �� A

��� A ���

endif

�hpf� redistribute T�
��� A ���

�hpf� distribute A	block


��� A ���

if 	���
 then

�hpf� redistribute A	cyclic


��� A ���

endif

���

� no reference to A

���

�hpf� redistribute A	cyclic	��



��� A ���

Figure 	��� Ambiguity of remappings �a� and �b�

The propagation is stopped by remappings that a�ects the given used array� How
ever� here again� the ambiguity problem due to the two level mapping of HPF
makes this fact not obvious to the compiler� the propagation should be stopped
or not depending on the control �ow followed by the program�

Finally optimizations are suggested for coalescing live decompositions� extract
ing loopinvariant mappings and using array kill analysis to avoid actually remap
ping dead arrays� Their approach assumes that a collection of library routines is
available to remap data as needed�

In contrast to this approach� our scheme handles array references explicitely
�by substituting the appropriate array copy�� and thus enables more subsequent
optimizations� We build a graph representation of the remappings �GR� which as
sociates source to target copies� plus a precise use information �array may be read
and�or written�� We then repropagate live mappings to associate live source and
target mapping couples after having removed dead remappings� This recomputa
tion extracts the liveness analysis bene�t and also performs the coalescing of live
mappings in a single optimization on the small GR graph� A second compiletime
optimization allows to keep maybelive array copies so as to avoid more useless
remappings� the runtime management traces the status of live copies that may
depend of the control �ow� The drawback is the language restrictions needed for
doing so in the general case� These issues are discussed in the following�

���	 Outline

This paper focuses on compiling HPF remappings with array copies� Required
language restrictions are discussed� basically� the compiler must statically know
the mapping of array references� in order to apply this approach� Under a few
constraints a program with dynamic mappings can be translated into a standard
HPF program with copies between di�erently mapped arrays� as outlined in Fig
ure 	��� the redistribution of array A is translated into a copy from A	 to A�& the
array references are updated to the appropriate array version�

By doing so� the bene�t of remappings is limited to software engineering issues
since it is equivalent to some static HPF program to be derived� It may also be
argued that much expressiveness is lost by restricting the language� However it
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�hpf� distribute A	cyclic


��� A ���

�hpf� redistribute A	block


��� A ���

allocatable A	�A�
�hpf� distribute A		cyclic


�hpf� distribute A�	block


allocate A	
��� A	 ���

� remapping

allocate A�
A� � A	
deallocate A	

� done

��� A� ���

Figure 	��� Translation from dynamic to static mappings

must be noted that� ��� software engineering is an issue that deserves considera
tion& ��� the current status of the language de�nition is to drop remappings as a
whole because they are considered too di�cult to handle& ��� no real application
we have encountered so far that would have bene�t from remappings require the
full expressiveness of arbitrary �owdependent dynamic mappings� Thus it makes
sense to suggest to keep the simple and interesting aspects of a feature and to
delay further powerful extentions when both the need and compilation techniques
are available�

Such an approach is also required if one wants to compile remappings rather
than to rely on generic library functions� Indeed� for compiling a remapping into
a messagepassing SPMD code  �#! both source and target mapping couples must
be known� Then the compiler can take advantage of all available information to
generate e�cient code� The paper also addresses associated data �ow optimiza
tions enabled by such a scheme� by removing useless remappings and keeping track
of live array copies�

Section 	�� discusses the language restrictions and the handling of subroutine
mappings� Section 	�� describes the building of the remapping graph which extract
remapping and liveness information from the control �ow graph� Section 	�	 then
presents data �ow optimizations that can be performed on this graph� Finally
Section 	�� discusses runtime implications of our compilation and optimization
techniques� before concluding�

	�� Overview

This paper aims at compiling explicit and implicit HPF remappings by translating
them into runtime array copies� We �rst discuss the language restrictions needed
to apply this scheme� Then the subroutine argument mapping translation into
explicit array copies is outlined�

���� Language restrictions

In order to be able to translate dynamic mappings into di�erently distributed
array copies� enough information must be available to the compiler� Basically�
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the compiler must statically know about array mappings for each array reference�
Thus the following constraints are needed�

�� dynamic mappings must be as constrained as static mappings&

�thus they cannot depend on runtime parameters�

�� there must be no control �ow mapping ambiguities for a reference&

�however there may be such an ambiguity at a point in the program pro
vided that the array is not referenced� in Figure 	���b� after the endif and
before the �nal redistribution the compiler cannot know whether array A is
distributed block or cyclic� but the mapping ambiguity is solved before any
reference to A�

�� explicit mapping interfaces for subroutine arguments are required&

Constraint � insures that di�erently distributed array copies can be declared a
static mapping� Thus array remappings cannot depend on runtime values as
currently allowed by HPF� Constraint � is required so as to use only one possible
new array for each reference� This constraint will be checked by the remapping
graph construction algorithm which handles the substitution� Finally Constraint �
must be met so that the caller knows about the callee requirements and is able to
comply with them� as suggested in Section 	�����

Under these constraints the compiler can switch all array references to dif
ferent arrays depending on the array mapping at this point� and to insert array
copies to update data when remappings are required� The expressiveness of array
remappings is de�nitely reduced by these constraints� which restrict general dy
namic array remappings to a static version� However it must be pointed out that
no application or kernel we are aware of requires such expressiveness� Moreover
although one can imagine some applications that would �nd some bene�t from
runtime dependent mappings� it is very hard to imagine codes that would both
make sense from the application and performance point of view and that would
present control �owrelated mapping ambiguities�

���� Subroutine arguments handling

Subroutine arguments mappings will be handled as local remappings by the caller�
Let us consider the di�erent dummy arguments mappings the compiler may have
to handle�

descriptive� when encountering a descriptive mapping for an array dummy ar
gument at a call cite� the compiler will check that the current mapping of
the actual array is compatible with this mapping�

prescriptive� the mapping is then enforced by the caller� by copying the array
into an actual copy mapped as the corresponding dummy argument�

transcriptive� inherit tells that the callee can handle any mapping� thus the
caller compilation is not constrained� However from the callee point of
view handling inherited mapping array references is similar to handling
remappingrelated ambiguous references and is likely to be ine�cient be
cause all address computations must be delayed to run time�
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Thus implicit remappings are translated into explicit ones at call site in the
caller� provided that the dummy argument mapping is known to the caller through
an appropriate explicit interface declaration� The intent attribute �in� out or
inout� provides additionnal information about the e�ects of the call onto the
array� It will be used to determine live copies�

Under the proposed scheme we plan to respect the intended semantics of HPF
argument passing� that is the argument is the only information the callee obtain
from the caller� Thus explicit remappings of arguments within the callee will only
a�ect copies local to the subroutine� Under more advance calling conventions�
it may be thought of passing live copies along the required copy� so as to avoid
further useless remappings within the subroutine�

	�� Remapping graph GR

This section de�nes and describes the construction of the remapping graph� This
graph is a subgraph of the control �ow graph which captures remapping informa
tion such as the source and target copies for each remapping of an array and how
the array is used afterwards� that is a liveness information� Subsequent optimiza
tions will be expressed on this small graph�

�	�� De�nition and notation

In the following we will distinguish the abstract array and its possible instances
with an associated mapping� Arrays are denoted by capital typewriter letters as
A� Mapped arrays are associated a subscript such as A�� Di�erently subscripted
arrays refer to di�erently mapped instances� A zerosubscripted copy A� designates
the initial static mapping of the array� C�A� denote the set of all possible mappings
of abstract array A� Through our compilation approach� each array and associated
mapping will be given a new name� and copies between such arrays will model
remappings�

If G is a graph then V�G� is its set of vertices and E�G� its set of edges�
Successors of a vertex are designated by succ�v� and predecessors by pred�v��

Let us formally introduce the remapping graph GR� This graph is a subgraph
of the control �ow graph� and is expected to be much smaller in the general case�
Our subsequent optimizations are expressed on this small graph instead of the
control �ow graph� avoiding many simple information propagations along paths�

vertices V�GR�� the vertices are the remapping statements� whether explicit
�realign� redistribute� or added to model implicit remappings at call
sites& there is a subroutine entry point vertex v� and an exit point ve�

edges E�GR�� an edge denotes a possible path in the control �ow graph with the
same array remapped at both vertices�

labels� to each vertex v in the remapping graph is associated S�v�� the set of
remapped arrays� For each array A � S�v� we have�

LA�v�� one �or none� noted �� leaving array copy� i�e� the copy which must
be referenced after the remapping& note that in the general case HPF
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�hpf� distribute T	��block


�hpf� align A	i�j
 with T	i�j


if 	���
 then

�hpf� realign A	i�j
 with T	j�i


endif

�hpf� redistribute T	block��


Figure 	��� Several leaving mappings

A f�� �g R� �

Figure 	�#� Label representation

allows several leaving mappings as depicted in Figure 	��� array A is
remapped at the redistribute to 	block��
 or 	��block
 depending
on the execution of the realign�

We assume that no such cases occur to simplify our presentation�

RA�v�� the set of reaching copies for the array at this vertex�

In the general case with several leaving copies� distinct reaching copy
sets must be associated to each possible leaving copy�

UA�v�� how the leaving copy might be used afterwards� It may be not refer
enced �N�� fully rede�ned before any use �D�� only read �R� or modi�ed
�W�� The use information quali�ers supersede one another in the given
order� i�e� once a quali�er is assigned it can only be updated to a
stronger quali�er� The default value is N�

This provides a precise live information that will be used by the run
time and other optimizations to avoid remappings by detecting and
keeping live copies� However it must be noted that this information
is conservative� because abstracted at the high remapping graph level�
The collected information can di�er from the actual runtime e�ects on
the subroutine� an array can be quali�ed as W from a point and not be
actually modi�ed�

Each edge is labelled with the arrays that are remapped from at the sink
vertex when coming from the source vertex� A�v� v��� Note that

A � A�v� v�� � A � S�v� and A � S�v��

Figure 	�# shows a label representation� Array A remapping links reaching
copies f�� �g to the leaving mapping �� the new copy being only read �R�� The
information means that the vertex is a remapping for array A� It may be reached
with copies A	 and A� and must be left with copy A�� As this copy will only be
read� the compiler and runtime can keep the reaching copy values which are live�
as they may be useful for instance if the array is to be remapped back to one of
these distributions�

�	�� Construction algorithm

The remapping graph described above holds all the remapping and liveness infor
mation� The next issue is to build this graph� This section outlines the construc
tion algorithm� which builds the remapping graph and updates the control graph
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to ��� switch array references to the appropriate copy� distributed as expressed
by the program� ��� re�ect implicit remappings of array arguments through ex
plicit remappings and ��� check the conditions required for the correctness of our
scheme�

The remapping graph construction algorithm starts by propagating the initial
mapping copy of the array from the entry point of the subroutine� GR construction
algorithm pushes array versions along the control graph and extract a simpler
graph to re�ect the needed runtime copies to comply to the intended semantics
of the program� Two added vertices �call vc and exit ve� model the dummy
arguments imported and�or exported values�

Here is such a data �ow formulation of the construction algorithm� First� let
us de�ne the sets that will be computed by the data�ow algorithms in order to
build GR�

Reaching�v�� the set of arrays and associated mappings reaching vertex v& these
arrays may be remapped at the vertex or left unchanged� thus going through
the vertex�

Leaving�v�� the set of arrays and associated mappings leaving vertex v& one leaving
mapping per array is assumed for simplifying the presentation�

Remapped�v�� the set of arrays actually remapped at vertex v� �note that if several
leaving array mappings are allowed� this information is associated to array
and mapping couples instead of just considering arrays��

EffectsOf�v�� the proper e�ect on distributed variables of vertex v� i�e� these
variables and whether they are not referenced� fully rede�ned� de�ned or
used& this is assume as an available information�

EffectsAfter�v�� the distributed variables and associated e�ects that may be
encountered after v and before any remapping of these variables�

EffectsFrom�v�� just the same� but including also the e�ects of v�

RemappedAfter�v�� the distributed variables and associated remapping vertices
that may be encountered directly �without intermediate remapping� after v�

RemappedFrom�v�� just the same� but including also v�

The following function computes the leaving mapping from a reaching mapping
at a given vertex�

Aj % impact�Ai� v�� the resulting mapping of A after v when reached by Ai& for all
but remapping vertices� Ai % Aj� i�e� the mapping is not changed& realign
ments of A or redistributions of the template Ai is aligned with may give a
new mapping� The impact of a call is null�

array�Ai�%A� the function returns the array from and array and associated map
ping�

operator 
� to be understand as but those concerning� that is the operator is not
necessarily used with sets of the same type�
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intent UA�vc� UA�ve�

in D N

inout D W

out N W

Figure 	��� Array argument use Figure 	��
� Initial GR

Now� here is the construction algorithm expressed as a set of data �ow equa
tions�

Input�

� control �ow graph GC with entry v� and exit ve vertices

� the set of remapping vertices VR� which includes v� and ve�

� the proper e�ects of vertices on distributed variables EffectsOf�v�
�the default for VR is no e�ects�

� for any remapped array at a vertex� there is only one possible leaving
mapping� This assumption simpli�es the presentation� but could be re
moved by associating remapped information to array mappings instead
of the array�

Updating GC �arguments�� �rst let us update GC to model the desired map
ping of arguments�

� Add call vertex vc and an edge from vc to v� in GC �

Reaching and Leaving mappings� are computed starting from the entry point
in the program� Propagated mappings are modi�ed by remapping state
ments as modeled by the impact function� leading to new array versions
to be propagated along GC � This propagation is a may forward data�ow
problem�

initialization�

� Reaching % �
� Leaving % �
� add all argument distributed variables and their associated map

pings to Leaving�vc� and Leaving�ve��

� update EffectsOf�vc� and EffectsOf�ve� as suggested in Fig
ure 	��� If values are imported the array is annotated as de�ned
before the entry point� If values are exported� it is annotated as
used after exit� This models safely the caller context the callee
must assume to comply to the intended semantics�

� add all local distributed variables and their associated initial map
ping to Leaving�v���

Figure 	��
 shows the initial remapping graph with an inout intended
array argument A and a local array L�
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� call foo�A� is translated into

vb � �Afig W� k���y
� call foo�Ak���y

va � �Afkg � i�

Figure 	���� Call with a prescriptive inoutintended argument

propagation�

� the array mappings reaching a vertex are those leaving its prede
cessors�
Reaching�v� %

S
v��pred�v� Leaving�v��

� the array mappings leaving a vertex are updated with the impact
of the statement on the array mappings reaching this vertex�
Leaving�v� % Leaving�v� �Sa�Reaching�v� impact�a� v�

Updating references for all vertices v � V�GC�
VR so that EffectsOf�v� on
is not N�

� if jfm � Leaving�v��array�m� % Agj 
 � then issues an error� be
cause there is more than one mapping for a given array

� else substitute the references with the corresponding array copy�

� note that there may be none if some piece of code is dead�

Remapped arrays are directly extracted from Reaching& they are those trans
formed by impact�

Remapped�v� %
S
m�Reaching�v�
m��impact�m
v� array�m�

Updating GC �calls��

� calls with distributed arguments are managed as shown in Figure 	����

pred�vb� % pred�v�� succ�vb� % fvg� pred�va� % fvg� succ�va� %
succ�v�� pred�v� % fvbg� succ�v� % fvag
Remapped�vb� % fAg

� VR is updated accordingly� VR % VR � fvb� vag
Summarizing e�ects� this phase summarizes the use information after remap

ping statements� and up to any other remapping statement� Hence it cap
tures what may be done with the array mapping considered�

This phase is based proper e�ects that are directly extracted from the source
code for direct references� or through intent declarations in subroutine ex
plicit interfaces� Depending on the intent attribute to a subroutine argument
the corresponding e�ect is described in Figure 	����

Remapping statements but vc and ve have no proper e�ects�

�v � VR 
 fvc� veg�EffectsOf�v� % �
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intent e�ect

in R

inout W

out D

Figure 	���� Intent e�ect

This is a may backwards data�ow problem�

initialization� no e�ects�

� EffectsAfter % �
� EffectsFrom % �

propagation�

� the e�ects leaving a vertex are those from its successors�
EffectsAfter�v� %

S
v��succ�v�EffectsFrom�v��

� the e�ects from a vertex are those leaving the vertex and proper
to the vertex� but remapped arrays�
EffectsFrom�v� % �EffectsAfter�v� � EffectsOf�v�� 

Remapped�v�

Computing GR edges� as we expect few remappings to appear within a typical
subroutine� we designed the remapping graph over the control graph with
accelerating edges that will be used to propagate remapping information and
optimization quickly� This phase propagates for once remapping statements
�array and vertex couples� so that each remapping statement will know it
possible successors for a given array�

This is a may backwards data�ow problem�

initialization�

� RemappedAfter % �
� initial mapping vertex couples are de�ned for remapping statement

vertices and arrays remapped at this very vertex�
RemappedFrom�v� %

S
a�Remapped�v�f�a� v�g

propagation�

� the remapping statements after a vertex are those from its succes
sors�
RemappedAfter�v� %

S
v��succ�v�RemappedFrom�v��

� the remapping statements from a vertex are updated with those
after the vertex� but those actually remapped at the vertex�
RemappedFrom�v� % RemappedFrom�v� �
�RemappedAfter�v�
Remapped�v��

Generating GR� from these sets we can derive the remapping graph�

� VR are GR vertices

� edges and labels are deduced from RemappedAfter
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� S��� R�� and L�� from Remapped� Reaching and Leaving

� U�� from EffectsAfter

All the computations are simple standard data �ow problems� but the reaching
and leaving mapping propagation� indeed� the impact function may create new
array mappings to be propagated from the vertex� The worst case complexity of
the propagation and remapping graph algorithm describe above can be computed�
Let us denote n is the number of vertices in GC � s the maximum number of pre
decessors or successors of a vertex in GC � m the number of remapping statements
�including the entry and exit points�� p the number of distributed arrays� With
the simplifying assumption that only one mapping may leave a remapping vertex�
then the maximum number of mappings to propagate is mp� Each of these may
have to be propagated through at most n vertices with a smp worst case complex
ity for a basic implementation of the union operations� Thus we can bound the
worst case complexity of the propagation to O�nsm�p���

�	�	 Example

Let us focus on the example in Figure 	���� The small subroutine contains four
remappings� thus with the added call� entry and exit vertices there are seven
vertices in the corresponding remapping graph� There are three arrays� two of
which are local and the last one which is passed as an argument to the subroutine�
The sequential loop structure with two remappings is typical of ADI� The ���

notation stands for any piece of code with the speci�ed e�ects on the variables�
Figure 	��	 shows the resulting remapping graph and the associated liveness

information for each array represented above the arrow� The rationale for the � to
E and � to E edges is that the loop nest may have no iteration at runtime� thus the
remappings within the array may be skipped� Since all arrays are aligned together�
they are all a�ected by the remapping statements� Four di�erent versions of each
array might be needed with respect to the required di�erent mapping� However�
the liveness analysis shows that some instances are never referenced such as B�
and C	�

	�	 Data �ow optimizations

The remapping graph GR constructed above abstracts all the liveness and remap
ping information extracted from the control �ow graph and the required dynamic
mapping speci�cations� Following  ���! we plan to exploit as much as possible
this information to remove useless remappings that can be detected at compile
time� or even some that may occur under particular runtime conditions� These
optimizations on GR are expressed as standard data �ow problems  ���� ��
� �!�

��� Removing useless remappings

Leaving copies that are not live appear in GR with the N �not used� label� It
means that although some remapping on an array was required by the user� this
array is not referenced afterwards in its new mapping� Thus the copy update is
not needed and can be skipped� However� by doing so� the set of copies that may
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subroutine remap�A�m� � C

parameter�n������

intent�inout��� A

real� dimension�n�n��� A�B�C

�hpf	 align with A�� B�C

�hpf	 distribute � A�block��� � �
��� B written� A read

if ����B read� then

�hpf	 redistribute A�cyclic��� � 

��� A p written� A B read

else

�hpf	 redistribute A�block�block� � �
��� p written� A read

endif

do i��� m�p

�hpf	 redistribute A�block��� � �
��� C written� A read

�hpf	 redistribute A���block� � �
��� A written� A C read

enddo

end subroutine remap � E

Figure 	���� Code example Figure 	��	� Remapping graph

reach latter vertices is changed� Indeed� the whole set of reaching mappings must
be recomputed� It is required to update this set because we plan a compilation of
remappings� thus the compiler must know all possible source and target mapping
couples that may occur at run time� This recomputation is a may forward standard
data�ow problem�

This optimization is performed as follows�

remove useless remappings�

simply by deleting the leaving mapping of such arrays�

�v � V�GR�� �A � S�v�� UA�v� % N� LA�v� %�
recompute reaching mappings�

initialization� use �step reaching mappings

�v � V�GR�� �A � S�v�� RA�v� %
�

v��pred�v�
A�A�v�
v�
UA�v�� ��N

LA�v��

Reaching mappings at a vertex are initialized as the leaving mappings
of its predecessors which are actually referenced�

propagation� optimizing function

�v � V�GR�� �A � S�v�� RA�v� % RA�v��
�

v��pred�v�
A�A�v�
v�
UA�v���N

RA�v
��
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Figure 	���� Example after optimization

The function propagates reaching mappings along paths on which the
array is not referenced� computing the transitive closure of mappings
on those paths�

The iterative resolution of the optimizing function is increasing and bounded�
thus it converges�

Let us assume O��� set element put� get and membering functions� Let m
be the number of vertices in GR� p the number of distributed arrays� q the
maximum number of di�erent mappings for an array and r the maximum
number of predecessors for a vertex� Then the worst case time complexity of
the optimization� for a simple iterative implementation� is O�m�pqr�� Note
that m� q and r are expected to be very small�

This optimization is correct and the result is optimal�

Theorem � The computed remappings 	from new reaching to remaining leaving

are those and only those that are needed 	according to the static information pro�
vided by the data �ow graph
�

�v � V�GR�� �A � S�v�� UA�v�� �a � RA�v��

�v� and a path from v� to v in GR�
so that a � LA�v

�� and A is not used on the path�

Proof sketch� construction of the path by induction on the solution of the data
�ow problem� Note that the path in GR re�ects an underlying path in the control
�ow graph with no use and no remapping of the array�
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�hpf	 distribute A�block� � �
��� A read

if ����� then

�hpf	 redistribute A�cyclic� � 

��� A written

else

�hpf	 redistribute A�cyclic���� � �
��� A read

endif

�hpf	 redistribute A�block� � �
��� A read

end

Figure 	���� Flow dependent live copy Figure 	���� Corresponding GR

Figure 	��� displays the remapping graph of our example after optimization�
From the graph it can be deduced that array A may be used with all possible
mappings f
� �� �� �g� but array B is only used with f
� �g and array C with f
� �g�
Array C is not live but within the loop nest� thus its instantiation can be delayed�
and may never occur if the loop body is never executed� Array B is only used at
the beginning of the program� hence all copies can be deleted before the loop� The
generation of the code from this graph is detailed in Section 	���

��� Dynamic live copies

Through the remapping graph construction algorithm� array references in the con
trol graph GC were updated to an array version with a statically known mapping�
The remapping graph holds the information necessary to organize the copies be
tween these versions in order to respect the intended semantics of the program�
The �rst idea is to allocate the leaving array version when required� to perform
the copy and to deallocate the reaching version afterwards�

However� some copies could be kept so as to avoid useless remappings when
copying back to one of these copies if the array was only read in between� The
remapping graph holds the necessary information for such a technique� Let us
consider the example in Figure 	��� and its corresponding remapping graph in
Figure 	���� Array A is remapped di�erently in the branches of the condition� It
may be only modi�ed in the then branch� Thus� depending on the execution path
in the program� array copy A� may reach remapping statement � live or not� In
order to catch such cases� the liveness management is delayed until run time� dead
copies will be deleted �or mark as dead� at the remapping statements�

For the example above� when executing remapping statement � the runtime
knows that the array may be modi�ed� thus can tag copy 
 as dead� but when
executing remapping statement � the array is only read afterwards hence the copy
can be kept as live� At remapping statement � the runtime can then check for
the liveness tag associated to array version 
 and avoid a copy and the associated
communication if live� Thus simple runtime data structures can keep track of live
copies and avoid remappings� depending on the execution path of the program�

Keeping array copies so as to avoid remappings is a nice but expensive opti
mization� because of the required memory� Thus it would be interesting to keep
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only copies that may be used latter on� In the example above it is useless to
keep copies A	 or A� after remapping statement � because the array will never
be remapped to one of these distribution� Determining at each vertex the set of
copies that may be live and used latter on is a may backward standard data �ow
problem� leaving copies must be propagated backward on paths where they are
only read� Let MA�v� be the set of copies that may be live after v�

initialization� directly useful mappings

�v � V�GR�� �A � S�v��MA�v� % LA�v�

propagation� optimizing function

�v � V�GR�� �A � S�v�� UA�v� � fN� Rg�MA�v� % MA�v��
�

v��succ�v�
A�A�v
v��

MA�v
��

Copies that may be of interest are propagated towards predecessors if the
array is not modi�ed �neither W nor D��

At a remapping statement v the runtime should only keep the live copies
described in M�v�� Moreover� as the liveness information is managed dynamically�
the runtime may decide to free some live copies because not enough memory is
available� This would simply lead to a copy based update of the values of the
array instead of the communicationfree reuse of the values if the copy had been
kept�

Such a scheme makes an implicit choice of granularity for managing live copies�
by staying at the remapping statement level� One could imagine a very precise
runtime tagging of modi�ed arrays� However� where to put the needed tag updates
so as to avoid any signi�cant runtime overhead is not obvious� At the remapping
graph level� communication is expected to occur at vertices� thus the runtime
implication of the liveness management should be very small compared to these
costs� Moreover it is likely that the remappings have been carefully placed in the
program�

��	 Other optimizations

Further optimization can be thought of� as discussed in  ���!�
Array kill analysis� for instance based on array regions  ��!� tells whether the

values of an array are dead at a given point in the program� This semantical anal
ysis can be used to avoid remapping communication of values that will never be
reused� Array regions can also describe a subset of values which are live� thus the
remapping communication could be restricted to these values� reducing commu
nication costs further� However such compiletime intensive advanced semantical
analyses are not the common lot of commercial compilers� Our prototype HPF
compiler includes a kill directive for the user to provide this information� The
directive simply creates a remapping vertex with the D use information� which will
require no communication as discussed in Section 	���

Another idea is to move remappings around in the control �ow graph� especially
for moving them out of loops� However some pitfalls must be avoided� From the
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�hpf	 distribute A�block�

��� A

do i��� t

�hpf	 redistribute A�cyclic�

��� A

�hpf	 redistribute A�block�

enddo

��� A

Figure 	��#� Loop invariant remappings

�hpf	 distribute A�block�

��� A

do i��� t

�hpf	 redistribute A�cyclic�

��� A

enddo

�hpf	 redistribute A�block�

��� A

Figure 	���� Optimized version

code in Figure 	��# we suggest to move the remappings as shown in Figure 	����
This di�ers from  ���!� the initial remapping is not moved out of the loop� because
if t � � this would induce a useless remapping� The remapping from block to
cyclic will only occur at the �rst iteration of the loop� At others� the runtime
will notice that the array is already mapped as required just by an inexpensive
check of its status�

	�� Runtime issues

The remapping graph information describying array versions reaching and leaving
remapping vertices must be embedded into the program through actual copies in
order to full�l the semantical requirements for the correctness of the execution�
Moreover some optimizations described in the previous sections rely on the runtime
to be performed� This section presents the runtime implications of our scheme�

���� Runtime status information

First� some data structure must be managed at run time to store the needed
information� namely� the current status of the array �which array version is the
current one and may be referenced�& the live copies& the reaching status at a call
cite�

The current status of an array can be simply described by a descriptor holding
the version number� for instance status�A� for array A� By testing this status�
the runtime will be able to notice which version of an array reaches a remapping
statement� This status will have to be updated each time the array is remapped�

Secondly� the runtime must be able to test whether a version of a given array is
live at a point� This is a boolean information to be attached to each array version�
It will be denoted live�Ax� for liveness of array Ax� The liveness information will
be updated at each remapping vertex� depending of the latter use of the copies
from this vertex�

If interpreted strongly� Constraint � �p� ��	� may imply that arrays as call
arguments are considered as references and thus should not bare any ambiguity�
such as the one depicted in Figure 	��
� However� since an explicit remapping of
the array is inserted� the ambiguity is solved before the call� hence there is no need
to forbid such cases� The issue is to restore the appropriate reaching mapping on
return from the call� This can be achieved by saving the current status of the array
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interface

subroutine foo�X�

�hpf	 distribute X�block�

end subroutine

end interface

�hpf	 distribute A�cyclic�

��� A

if ����� then

�hpf	 redistribute A�cyclic����

��� A

endif

� A is cyclic or cyclic���

� foo requires a remapping

call foo�A�

Figure 	��
� Subroutine calls

� save the reaching status

reaching�A��status�A�
�hpf	 redistribute A�block�

call foo�A�

� restore the reaching mapping

if �reaching�A���� then

�hpf	 redistribute A�cyclic�

elif �reaching�A���� then

�hpf	 redistribute A�cyclic����

endif

Figure 	���� Mapping restored

that reached the call as suggested in Figure 	���� Variable reaching�A� holds the
information� The saved status is then used to restore the initial mapping after the
call�

���� Copy code generation

The algorithm for generating the copy update code and live management from
the remapping graph is outlined in Figure 	���� Copy allocation and deallocation
are inserted in the control �ow graph to perform the required remappings� The
algorithm relies on the sets computed at the GR optimization phase to insert only
required copies and to keep only live copies that may be useful while others are
cleaned�

The �rst loop inserts the runtime data structure management initialization
at the entry point in the subroutine� All copies are denoted as not live� and no
copy receives an a priori instantiation as the current copy� The rationale for
doing so is to delay this instantiation to the actual use of the array� which is not
necessarily with the initial mapping� and will not be necessarily used� as Array C

in Figure 	����

The second loop nest extracts from the remapping graph the required copy�
for all vertex and all remapped arrays� if there is some leaving mapping for this
array at this point� The generated code �rst checks whether the status is di�erent
from the required leaving status� in order to skip the following communication if
the copy is already ok� If not� it is �rst allocated� If the array is not to be fully
rede�ned afterwards� a copy from the reaching copy to the desired leaving copy if
performed if the values are not live� Then the current status of the array and its
associated liveness information are updated�

Copies that were live before but that are not live any more are cleaned� i�e�
both freed and marked as dead� Finally a full cleaning of all local arrays is inserted
at the exit vertices� Figure 	��� shows some example of generated copy code for
the remapping vertex depicted in Figure 	�#� assuming that all copies may be
useful for latter remappings�

It must be noted that dead arrays �D� do not require any actual array copy�
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if �status�A����� then

allocate A� if needed

if �not live�A��� then

if �status�A���� A��A�
if �status�A���� A��A�
live�A���true

endif

status�A���
endif

Figure 	���� Code for Figure 	�#

thus none is generated� hence this will result in no communication at run time�
Moreover� there is no initial mapping imposed from entry in the subroutine� If an
array is remapped before any use� it will be instantiated at the �rst remapping
statement encountered at runtime with a non empty leaving copy� which may be
the entry vertex v� or any other� Finally� care must be taken not to free the array
dummy argument copy� since it is referenced by the caller� Thus the allocate

and free must be only applied to local variables�
Another bene�t from this dynamic live mapping management is that the run

time can decide to free a live copy if not enough memory is available on the
machine to keep it� and to change the corresponding liveness status� If required
latter on� the copy will be regenerated� i�e� both allocated and properly initialized
with communication� Since the generated code does not assume that any live copy
must reach a point in the program� but rather decided at remapping statements
what can be done� the code for the communication will be available�

	�� Conclusion

Most of the techniques described in this paper are implemented in our proto
type HPF compiler� The standard statically mapped HPF code generated is then
compiled� with a special code generation phase for handling remapping communi
cation due to the explicit array copies� The described techniques� especially the
runtime live management� could be extended to interprocedural copies with some
conventions at call cites�
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for A � S�v��
append to v� %status�A���%
for a � C�A�

append to v� %live�Aa��false%
end for

end for
for v � V�GR�
 fvcg

for A � S�v�
if �LA�v� �%�� then

append to v %if 	status�A��% LA�v�
 then%

append to v %allocate ALA�v� if needed%

append to v %if 	not live�ALA�v��
 then%

if �UA�v� �% D� then
for a � RA�v�
 fLA�v�g

append to v %if 	status�A��a
 ALA�v��Aa%

end for
end if
append to v %live�ALA�v���true%
append to v %endif%

append to v %status�A��LA�v�%
append to v %endif%

end if
for a � C�A�
MA�v�

append to v %if 	live�Aa�
 then%

append to v % free Aa if needed%

append to v % live�Aa��false%
append to v %endif%

end for
end for

end for
for all A

for a � C�A�
append to ve %if 	live�Aa� and needed
 free Aa%

end for
end for all

Figure 	���� Copy code generation algorithm
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HPF Remappings
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Ce chapitre doit para��tre sans l�annexe dans JPDC �����

R�esum�e

Les applications dont les motifs d�acc�es aux tableaux varient au cours de
l�ex�ecution du programme sur une machine parall�ele �a m�emoire r�epartie n�e�
cessitent de changer dynamiquement le placement des donn�ees� HPF �High
Performance Fortran� permet ces d�eplacements	 �eventuellement sur des don�
n�ees partiellement r�epliqu�ees	 de mani�ere explicite avec les directives realign
et redistribute	 et de mani�ere implicite lors des appels et retours de proc�e�
dures� Cependant ces possibilit�es du langage sont laiss�ees hors de la nouvelle
version du langage en cours de d�enition� Cet article pr�esente une nouvelle
technique de compilation pour g�erer ces d�eplacements	 en ciblant une archi�
tecture parall�ele �a passage de messages� La premi�ere phase retire tous les
d�eplacements inutiles qui apparaissent naturellement dans les proc�edures� La
seconde gen�ere le code de d�eplacement	 et prote de la r�eplication �eventuelle
pour r�eduire le temps de recomposition du tableau� Un nombre minimum de
messages ne contenant que les donn�ees n�ecessaires est envoy�e sur le r�eseau�
Ces techniques sont implant�ees dans HPFC	 notre prototype de compilateur
HPF� Des r�esultats exp�erimentaux sur une ferme d�Alphas �DEC� sont �ega�
lement pr�esent�es�

Abstract

Applications with varying array access patterns require to dynamically
change array mappings on distributed�memory parallel machines� HPF �High
Performance Fortran� provides such remappings	 on data that can be repli�
cated	 explicitly through realign and redistribute directives	 and implic�
itly at procedure calls and returns� However such features are left out of
hpf ��� for e�ciency reasons� This paper presents a new technique for com�
piling hpf remappings onto message�passing parallel architectures� Firstly	
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useless remappings that appear naturally in procedures are removed� Sec�
ondly	 the spmd generated code takes advantage of replication to shorten the
remapping time� Communication is proved optimal� a minimal number of
messages	 containing only the required data	 is sent over the network� The
technique is fully implemented in hpfc	 our prototype hpf compiler and was
experimented on a Dec Alpha farm�

��� Introduction

Many applications and kernels� such as ADI �Alternating Direction Integration��
linear algebra solvers  �
�!� �d FFT  ��#! �Fast Fourier Transform� and signal
processing  �#�!� require di�erent array mappings at di�erent computation phases
for e�cient execution on distributedmemory parallel machines �e�g� Cray t�d�
Ibm sp�� Dec Alpha farm�� Data replication� sometimes partial� is used to share
data between processors� Data remapping and replication are often combined� a
parallel matrix multiplication accesses a whole row and column of data to compute
each single target element� hence the need to remap data with some replication
for parallel execution� Moreover� automatic data layout tools  ���� �	! suggest
data remappings between computation phases� Finally hpf compilers generate
realignmentbased communication  �	�!� Thus handling data remappings e�
ciently is a key issue for high performance computing�

High Performance Fortran  ��� ��� ���! �hpf�� a Fortran �
based dataparallel
language� targets distributedmemory parallel architectures� Standard directives
are provided to specify array mappings that may involve some replication� These
mappings are changed dynamically� explicitly with executable directives �realign�
redistribute� and implicitly at procedure calls and returns for prescriptive ar
gument mappings� These useful features are perceived as di�cult to compile e�
ciently and thus are left out of currently discussed hpf ��
  ��!� If not supported�
or even not well supported� applications requiring them will not be ported to hpf�
The key issues to be addressed are the reduction of runtime overheads induced by
remappings and the management of the rich variety of hpf mappings�

����� Related work

Any technique that handles hpf array assignments can be used to compile remap
pings� the induced communication is the one of an array assignment A�B� where B

is mapped as the source and A as the target� Such techniques are based on �nite
state machines  ��� ���� ���!� closed forms  ���� ���� ���!� Diophantine equations
 �

� ��� �	�! or polyhedra  �� �� �	�� ���!� However none of these techniques
considers loadbalancing and broadcasts� Also issues such as handling di�erent
processor sets� multidimensional distributions� communication generation and lo
cal addresses are not always clearly and e�ciently managed in these papers� thus
dedicated optimized techniques have been proposed� Runtime library support
 ��	� ���! is suggested for simple cases involving neither shape changing �same
distributed dimensions�� nor alignment or replication& multidimensional remap
pings are decomposed into d remappings& general cyclic distributions of non
multiple block sizes are also decomposed� hence resulting in several remappings
at runtime� Ad hoc descriptors called pitfalls are devised  ���!� but alignment�
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replication and shape changing are not considered either� A polyhedronbased ap
proach is outlined  �	�!� for realignments with a �xed general cyclic distribution
onto a d processor array& the alignments� unlike hpf� involve arbitrary a�ne
functions� An optimal technique for a constrained case is also suggested  �		!�
assuming that the hpf to real processor mapping can be changed& alignment and
replication are not considered�

����� Contributions

In contrast to previous approaches� this paper handles all hpf mapping issues
including arbitrary alignments and distributions that involves partial replication�
as well as the local addressing scheme� Load balancing� broadcast and node con
tention issues are also discussed� Thanks to the mathematical formulation on
which the technique is grounded and to simple programming tricks� the generated
communication is proved optimal�

The technique consists of compiling communication� by generating a proper
messagepassing spmd code� Firstly� the candidate source to target mappings
that may occur at runtime are computed as a simple may forward data�ow
problem� By doing so� useless remappings are removed automatically by detecting
the paths on which remapped arrays are not referenced� Such useless remappings
arise naturally in programs� the change of both alignment and distribution of
an array requires a realign and a redistribute� resulting in two remappings if
no special care is taken& a template redistribution �Even when no templates are
used  ��#! array alignment generates the problem� induces the remapping of all
aligned arrays� even if they are not all referenced afterwards& at an interprocedural
level� two consecutive subroutine calls may require the same remapping for an
array� resulting in two useless remappings on return from the �rst subroutine and
on entry in the second& if two di�erent mappings are required� it is interesting to
remap data directly rather than using the intermediate original mapping� Such
examples do not arise from badly written programs� but from a normal use of hpf
features� thus they demonstrate the need for compile time data �ow optimizations
to avoid useless costly remappings at runtime�

Once mapping couples de�ning remappings are determined� a linear algebra
based description of the problem is built �Section ����� This description incor
porates all hpf mapping issues �alignment strides� general distributions� partial
replication�� It is completed with global to local addressing constraints and a
load balancing equation so as to bene�t from replication� From this representa
tion� standard polyhedron manipulation techniques allow to generate a spmd code
�Section ����� The conclusion presents experiments performed on a Dec Alpha
farm as well as optimality and correctness results �Section ��	��

��� Linear formalization

Let us consider the example in Figure ��� �left�� This example is deliberately
contrived� and designed to show all the capabilities of our algorithm� Real appli
cation remappings should not present all these di�culties at once� but they should
frequently include some of them� Vector A is remapped from a block distribution
onto �d processor grid Ps to a general cyclic distribution onto �d processor grid Pt
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parameter �n����

dimension A�n�

�hpf	 template T���n���

�hpf	 align A�i� with T���i���

�hpf	 processors Ps�������

�hpf	 distribute onto Ps �� �

�hpf	 T�block�block�block�

�

� Remapping�

� from Ps���block���

� to Pt�cyclic������

�

�hpf	 processors Pt����

�hpf	 redistribute onto Pt �� �

�hpf	 T���cyclic����block�

n � ���

 � �� � n�


 � 
� � �� 
 � 
� � n � 
 � 
	 � ��

� � ���


 � �� � �� 
 � �� � �� 
 � �	 � ��
� � �� � ��

� � 
��� � �� � ��

Distributed and Replicated dimensions�

�D � f��g� �R � f��� �	g
��D � f���g� �

�
R � f���g


 � ��� � �� 
 � ��� � ��
� � ��� � 
�

� � 
���� � ���� � ��� � 


Figure ���� Remapping example and its linear formalization

Figure ���� Array A remapping
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through template T redistribution� Both source and target mappings involve par
tial replication� The corresponding data layouts are depicted in Figure ���� Shades
denote data to processor mapping� The initial mapping is a block distribution of
A onto the second dimension of Ps� Each column of dark and light processors in Ps

owns a full copy of A� A is replicated 	 times� The target mapping is a cyclic	�


distribution onto Pt �rst dimension� Each line owns a full copy of A� A is replicated
twice� In the following� processors that hold the same data within a processor ar
rangement due to replication are called twins for that processor arrangement� for
instance Pt columns in our example are composed of twins� The generated spmd
code handles remapping communication between processors as denoted by the ar
rows and ovals� On the target side� each column of processors waits for exactly the
same data� hence the opportunity to broadcast the same messages to these pairs�
On the source side� each column can provide any needed data� since it owns a full
copy of A� The di�erent columns can deal with di�erent target processors� thus
balancing the load of generating and sending the messages� For this example� �
di�erent target processor sets are waiting for data that can be sent by 	 source
processor groups� The source to target processor assignment statically balances
targets among possible senders in a cyclic fashion�

����� Formalization of HPF directives

Declarations and hpf directives are embedded into linear constraints as suggested
in  �!� The constraints derived for the example are shown in Figure ��� �right��
each in front of its corresponding source code line� From declarations� lower and
upper bounds are de�ned for each dimension of array ���� template ��� and pro
cessor ��� grids� Simple variables designate the source mapping and primed ones
the target� Numerical subscripts show dimension numbers� From hpf directives
other constraints are added� our alignment is very simple� but a�ne expressions
are needed for general alignments �for instance align A	��i
 with T	�i����


would lead to �� % ���
��& template distributions require additional variables� for
modeling blocks and cycles& � is the o�set within a block& � is the cycle number� i�e�
the number of wraps around the processors for cyclic distributions& general cyclic
distributions need both variables� Distributions on replicated dimensions are not
included in the formalization� Finally the processor Distributed and Replicated
dimensions for array A are described through �D �! and �R �! sets�

This formalization de�nes a polyhedron on integers in the array� template�
processors etc� index space� This polyhedron can be enhanced by adding array
local addresses ���  ��!� A can be declared as As	����
 with local address �� %
��$� on source processors� and At	���
 with ��� % ����$�

�
�$� on target processors�

Two dimensions and two equations are simply added to the polyhedron for local
addresses� This gives a linear description of the data distribution and of the
communication problem� i�e� the enumeration of the elements to be sent and
received� Indeed� integer solutions to these equations exactly describe the array
elements to be communicated� with their associated source and target processors�
for instance solution � % ���� � % ��� �� ��� �� % ��� ��� � � � expresses that A	�
 can
be transfered from Ps	�����
 to Pt	��
�
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����� Broadcast and load balancing

However� before using this description for generating a spmd code� it must be
noted that the system is not constrained enough for generating a minimal and
unique code� For the example above and due to data replication� other solutions
on the processor arrangement exist for A	�
� � % ������ �� ������ �� % ��� ������
There are several candidate senders and receivers for each data� Replication on
the target side is an opportunity for broadcasting the very same messages to
several processors that need the same data� and will be managed as such at the
code generation phase by separating constraints on ��R�

Replication on the source side provides an opportunity for balancing the load
of sending data as suggested in Figure ���� The depicted source to target assign
ment can be achieved with one additional equation� linking the source replicated
dimensions ��R� to the target distributed dimensions ���D�� For our example�
such an equation is ��� % 	� $ ��� $ �� 
 �� It introduces a � variable for cy
cling over the available source processors� because there are more targets than
sources� Solutions to this equation under the processor declaration and replica
tion constraints �� 	 ��� 	 � � � �� achieve the desired assignment� for instance
��� % � � � % 
� �� % �� �� % �� thus the third column of Pt receives data from
the back left column of Ps� as depicted�

The general formula for the message load balancing equation is�

linearize���D� % extent��R�� � $ linearize��R�

where linearize is a dense linearization of the variables and extent is the number of
distinct elements� The rationale for the linearization is to get rid of the dimension
structure of the processors� for �nding the best load balance by distributing cycli
cally all distributed target onto all replicated source processors� No assumption
is made about the hpf to real processor mapping in the following� Di�erent hpf
processor arrangements may have common real processors�

Let E�p� �� e� with p % � � �� and e the other variables be the set of all
constraints on these variables introduced so far for a remapping� Variables related
to the template index space ��� or to the initial array ��� are of no interest for
the actual code generation and can be exactly removed� The E system de�nes a
polyhedron linking the array elements to their source and target processors and
to their local addresses� It allows to build a spmd code generating communication
as shown in the next section�

��� SPMD code generation

If all processors must enumerate all integer solutions to polyhedron E � this is
equivalent to the runtime resolution technique and is very ine�cient� Moreover�
it is interesting to pack at once the data to be transfered between two processors�
in order to use only one bu�er for message aggregation� Therefore some manipu
lations are needed to generate e�cient code� It mainly consists of projecting some
variables �i�e� eliminating them from the system� Xjy projects y in system X ��
Such an elimination is not necessarily exact  	� ��
!� hence the computed shadow
may be larger than the real one�
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Replicated target processor dimensions ���R� can be extracted from E � This
information is only required for broadcasting the messages and has no impact on
its contents� Ej��

R
exactly stores the remaining information� In order to �rst enu

merate the couples of processors that must communicate� and then the associated
message� a superset P��� ��D� �� % Ej��

R
e
of these communicating processors is

derived� For our example� the shadow of communicating processors is�

P��� ���� �� %
�
� 	 ��
�
� 	 �� � 	 ��� 	 �� ��� % 	�$ ��� $ �� 
 �

	
P represents processor couples that may have to communicate� because the pro
jection performed to build this set is not necessarily exact in the general case� The
runtime insures that only needed communication is performed�

��	�� Generated code

Figure ��� shows the generated spmd code based on E and P � Enumeration codes
are denoted for v � X  z!� integer solutions to X are scanned considering variables
z as external parameters� that must be instantiated beforehand� Such scanning
codes can be generated by several techniques� based on Fourier elimination  ����
�! or a parametric simplex  #�!� D�v� designate all the possible values of v from the
declaration and replication constraints� Functions srcaddr�� and trgaddr�� insures
local address computations for the source and target local arrays� For our running
example the local addresses are directly enumerated in e since the local addressing
scheme was integrated in the formalization�

Let us focus on the code� each real processor plays a part or none in processor
grids Ps and Pt� The send part is guarded for Ps and the receive part for Pt� A
local copy part directly performs a copy when data is available locally� P is dually
used in the send and receive parts� the possible senders select themselves �Pj��
��
and enumerate their target ���� processors� while the receivers select themselves
�Pj�
�� and enumerate their source ��� processors� Thus P allows both guards
and enumerations of processors on the source and target sides�

In the send part� once communicating hpf processor couples are selected� the
runtime checks whether they refer to processors holding distinct data� so as to
avoid generating a message from a processor to itself or to a twin of itself� Then
associated array elements �e� are enumerated� packed and broadcast to all pro
cessors that may need and that are not twins of the current�i�e� do not hold the
same data because of replication�� The array element enumeration is parameter
ized by the processor identities ��� ��� which are instantiated in the outer loops
and through guards� The receive part is the complement of the send� Possible
sources are �rst enumerated� If they do not hold the same data� a message is
received and array elements are unpacked and stored properly� If the source is a
twin� then data is available locally and is copied directly� The rationale for copying
in the receive part is not to delay messages�

��	�� Programming tricks

Some simple programming tricks are used in the generated code� Firstly� empty
messages are not sent thanks to the empty guard� However these not sent messages
must not be received� In order to so� messages are actually received only when
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� remapping of array A from processors Ps to processors Pt

� local declarations� As on source and At on target
� code for a real processor playing an hpf processor

if �I am in Ps� then � send part
� % my id in Ps

if �� � Pj��
����� then � something may have to be sent
for ��� ��D� � Pj��

R
 �! � enumerate target processors

if �I and ��D � D���R� not all Ps twins� then
� some distinct distributed targets� pack and send
empty % true
for e � Ej��

R
 �� ��D� �! � enumerate elements to send

pack As�srcaddr�e�� in bu�er
empty % false � now the bu�er is not empty

endfor
if �not empty� then

broadcast bu�er to ��D �D���R� except my Ps twins
endif

endif
endfor

endif

endif
if �I am in Pt� then � receive or copy part

Allocate At

�� % my id in Pt

if ���D � Pj��

R

�
����D�� then � something may have to be received

for ��� �� � Pj��

R
 ��D! � enumerate source processors

if �� and �� not Ps twins� then
� non local� lazy reception and unpacking
�rst % true
for e � Ej��

R
 �� ��D� �! � enumerate elements to receive

if ��rst� then receive bu�er from �� �rst % false
unpack At�trgaddr�e�� from bu�er

endfor

else � copy local data
for e � Ej��

R
 �� ��D� �!

At�trgaddr�e�� % As�srcaddr�e��
endfor

endif
endfor

endif
endif
if �I am in Ps� then Free As

Figure ���� Spmd remapping code
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� A is declared As	����
 on Ps and At	���
 on Pt

IF 	I AM IN	Ps

 THEN

� � 	��������
 � MY ID IN	Ps


DO � � �� 	���������
��

��� � ��������������

index � �

DO �� � �������� �����
BUFFER	index��
 � As	��


ENDDO

CALL BROADCAST	BUFFER�Pt	�����

 � send

ENDDO

ENDIF

IF 	I AM IN	Pt

 THEN

�� � 	�����
�
�
 � MY ID IN	Pt


DO �� � �� �

DO �� � �� �

DO � � 	�����������
�
�
��� 	�����������

�
�
��

DO �� � �� �

IF 	Ps	�
&�Pt	��

 THEN � receive and unpack

CALL RECEIVE	BUFFER�Ps	�


index � �

DO ��� � ������� ����

At	���
 � BUFFER	index��


ENDDO

ELSE � local copy

DO �� � �������� �����
��� � �����������

�
�

At	���
 � As	��


ENDDO

ENDIF

ENDDO

ENDDO

ENDDO

ENDDO

ENDIF

Figure ��	� Hpfc generated spmd code for the example
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some data must be unpacked� through the first guard within the unpack loop�
Thus no empty message is transfered� if the message is empty the body of the
unpack loop is never executed and the receive never performed�

Secondly� messages are only communicated between non twin processors� Such
a �ltering is performed at runtime through appropriate guards� because no as
sumption is made at compile time about the hpf to real processor mapping� If
the selected sender is a twin� data is simply copied locally since it is available�

Finally� node contention issues  ���� ��	� ���! could be addressed by the
generated code� Instead of all the senders to enumerate the receivers in the same
order� the generated loop nest can be used to precompute the list of targets�
This list can be scanned in a di�erent order on each source� reducing potential
contention� From the receive side� arrivaldriven reception and unpacking could
also be implemented with some support from the communication library� The
generated code would precompute the sources with non empty messages through
a shortened loop� performing only the local copies and delaying the unpacking of
messages on arrival� These two techniques are not yet implemented�

Figure ��	 shows a prettyprint of a simpli�ed version of the generated code
for our example� Bu�er over�ow� lazy message and twinrelated issues have been
removed� and some simple cleaning was performed to enhance readability� The
integer division requires positive remainders�

��	 Conclusion

A general compilation technique was presented to handle hpf remappings ef
�ciently� This section �rst presents optimality results that are proved in Sec
tion ����	� The technique is implemented in hpfc� our prototype hpf compiler�
Portable pvmbased  �
�! code is generated� The generated code has been exper
imented on a Alpha farm and the results are shown� Finally some comments and
future work are outlined�

���� Optimality and correctness

Thanks to the mathematical formalization� hpf properties and simple program
ming tricks� we can prove that for any remapping� a minimal number of messages�
containing only required data� is sent over the network� Thus communication is
optimal� The essence of the proof is the following� �rstly� replication in hpf is
performed on independent dimensions of the processors what allows to manipulate
these dimensions independently of other variables& also the distributions partition
data� hence there is no doubt about possible senders apart from the orthogonal
replication& moreover� the linear algebra based formalization of the problem is ex�
act� thus only valid data is enumerated for communication between two processors�
and runtime guards against twins insure that no message is sent to a processor
that already holds these data& lazy communication prevents empty messages�

The proof is still valid for skewed alignments  �� �	�!� It does not include the
load balancing aspect of our technique� indeed� this load balancing is statically
decided among all processors� without any information about the actual messages
needed and the amount of data to be transfered� Runtime guards insure that only
really needed messages are built� thus not only the performed communication
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is optimal� but also the packing� Some of the papers cited in Section ����� are
communication optimal  ���� �		!� Empty messages are generated by  �	�! and
more communication than necessary by  ��	� ���!� However it must be noted
that none addresses full hpf mappings� alignments� distributions or replication
are restricted�

Part of the correctness of the spmd code can also be shown from Figure ��� by
proving it on the structure of the code� all variables are properly instantiated� all
messages are balanced �as many are sent as received�� etc� Also� the coordination
of message packing and unpacking is insured because the very same loop nest is
used in the send and receive parts for both operations� Finally� an upper bound
of the required memory for storing intermediate and local data can be derived�
�� �memory�As� $ memory�At���

���� Experimental results

The remapping code generation technique is fully implemented in hpfc� our pro
totype hpf compiler� Hpfc primarily aims at demonstrating feasibility and being
portable� rather than achieving very high e�ciency on a peculiar architecture�
PVM rawencoded direct connections are used for communication� These new
features were tested on a dec fddi networked Alpha farm at lifl �Universit�e
de Lilles� France�� The experimental results and derived data are presented in
this section� They show improvements over the dec hpf compiler� despite our
high level pvmbased implementation� Not surprisingly� simpler and more e�
cient codes are generated for basic remappings� and more complicated ones for
general cyclic distributions�

A square matrix transposition was chosen as a simple common testbed re
quiring advanced communication to emphasize the data amount and distribution
complexity in�uence� The best wallclock execution times for transposing arrays
of various sizes and distributions were measured� The reason for not presenting
average times is that the machine was not dedicated to our experiments� thus it
was not easy to obtain sound measurements� Experimental conditions �hardware�
network� compilers� libraries� are detailed in  �#!� For comparison purposes� we
introduce the transposition speed per processor� expressed in MB�s�pe �MB stands
for Mega Bytes� � M % ��� % �� 
	#� ����� The rationale for this unit is that it
is independent of the matrix size n� the type length l �l % # bytes in our experi
ments based on real�� arrays� and the number of processors p involved� Thus it
allows to compare the performances obtained independently of these parameters�
focusing on the achievements of our technique� The �gures must be compared
to the ���� MB�s peak communication bandwidth between two nodes� If t is the
measured time� then speed s is de�ned as�

s %
l�n�

����p�t

Figure ��� displays 	block�block
 transposition performances for di�erent
processor arrangements and matrix sizes� Hpfc generally outperforms the dec
compiler by �
 to �
(� up to the PVM � MB message bu�er size limit� when a mes
sage steps over � MB� it is split and a signi�cant degradation occurs& for instance
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at n % ���� for 	block�block
 distribution on P	��
� Figure ��� shows perfor
mances for various distributions on �xed processor arrangements� Small general
cyclic distributions perform worst� Some artifacts �we suspect cache e�ects� are
also noticeable for n % #��� On P	��
� 	cyclic�cyclic
 transpositions perform
badly� code transformations such as invariant code motion are needed to build a
better enumeration code& they were performed by hand on the cyclic distributed
P	���
 case� However� good performances for complex remappings compared to
the simple and straightforward block distribution case were obtained�

���	 Discussion

Our technique puts the remapping code generation problem in a single linear
framework which deals with all hpf issues such as alignments or general cyclic
distributions� Optimality results were presented� Namely� a minimal number
of messages� containing only the required data� is sent over the network� Thus
the technique minimizes both latency and bandwidthrelated costs of the net
work� through message aggregation and exact enumeration of elements to be sent�
Moreover load balancing issues are discussed and broadcasts are used�

The Fourier elimination algorithm involved in the code generation phase of
our technique has a theoretical exponential worst case behavior� However the
practical execution time of our straightforward implementation for one remapping
remains in the 
��
 �s range� thanks to the independence of dimensions implied
by hpf and to the small number of variables involved� The practical complexity of
the code generation for multiple dimensions roughly is the number of dimensions
times the complexity of the code generation for one dimension�

Extensions to the usual Fourier elimination algorithm  �! are needed to
handle a parametric number of processors� This also raises the issue of the static
knowledge available to the compiler for generating faster codes� and the impact it
may or should have on the hpf language de�nition on the one hand� and on the
applications on the other� If not enough information is provided to the compiler�
the generated code should rely on non necessarily e�cient runtime libraries to
perform the required communication� compromising the bene�t users expect from
their parallel code�

Future work includes� a new bu�er management for using the pvm in place
option& reducing the transfered data to what is actually needed through advanced
program analyses  ��� ��!& optimizing the generated code further through code
transformations& compiling for other communication models such as onesided
communication�
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Figure ���� Transposition speed per processor for 	block�block
 distributions
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��� Appendix

This section presents details that could not be included in the core of the paper
because of space limitation�

����� Notations

Linear algebra provides a powerful framework to characterize array element sets�
represent hpf directives� generate e�cient code� de�ne and introduce optimiza
tions and make possible correctness proof of the compilation scheme� Our com
pilation scheme uses polyhedra to represent the hpf data remapping problem�
Notations are shown in Figure ���� ��# and ���� Greek letters denote individual
or set of integer variables& calligraphic letters systems of linear equalities and in
equalities on a set of variables� Such constraints implicitly de�ne a polyhedron
on the variables� i�e� the set of integer vectors that are solutions to the system�
Di�erent operations can be performed on systems of constraints such as projecting
variables� or enumerating solutions for some variables� the others being considered
as parameters � � �

Variables Comments

� array dimensions
� local array dimensions
� template dimensions
� processor dimensions
� block o�sets �for distributions�
� cycle numbers �for distributions�

p all processor variables �p % � � ���
� cycle loadbalancing variable
e other variables

�D set of distributed dimensions
�R set of replicated dimensions

xi ith dimension of x
x� corresponding target mapping variables
x �! shorthand for x and x�

Figure ���� Variables

����� Detailed formalization

Declarations� hpf directives and local address translations are embedded into
linear constraints� as suggested in  �� ��!� This gives a linear description of the
data distribution and of the communication problem� i�e� the enumeration of the
elements to be sent and received� This section presents the derivation of a system
of linear constraints that exactly describes the array elements to be communicated�
with their associated source and target processors� allowing code generation�

Figure ���
 shows the declaration constraints for the objects involved in the
source and target mappings of the running example� Lower and upper bounds are
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Polyhedrons Constraints

D declarations
H hpfrelated
L local declarations
B loadbalancing

R remapping
E elements
P processors

Figure ��#� Polyhedrons

Notation Meaning

X �V � linear system on variables V
XjV system after projection of variables V

Z � X  W ! X solution enumeration parametrized by W

X� % X� � X� union of systems
�i�e� intersection of polyhedrons � � � �

X� % X� �X� disjoint union
�i�e� union on disjoint set of variables�

Figure ���� Polyhedron operators

de�ned for each dimension of arrays� templates and processor grids� Figure ����
shows the constraints derived from hpf directives� The sets of distributed and
replicated dimensions are also shown� This linear modelization is extensivelly
described in  �!� Figure ���� presents the local declarations and global to local ad
dress translations generated by hpfc� expressed through linear constraints� Thus
they are directly included in our compilation scheme� However such an integration
is not required� providing global to local address translation functions would be
su�cient� although more expensive at run time�

A	��
 � 	 �� 	 �

source template T	��������
 � 	 �� 	 �� � 	 �� 	 �
� � 	 �� 	 �

source processors Ps	��������
 � 	 �� 	 �� � 	 �� 	 �� � 	 �� 	 �
target template T	�����

�
���

�
�
 � 	 ��� 	 �� � 	 ��� 	 �
� � 	 ��� 	 �

target processors Pt	�����
�
�
 � 	 ��� 	 �� � 	 ��� 	 �

Figure ���
� declaration constraints D��� � �!� � �!�

Let us now gather all these constraints in the remapping system �De�nition ���
They de�ne a polyhedron on �� �� �� � � � � and corresponding primed variables��
Solutions to this polyhedron link the array elements � and their mapping on the
source � and target �� processors� R satis�es some properties because of the hpf

�Some variables� as �� are of no interest for the code generation and can be exactly eliminated�
reducing the size of the system without loss of generality nor precision�
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align A	i
 with T	��i��
 �� % ��
idem for target mapping ��� % ��

distribution of A onto Ps thru T �� % �
�� $ �� 
 �� 
 	 �� � �

distribution of A onto Pt thru T ��� % �
��� $ ���� $ ��� 
 �� 
 	 ��� � �

�D % f��g �R % f��� ��g
��D % f���g ��R % f���g

Figure ����� hpfrelated constraints H��� � �!� � �!� � �!� � �!� and dimension sets

local source array As���� �� % �� $ �� � 	 �� 	 �

local target array At����� ��� % ���� $ ��� $ �� � 	 ��� 	 	

Figure ����� local declaration constraints L�� �!� � �!� � �!� ��

mapping semantics�

De�nition � �remapping system R�
R�p� e� % R�� �!� �� � �!� � � �� % D�� � � � �H�� � � � � L�� � � �

with p % � � �� the source and target processor variables� e % � � � � � the other
variables�

Proposition � �replication independence� Processor variables on replicated
dimensions are disjoint from others in R with p % pR � pD�

R�p� e� % RjpR�pD� e��D�pR� % RjpR�pD� e��D��R��D���R�

Proof� pR variables appear neither in H nor in L� and are disjoint in D� D�x� is
simply the cartesian declaration or replication constraints on x variables� �

Proposition � �disjoint distribution� Array elements appear once in RjpR�

�� � D���� ���e� pD� with e % � � � � � j�e� pD� � RjpR�pD� e�

i�e� apart from replicated dimensions� only one processor owns a data on the source
and target processor grids� thus constraining the possible communications�

Proof� HPF mapping semantics� This property is also true for skewed alignments�
�

A spmd code must be generated from such a polyhedron linking the array ele
ments to their corresponding source and target processors� However� in the general
case� because of data replication� R is not constrained enough for attributing one
source to a target processor for a given needed array element� Indeed� RjpR assigns
exactly one source to a target as shown in Proposition �� but pR variables are still
free �Proposition ��� The underconstrained system allows choices to be made in
the code generation� On the target side� replication provides an opportunity for
broadcasts� On the source side� it allows to balance the load of generating and
sending the messages�
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Broadcasts

In the target processor grid� di�erent processors on the replicated dimensions own
the same data set� Thus they must somehow receive the same data� Let us decide
that the very same messages will be broadcasted to replicated target processors
from the source processors� From the communication point of view� replicated
target processors are seen as one abstract processor to be sent a message� From
the polyhedron point of view� ��R dimensions are collapsed for message generation�
The free choice on ��R variables is removed� since the decision implies that the
source processor choice is independent of these variables� For the running example�
��R % f���g and D����� % f� 	 ��� 	 �g� thus messages are broadcasted on Pt�s
second dimension as shown in Figure ����

Load balancing

Now one sender among the possible ones ��R� must be chosen� as suggested in
Figure ���� This choice must be independent of the replicated target processors�
because of the broadcast decision� Moreover� in order to minimize the number of
messages by sending elements in batches� it should not depend on the array element
to be communicated� Thus the only possible action is to link the abstract target
processors ��D to �R� These processors wait for disjoint data sets �Proposition ��
that can be provided by any source replicated processors �Proposition ���

To assign ��D to �R in a balanced way� the basic idea is to attribute cyclically
distributed target to replicated source processor dimensions� This cyclic distribu
tion must involve processors seen as vectors on both side� In order to obtain this
view of ��D and �R� a linearization is required to associate a single identi�er to a
set of indices�

The rationale for the linearization is to get rid of the dimension structuration
in order to balance the cyclic distribution from all available source replicated
processors onto all target distributed processors� Source processors that own the
same elements are attributed a unique identi�er through linearize��R�� as well as
target processors requiring di�erent elements through linearize���D��

De�nition � �extent� Let V be a set of bounded variables� The extent operator
is the number of distinct elements� and can be de�ned recursively as� extent��� % ��
extent�v� % �max�v�
 min�v� $ �� and extent�V � %

Q
v�V extent�v��

De�nition � �linearization� Let V be a set of bounded variables� The lineariza�
tion function linearize is de�ned recursively as� linearize��� % 
 and linearize�V � %
extent�v�� linearize�V 
 fvg� $ v 
min�v��

The following constraint expresses the cyclic distribution of distributed tar
get to replicated source processor dimensions� It introduces a new cycle number
variable ��

De�nition � �load balance B�

B��R� �
�
D� �� % flinearize���D� % extent��R�� � $ linearize��R�g
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For the running example� linearization of �R % f��� ��g where � 	 �� 	 �� � 	
�� 	 � leads to linearize��R� % ��� $ �� 
 �� ��D % f���g with � 	 ��� 	 � leads
to linearize���D� % ��� 
 � thus B is ��� 
 � % 	� $ ��� $ �� 
 �� The resulting
assignment is shown in Figure ��� and ����� Because there are � targets and 	
available sources� the distribution cycles around the sources� and the �rst source
processor set gets � targets�

Target Source Cycle

��� linearize���D� �� �� linearize��R� �

� 
 � � 
 

� � � � � 

� � � � � 

	 � � � � 

� 	 � � 
 �

Figure ����� B target to source assignment for the running example

Proposition � �target assignment� Target processors are assigned to one
source processor among the replicated ones through B�

���D� ���R � ���j��R� ��D� �� � B

Proof� The linearization is dense� �

����	 SPMD code generation

Let us now introduce the �nal polyhedron which integrates these choices and is
used for the code generation�

De�nition � �elements E� With p % � � �� % �D � �R � ��D � ��R�

E�p� e� �� % R�p� e�� B��R� �
�
D� ��

Polyhedron E is constrained enough so that there is only one possible sender
�Proposition �� for a given piece of data to be sent to all target processors re
quiring it� Thus a precise communication code can be generated� If ��� �� ��� is a
solution to E � then � must send � to ��� Indeed� this polyhedron has the following
properties�

Proposition � �orthogonality of ��R in E�

E�p� e� �� % Ej��

R
�pD� �R� e� ���D���R�

Proof� De�nition � and Proposition �� �

Proposition � �one sender� For a required data on a target processor� there is
only one sender de�ned in E� which is independent of the replicated target ���R��

����D� �� � R�p� e�� ��� j ��� ��D� �� � E
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Proof� Propositions �� � and 	� �

Proposition 
 �aggregation� If a target processor requires two di�erent pieces
of data that can be sent by the same processor� then there is only one such proces�
sor�

���� ��i� ��j j ���D� ���� �D� �i� � E � ���� �D� �j� � E� %�
����j���� �� �i� � E � ���� �� �j� � E�

Proof� Propositions � and �� � % �D � �R� and �R choice in B is independent
of �� �

If all processors must enumerate all the integer solutions to polyhedron E � this
is equivalent to the runtime resolution technique and is very ine�cient� Moreover�
it would be interesting to pack at once the data to be sent between two proces
sors� in order to have only one bu�er for message aggregation� Therefore some
manipulations are needed to generate e�cient code�

Firstly� replicated dimensions of target processors ���R� are extracted from E
as allowed by Proposition 	� This information is only required for broadcasting
the message to the target processors� Ej��

R
stores the remaining information�

Secondly� in order to �rst enumerate the couples of processors that must com
municate� and then to generate the associated message� a superset of these com
municating processors is derived�

De�nition 
 �processors P�

P��D� �R� �
�
D� �� % Ej��

R

e

This projection may not be exact��

���� Optimality proof

For a given remapping� a minimal number of messages� containing only the re
quired data� is sent over the network�

Theorem � �only required data is sent� For any HPF remapping� only re�
quired data is communicated�

Proof� If the processors sets are disjoint on the real processors� E exactly describes
the array elements and their mapping �derived from Proposition ��� Polyhedron
scanning techniques exactly enumerate the elements in E and these elements must
be communicated if the processors are disjoint� If they are not� the twin guards
prevent any data to be sent to a processor that already holds it� preserving the
property� �

Theorem � �minimum number of messages is sent� For any HPF remap�
ping� a minimal number of messages is sent over the network�

�A projection may be exact or approximate ��� ���� that is the integer solution to the pro�
jection may always re�ects� or not� an integer solution to the original polyhedron�
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Proof� Only required data is communicated �Theorem ��� all possible aggregations
are performed �Proposition �� and empty messages are not sent� �

Theorem � �memory requirements� The maximum amount of memory re�
quired per hpf processor for a remapping is�

�� �memory�As� $ memory�At��

Proof� Local arrays plus send and receive bu�ers may be allocated at the same
time� The bu�er sizes are bounded by the local array sizes because no more
than owned is sent �even for broadcasts� and no more than needed is received
�Theorem ��� �

����� Experimental conditions

This section presents the hardware and software environment used for the tests�
the measurements and the experiments�

DEC Alpha farm� �� dec �


 model 	

 AXP ����KB cache� ���MHz Al
pha ��
�	� �	 MB memory workstations linked with a �

Mb�s�link� FDDI
crossbar� Non dedicated machines�

Compilers� DEC Fortran OSF�� f�� version ��� with %�fast �O �u% options�
DEC C OSF�� cc with %�O�% option �for parts of the hpfc runtime library��
DEC hpf f"� version FT��� with %�fast �wsf n% options for comparison
with the remapping codes generated by hpfc� our prototype hpf compiler�

Communications� PVM version ����� standard installation� used with direct
route option and raw data encoding� PVMBUFSIZE not changed� � MB inter
mediate bu�er used to avoid packing each array element through pvm�

Transposition� A square matrix transposition was tested for various matrix
sizes�� processor arrangements and distributions� The time to complete
A�TRANSPOSE	B
 with A and B initially aligned was measured� It includes
packing� sending� receiving and unpacking the data� plus performing the
transposition� The code is shown in Figure ����� The �d remapping compi�
lation times ranged in 
��
 �s on a sun ss��

Measures� The �gures present the best wallclock execution time of at least �

instances� after substraction of a measure overhead underestimation� The
starting time was taken between two global synchronizations� The �nal
time was taken after an additional global synchronization� The reason for
not presenting average measures is that the machine was not dedicated to
our experiments� hence it was not easy to get sound results�

Raw measures for transpositions are displayed� Figure ���	 and ���� show
the transposition times for various matrix sizes and distributions� The column
heads describe the distribution of the array dimensions� for instance c�c� stands
for 	cyclic	�
�cyclic	�

� Figure ���� show the 	block�block
 transposition
time for various array arrangements� involving up to �� processors� These raw
measures are analyzed in Section ��	���

�����MB�s�link
�i�e� the number of lines and columns
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Figure ���	� Transposition time �seconds� on P	���
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Figure ����� Transposition time �seconds� for �block�block� distributions

aInvariant code motion and some code transformations where performed by hand for this
distribution
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real�� A�n�n�� B�n�n�

chpf	 dynamic B

chpf	 template T�n�n�

chpf	 processors P�����

chpf	 distribute T����� onto P

chpf	 align with T�� A� B

���

c

c A � TRANSPOSE�B�

c

c first align A and B transpose

c

chpf	 realign B�i�j� with T�j�i�

c

c now the assignment� everything is local

c

chpf	 independent�j� i�

do j��� n

do i��� n

A�i�j� � B�j�i�

enddo

enddo

c

c DONE

c

���

Figure ����� Remappingbased transpose code for hpfc
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Quatri�eme partie

Implantation et exp�eriences





Chapitre �

Introduction

R�esum�e

Cette partie pr�esente les r�ealisations e�ectu�ees dans le cadre de cette
th�ese� Il s�agit principalement de l�int�egration au sein du parall�eliseur PIPS
d�un prototype de compilateur HPF appel�e Hpfc� Le chapitre � pr�esente
d�abord de mani�ere g�en�erale l�environnement de d�eveloppement propos�e par
PIPS et les m�ecanismes d�int�egration de nouvelles phases� Le chapitre � d�ecrit
ensuite le compilateur Hpfc	 en insistant sur le langage accept�e en entr�ee
d�une part	 et sur les optimisations implant�ees d�autre part� Le chapitre �
d�ecrit enn quelques exp�eriences e�ectu�ees avec les codes compil�es sur r�eseau
de stations de travail�

Abstract

This part presents implementations performed during our PhD	 namely
the integration within the PIPS parallelizer of Hpfc	 our prototype HPF
compiler� Chapter � rst presents PIPS as a workbench	 and how new phases
can be integrated� Chapter � then focuses on our compiler	 its capabilites and
optimizations� Finally Chapter � describes experiments performed with our
generated codes on a network of workstations�

��� L
environnement de d�eveloppement PIPS

L�environnement de d�eveloppement propos�e dans PIPS est d�ecrit au chapitre ��
Cet environnement est le fruit d�un travail collectif� Il part d�une tr�es bonne
conception initiale� due �a R�emi Triolet� Fran�cois Irigoin et Pierre Jouvelot�
qui a �et�e compl�et�ee et �etendue au cours du temps par de nombreux intervenants�
La r�edaction de la pr�esentation g�en�erale de PIPS incluse ici est principalement
l�"uvre de Ronan Keryell� avec la participation de Corinne Ancourt� B�eatrice
Creusillet� Fran�cois Irigoin� Pierre Jouvelot et moim�eme�

PIPS vise �a implanter rapidement de nouvelles analyses interproc�edurales et
transformations de programmes� Les nouvelles implantations pro�tent de la sy
nergie d�autres analyses d�ej�a disponibles� notamment d�analyses s�emantiques qui
fournissent une abstraction du comportement des programmes�

����� Survol de PIPS

La section ��� survole la structure de PIPS et pr�esente ses possibilit�es actuelles�
PIPS est un compilateur source �a source pour Fortran ��� Il accepte en entr�ee ce
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langage� mais aussi des extensions comme les directives HPF� Au sortir d�analyses
et de transformations� il produit du Fortran parall�ele avec l�ajout de directives
�extensions Cray� HPF� etc��� sugg�ere des placements de donn�ees �CMF� CRAFT�
ou encore produit du Fortran �a passage de messages �a partir de HPF�

De nombreuses analyses sont implant�ees et disponibles � les e�ets abstraient
les donn�ees r�ef�erenc�ees par le programme & les transformeurs d�ecrivent l�ex�ecution
des statements & leur calcul permet de composer ensuite des pr�econditions portant
sur les variables scalaires d�un programme & les r�egions de tableaux donnent une
description pr�ecise des �el�ements de tableaux r�ef�erenc�es par le programme� compl�e
tant les e�ets & PIPS calcule le graphe de d�ependances & en�n il d�erive la complexit�e
symbolique d�un programme�

Ces analyses sont le support de transformations et de g�en�erations de codes�
Des transformations standard sont propos�ees �loop unrolling� strip�mining� inter�
change� �evaluation partielle etc�� & d�autres moins fr�equentes telles la privatisation
de tableau ou des �eliminations de code mort �a base de pr�econditions et de cha��nes
use�def� La parall�elisation interproc�edurale �etait l�objectif initial du compilateur
PIPS� Elle est bas�ee sur l�algorithme de Kennedy et Allen� Du code visant des
machines �a m�emoire r�epartie est produit par la m�ethode poly�edrale & en�n PIPS
g�en�ere du code �a passage de messages pour HPF �HPFC�� ou pour un mod�ele de
machine �a bancs m�emoires �� intelligents �� �WP����

����� Conception g�en�erale de PIPS

La section ��� d�ecrit la structure g�en�erale du compilateur� Un programme est
analys�e globalement par PIPS �a l�int�erieur d�un espace de travail 	workspace
 dans
lequel sont mis toutes les informations calcul�ees� Une base de donn�ee stocke les
resources produites �PipsDBM�� Un gestionnaire de d�ependances �a la make �Pips
Make� organise la coh�erence des di��erentes phases de PIPS et assure le fonction
nement du compilateur� PipsMake g�ere automatiquement les d�ependances inter
proc�edurales ascendantes ou descendantes gr�ace �a une interface d�eclarative� En�n
le comportement du compilateur sur certains points pr�ecis peut �etre modi��e en
changeant les properties de PIPS�

����	 Environnement de d�eveloppement

La section ��	 d�ecrit plus pr�ecis�ement l�environnement de programmation of
fert pour implanter de nouvelles phases au sein du compilateur� Cet environne
ment inclut l�outil de g�enie logiciel NewGen� Il permet une d�eclaration simple et
de haut niveau de structures de donn�ees� �A partir de ces d�eclarations il g�en�ere des
constructeurs� destructeurs et observateurs automatiquement� Il g�ere �egalement la
persistance des donn�ees ��a savoir la possibilit�e d��ecrire et de relire une structure
arbitraire sur disque�� Il fournit en�n un it�erateur g�en�eral qui autorise des par
cours arbitraires de ces structures� en ex�ecutant des op�erations sur les n"uds de
certains types� Cet outil est compl�et�e par une biblioth�eque d�alg�ebre lin�eaire qui
est la base math�ematique des analyses et transformations les plus avanc�ees � cette
biblioth�eque permet notamment de manipuler des poly�edres� La documentation
et le d�ebogage sont �egalement discut�es plus avant �a cette section�
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���� Interfaces utilisateur

La section ��� pr�esente les interfaces utilisateur disponibles � shell �Pips�� en
ligne �tpips� et graphiques �wpips et epips�� L�interface epips utilise l��editeur
de texte Emacs pour a�cher les �chiers� et pro�te ainsi du prettyprint couleur
implant�e pour les programmes Fortran� Ces interfaces couvrent divers besoins�
L�interface shell est souvent utilis�ee pour le d�eveloppement� L�interface en ligne est
plut�ot utilis�ee pour la validation et l�interface graphique pour les d�emonstrations
et les essais� Un outil permet de transformer automatiquement le log des actions
demand�ees �a l�interface graphique en un script �equivalent qui peut �etre ex�ecut�e
par tpips pour la validation ou bien pour reproduire une erreur�

����� Conclusion

La section ��� conclut cette pr�esentation de PIPS� Elle d�ecrit les projets com
parables� en insistant sur ce qui fait l�originalit�e de PIPS � les analyses s�emantiques
bas�ees sur l�alg�ebre lin�eaire� la gestion automatique de l�interproc�edural et de la
coh�erence des analyses� l�utilisation de la persistance des donn�ees� la disponibilit�e
de plusieurs interfaces couvrant des besoins di��erents� et son caract�ere multi
cibles �machines �a m�emoire partag�ee ou r�epartie� parall�elisation ou analyses de
programmes etc���

��� Le prototype de compilateur HPFC

Les travaux th�eoriques de cette th�ese ont donn�e lieu �a des r�ealisations pra
tiques� Un prototype de compilateur pour le langage HPF a �et�e d�evelopp�e� Il est
pr�esent�e au chapitre �� Le prototype a �et�e implant�e au sein de PIPS� Il r�eutilise
certaines des analyses pour am�eliorer le code g�en�er�e� Les codes produits ont tourn�e
sur r�eseau de stations de travail� sur CM� et sur ferme d�Alphas�

����� Entr�ee du compilateur

Nous d�etaillons le langage d�entr�ee du compilateur �a la section ���� Il s�agit
des principales extensions HPF ajout�ees �a Fortran ��� Le compilateur supporte
�egalement des extensions propres� pr�e�x�ees par fcd au lieu de hpf�

Toutes les directives de placement de HPF� statiques et dynamiques� sont ana
lys�ees et prises en compte� mis �a part quelques d�etails syntaxiques� Par exemple� il
n�y a pas pour l�instant d�alignement bas�e sur la notation des sections de tableaux�
Le compilateur analyse �egalement quelques directives simples avec la syntaxe dite
libre de Fortran �
� Les directives de parall�elisme independent� new et reduction
sont prises en compte� ainsi que quelques formes tr�es simples de forall� Les r�e
ductions sont reconnues par leur nom avec une syntaxe adapt�ee a Fortran ���
En�n une directive pure remplace l�attribut Fortran �
 correspondant� Ces direc
tives sont compatibles ou proches de la sp�eci�cation du langage� tant en ce qui
concerne l�esprit que la syntaxe�

Nous avons ajout�e de nouvelles directives qui ne trouvent pas �encore� leur
contrepartie dans le langage� Elles correspondent �a des besoins rencontr�es pour
tester le compilateur� pour des optimisations particuli�eres ou pour compiler ef
�cacement des programmes r�eels� Une routine peut �etre d�eclar�ee io� exprimant
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qu�elle ex�ecute une entr�eesortie & elle est alors ex�ecut�ee par l�h�ote uniquement�
apr�es r�ecup�eration des donn�ees n�ecessaires� et avant une mise �a jour des donn�ees
modi��ees� Des sections de codes peuvent �etre g�er�ees de la m�eme fa�con entre host

et end host� La notion de scope propos�ee au chapitre II�� est implant�ee pour
les variables priv�ees avec local et end local� Des sections de codes �eventuelle
ment nich�ees peuvent �etre instrument�ees automatiquement pour mesurer les temps
d�ex�ecution globaux avec time et end time� La directive synchro demande une
synchronisation globale et permet une meilleure interactivit�e �par exemple a�
cher des messages au fur et �a mesure de l�ex�ecution du programme�� Les valeurs
d�un tableau peuvent �etre tu�ees avec kill� ce qui �evite des communications en cas
de replacement� En�n les options internes de compilation de HPFC peuvent �etre
modi��ees avec la commande set� qui a �et�e ajout�ee pour valider ces options�

����� Sortie du compilateur

La section ��� d�ecrit le mod�ele cible du compilateur et les optimisations im
plant�ees pour am�eliorer ce code� Elle pr�esente l�ex�ecutif utilis�e par le code g�en�er�e
ainsi que les outils de conduite du compilateur 	drivers
�

HPFC produit du code �a passage de messages� Un code simple est produit pour
l�h�ote� qui assure principalement les fonctions d�entr�eessorties� Un code SPMD �un
programme param�etr�e par l�identit�e des processeurs� est produit pour les n"uds
de la machine� La gestion des processus et des communications est bas�e sur la
librairie du domaine public PVM� Le code s�appuie directement sur un ex�ecutif
qui assure des fonctions de haut niveau �description des objets HPF� calculs de
r�eductions� d�ecalage de parties de tableau� etc��� mais certaines parties comme la
compilation des entr�eessorties et des replacements g�en�erent directement du code
PVM�

Le compilateur implante un certain nombre de techniques de compilation stan
dard mais aussi d�autres plus avanc�ees� La m�emoire allou�ee sur chaque n"ud pour
stocker un tableau r�eparti est r�eduite et utilise un nouvel adressage� Les r�educ
tions reconnues font appel �a des fonctions sp�eci�ques de l�ex�ecutif� Une analyse des
recouvrements est faite pour les boucles ind�ependantes rectangulaires acc�edant �a
des donn�ees distribu�ees par blocs � le code produit vectorise les communications
�a l�ext�erieur du nid de boucles et utilise un stockage sur les bords du tableau�
Le cas particulier des d�eplacements transversaux 	shift
 de parties de tableaux
distribu�ees par blocs est g�er�e sp�eci�quement� ainsi que les simples copies de ta
bleaux parfaitement align�es� En�n les communications li�ees aux entr�eessorties et
aux replacements font l�objet des optimisations d�ecrites �a la partie III�

La compilation est command�ee par le shellscript hpfc� qui lance directement
PIPS� et poursuit la compilation et l��edition des liens des codes produits avec les
librairies de l�ex�ecutif� pour produire un code pr�et �a �etre ex�ecut�e� Le processus
de compilation a �et�e implant�e de mani�ere �a �eviter la modi�cation de la phase
assez fragile d�analyse syntaxique de PIPS� Les codes HPF sont d�abord �ltr�es
pour transformer les directives en appels de routines Fortran �� qui sont analys�es
syntaxiquement� La repr�esentation interm�ediaire est ensuite nettoy�ee de ces ap
pels� tout en mettant �a jour les structures de donn�ees internes qui d�ecrivent les
donn�ees et leur placement� Le code est ensuite analys�e par PIPS� puis compil�e
e�ectivement vers du passage de messages� routine par routine�
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Le compilateur g�en�ere plusieurs �chiers pour chaque routine � les codes de l�h�ote
et des n"uds d�une part� mais aussi des routines d�initialisation des structures de
donn�ees de l�ex�ecutif pour d�ecrire le placement des donn�ees� Apr�es les routines du
programme� les commons Fortran sont compil�es� Le caract�ere interproc�edural de
la compilation est n�ecessaire pour mettre �a jour les recouvrements n�ecessaires aux
tableaux r�epartis communs�

La section ��	 conclut cette pr�esentation en r�ef�eren�cant les travaux compa
rables� i�e� les compilateurs g�en�erant du code pour machines �a m�emoire r�epartie�

��� Exp�eriences sur r�eseau de stations de travail

Le chapitre 	 d�ecrit et analyse quelques exp�eriences fa��tes sur r�eseau de sta
tions de travail avec les codes g�en�er�es par le compilateur� De simples it�erations
de relaxation d�une matrice ont �et�e test�ees sur un r�eseau local Ethernet avec des
stations de travail Sun Sparc �� Le compilateur est d�abord d�ecrit �a la section 	���
Le code test�e est essentiellement sensible �a l�analyse des recouvrements� ce qui
�etait l�objectif de ce jeu de test�

Les exp�eriences sont ensuite pr�esent�ees �a la section 	��� Il s�agit d�une relaxa
tion sur une grille �a deux dimensions� Les tableaux sont r�epartis par blocs sur
chacune des dimensions� Le programme a �et�e test�e sur �� 	 et # processeurs� Nous
nous sommes attach�es �a comparer pr�ecis�ement l�acc�el�eration obtenue en se r�ef�erant
aux performances du code en s�equentiel sur un seul processeur� Les r�esultats sont
donn�es en pourcentage des performances qu�on pourrait obtenir en extrapolant les
r�esultats sur un processeur au nombre de processeurs utilis�es�

La section 	�	 analyse ces r�esultats en construisant un petit mod�ele prenant
en compte le nombre de processeurs� les vitesses de communication et de calcul
et la taille des matrices� L�e�cacit�e pour un nombre de processeur p� une taille
de matrice n et un rapport vitesse de calculs sur vitesse de communications �

est ensuite d�eriv�e� L�ad�equation du mod�ele et des r�esultats exp�erimentaux est tr�es
bonne� Le mod�ele est ensuite utilis�e pour pr�evoir un nombre de processeurs optimal
ainsi que la taille de matrice n�ecessaire pour atteindre une e�cacit�e donn�ee� Les
r�esultats montrent que pour des machines un peu rapides comme de RS�k �IBM�
sur Ethernet� on arrive tr�es vite �a saturer le r�eseau � un r�eseau local de stations de
travail n�est pas un supercalculateur qui s�ignore�
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Chapitre �

PIPS� a Workbench for
Interprocedural Compilers

Ronan Keryell� Corinne Ancourt� Fabien Coelho�

B�eatrice Creusillet� Fran�cois Irigoin et Pierre Jouvelot

Cette pr�esentation de PIPS constitue le rapport interne EMP CRI A���� ������

R�esum�e

PIPS est un outil exp�erimental pour implanter et �evaluer des techniques
interproc�edurales de compilation	 de parall�elisation	 d�analyses et d�optimi�
sation� Cet article se concentre sur l�environnement de d�eveloppement uti�
lis�e pour d�evelopper ces compilateurs� Sont inclues la gestion de structures
de donn�ees	 des d�ependances entre phases d�analyses et de transformations	
et les librairies math�ematiques utilis�ees pour implanter les analyses les plus
avanc�ees�

Abstract

PIPS is an experimental tool to implement and evaluate various interpro�
cedural compilation	 parallelization	 analysis and optimization techniques�
This paper focuses on the workbench used to build these compilers� It in�
cludes the management of data structures	 of dependences between the vari�
ous analysis and transformation phases	 and the mathematical libraries used
to implement some of the most advanced analyses�

��� Introduction

Detecting the maximum level of parallelism in sequential programs has been a
major source of interest during the last decade� This process is of utmost im
portance when trying to cope with the increasing number of vector and parallel
supercomputers and� perhaps unfortunately� the huge number of already existing
)dusty deck* sequential programs� Nowadays� since the development of highend
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parallel computers has not ful�lled the wildest hopes of entrepreneurial companies
in the parallel supercomputing business� we can expect more downtoearth de
velopments of workgroup parallel servers and workstations with few but powerful
processors�

Together with this architectural evolution� three main directions in compiler
developments have been pursued� compilers for sequential machines �with su
perscalar processors�� parallelizers of sequential programs and compilers for ex
plicit parallel programs� All these approaches bene�t from deep global program
analyses� such as interprocedural and semantical analyses� to perform optimiza
tions� vectorization� parallelization� transformations� restructuring and reverse
engineering of programs� Since these approaches often require the same or share
a common ground of analyses� it is interesting to factorize them out in a common
development tool to get the bene�t of code reuse and modular programming�

PIPS is such a highly modular workbench for implementing and assessing vari
ous interprocedural compilers� optimizers� parallelizers� vectorizers� restructurers�
etc� without having to build a new compiler from scratch� It has been used in
various compilation areas since its inception in ��## as the PIPS project �Interpro
cedural Parallelization of Scienti�c Programs�� PIPS has been developed through
several research projects funded by dret �French Arpa�� cnrs �French nsf� and
the European Union �esprit programs�� The initial design was made by R�emi
Triolet� Fran�cois Irigoin and Pierre Jouvelot� It has proved good enough
since then not to require any major change�

Our project aims at combining advanced interprocedural and semantical anal
yses  �	
! with a requirement for compilation speed� The mathematical foun
dations of the semantical analysis implemented in PIPS are linear programming
and polyhedra theory� Despite such advanced techniques� PIPS is able to deal
with reallife programs such as benchmarks provided by onera �French research
institute in aeronautics�� or the Perfect Club in quite reasonable time� An excerpt
of a �uid dynamics code for a wing analysis �Figure ���� will be used as a running
example in this paper�

PIPS is a multitarget parallelizer� It incorporates many code transformations
and options to tune its features and phases� PIPS o�ers interesting solutions to
solve programming design problems such as generating highlevel data structures
from speci�cations� cogenerating their documentation� de�ning user interface de
scription and con�guration �les� dealing with object persistence and resource de
pendences� being able to write parts of PIPS in various languages� etc�

This paper details how PIPS achieves these goals� We �rst present a general
overview of PIPS in the next section� In Section ��� we describe the mechanisms
that deal with PIPS data structures� their dependences and their interprocedural
relationships� The general design is discussed in Section ���� The programming
environment� including the data structures generator and the linear library� and
the documentation process is presented in Section ��	� At last� the di�erent user
interfaces in Section ��� are presented before the related work in Section ������
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Figure ���� User view of the PIPS system�
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��� Overview

PIPS is a sourcetosource Fortran translator �Figure ����� Fortran still being the
language of choice for most scienti�c applications� Beside standard Fortran ���
various dialects can be used as input �HPF� or output �cmf� Fortran �� with
Cray directives� Fortran �� with HPF parallelism directives� etc�� to express
parallelism or code�data distributions� Fortran can be seen here as a kind of
portable language to run on various computers without having to deal with an
assembly code backend� although the PIPS infrastructure could be used as a
basis to generate optimized assembly code� Other parsers or prettyprinters could
be added and the internal representation could be extended if need be to cope
with other imperative languages such as C�

Following the �eld research history� PIPS has �rst been used to improve the
vectorization of Fortran code for parallel vector computers with shared mem
ory �Fortran �� with DOALL� Fortran �� with Cray microtasking directives� For
tran �
�� It is now mainly targeted at generating code for distributed memory
machines� using di�erent methods �processor and memory bank code for control
distribution  #!� cmf� craft polyhedral method  �
�! or messagepassing code
from HPF  ��!��

As we see in Section ���� the translation process is broken into smaller modular
operations called phases in PIPS� For the user� these phases can be classi�ed into
various categories according to their usage� Since PIPS is an interprocedural en
vironment� procedures and functions are very important in PIPS and are referred
to as module in the sequel�

����� Analyses

An analysis phase computes some internal information that can be later used to
parallelize �or generate� some code� some user information �such as a program
complexity measure� to be later displayed by a prettyprinter� etc� The most
interesting analyses available in PIPS are the semantical analyses described below�

E�ects

Since an imperative language such as Fortran deals with memory locations� the
basic semantical analyses in PIPS deal with the e�ects of instructions on memory�
First� the proper e�ects are computed for each substatement of a module� a read
or write operation on an array element� the update of an index variable in a DO

loop� etc� These e�ects can be displayed to the user via a prettyprinter like�

C �must be read �� J NC S� S� S�

C �must be written�� T�J	�	NC
��

T	J���NC��
 � S��S��		S�S�
�	S�S�



Then� since the abstract syntax tree is recursively de�ned in PIPS� the cu�
mulated e�ects are recursively aggregated from all the proper e�ects of the sub
statements in a statement� For the loop �� on Figure ��� this leads to�

C �may be read �� J J� JH K L NC S� S� S� T�		�

C �may be written �� JH S� S� S� T�		�
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c
PROGRAM EXTRMAIN

c
DIMENSION T���������	

COMMON
CT
T

COMMON
CI
I��I�����

COMMON
CJ
J��J��JA����

COMMON
CK
K��K�����

COMMON
CNI
L

DATA N��N��N�N� 
������


READ�NXYZ	 I��I��J��JA�K��K�

REWIND NXYZ

c
IF�J��GE���AND�K��GE��	 THEN

N���

J��J���

J����JA��

JA�JA��

K��K���

CALL EXTR�N�N�	

CALL EXTR�N��N�	

CALL EXTR�N��N�	

ENDIF

END

c
c
c Compute the extrapolation coe�cients
c for all the wing area �KK��
c

SUBROUTINE EXTR�NI�NC	

c
DIMENSION T���������	

COMMON
CT
T

COMMON
CI
I��I�����

COMMON
CJ
J��J��JA����

COMMON
CK
K��K�����

COMMON
CNI
L

L�NI

K�K�

DO ��� J�J��JA

S��D�J�K �J�K��	

S��D�J�K���J�K��	�S�

S��D�J�K���J�K��	�S�

T�J���NC��	�S��S�
��S��S�	��S��S�		

T�J���NC��	�S��S�
��S��S�	��S��S�		

T�J���NC��	�S��S�
��S��S�	��S��S�		

JH�J��J��J

T�JH���NC��	�T�J���NC��	

T�JH���NC��	�T�J���NC��	

T�JH���NC��	�T�J���NC��	

��� CONTINUE

END

c
c
c Compute DDISTANCE
c

REAL FUNCTION D�J�K�JP�KP	

c
DIMENSION T���������	

COMMON
CT
T

COMMON
CNI
L

c
D�SQRT��T�J�K�L 	�T�JP�KP�L 		���

� ��T�J�K�L��	�T�JP�KP�L��		���

� ��T�J�K�L��	�T�JP�KP�L��		���	

END

Figure ���� Code excerpt from an onera benchmark�

C �must be read �� J� JA

C �must be written�� J

DO �� J � J�� JA

���

Since having information about e�ects on internal variables in a function is irrel
evant to calling procedures� the summary e�ects of a procedure are constructed
by removing these local e�ects from the cumulated e�ects of the procedure� In
terprocedural propagation will be commented in Section ����	�

Transformers

To improve the accuracy of the e�ect information� to provide more information
for dependence testing and to select better program transformations� statements
are labeled with preconditions that express constraints on integer scalar variables�
Since such variables are often used in array references and loop bounds� precon
ditions can often precisely de�ne which subpart of an array is referenced by a
memory reference expression� thus re�ning cumulated e�ects into Regions �Sec
tion �������

Mathematically speaking� PIPS preconditions are computed via transformers
that are abstract commands mapping a store to a set of stores  ��#� ���!� They
are relations between the values of integer variables in an initial store and those
in a �nal store� In PIPS� the considered relations are polyhedra� represented by
systems of linear equalities and inequalities� because they provide a sound and
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general mathematical framework for reasoning about array accesses which are
mostly linear in practice� Below� two statement transformers are given by the
prettyprinter�

C T�J�� fJ���J��init
�g
J� � J���

C T�J�� fJ����JA
�g
J� � ��JA��

Constant propagation� inductive variable detection� linear equality detection or
general linear constraints computation can be performed in this workbench us
ing di�erent operators to deal with PIPS basic control structures� To deal with
unstructured control graphs� some fancier operators requiring a �x point compu
tation are needed� although they may slow down the analysis� To provide a better
tradeo� between time and precision to the user� options are available to tune the
precondition construction algorithms�

Unlike most analysis in the �eld� we are dealing with abstract commands
instead of abstract stores for two reasons� First� variables appearing in references
cannot be aggregated to build cumulated and summary e�ects unless they denote
the same values� that is they refer to the same store� The module�s initial store is
a natural candidate to be the unique reference store and� as a result� a relationship
between this store and any statement�s initial store is needed� This relationship
is called a precondition  ���! in PIPS and is constructed for a statement by
aggregating all the transformers of the statements on the paths from the beginning
of the module up to that statement� On the same example than the transformers
we have�

C P�J�	N� fN���	 ���J�	 ���g
J� � J���

C P�J�	N� fN���	 ���J�	 ���g
J� � ��JA��

C P�J�	J�	JA	N� fJ����JA
�	 N���	 ���J�	 ���g
Second� dependence tests are performed between two statements� Although a rela
tionship between each statement store would be more useful than two stores� each
relative to one statement� this would not be realistic because too many predicates
would have to be computed� Thus� a common reference to the same initial store
seems to be a good tradeo� between accuracy and complexity�

Dependence test

Since the dependence graph  ���! is used within many parts of PIPS� such as the
parallelizers� the validity check for some transformations� the usedef elimination
phase� etc�� a multiprecision test has been implemented to provide various degrees
of precision and speed� First� a crude by fast algorithm is used and if no positive
or negative conclusion is found� a more precise but more computeintensive test is
used� and so on  ��	!�

PIPS dependence tests compute both dependence levels and dependence cones�
Dependence cones can be retrieved to implement advanced tiling and scheduling
methods�
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Regions

Array Regions  ��� ��! are used in PIPS to summarize accesses to array elements�
read and write Regions represent the e�ects of statements and procedures on
sets of array elements� They are used by the dependence test to disprove inter
procedural dependences� For instance� in our example� the read regions for the
sole statement of function D are�

C �T��� 	�� 	�� ��R�EXACT�f����J	K���� ��K
�	L���� ��L
�g�

D�SQRT		T	J�K�L 
�T	JP�KP�L 

���

� � 	T	J�K�L��
�T	JP�KP�L��

���

� � 	T	J�K�L��
�T	JP�KP�L��

���


where the � variables represent the three dimensions of A� To compute this Region�
interprocedural preconditions must be used to discover the relations between the
values of J and JP� and K and KP�

However� since read and write Regions do not represent array data �ow�
they are insu�cient for advanced optimizations such as array privatization� in

and out regions have thus been introduced for that purpose� for any statement
or procedure� in regions contain its imported array elements� and out regions
contain its exported array elements� The possible applications are numerous�
Among others� in and out regions are already used in PIPS to privatize array
sections  ��� �	!� and we intend to use them for memory allocation when compiling
signal processing speci�cations based on dynamic single assignments�

Another unique feature of PIPS array Regions lies in the fact that� although
they are overapproximations of the element sets actually referenced� they are
�agged as exact whenever possible� Beside a theoretical interest� there are speci�c
applications such as the compilation of HPF in PIPS�

Array Data Flow Graph

This sophisticated data �ow graph extends the basic DFG with some kind of array
Regions information with linear predicates� Thus� it is able to �nely track array
elements accesses according to di�erent parameters and loop indices in programs�
However� this is only valid when the whole control can be represented in a linear
framework  �
#� �
�!�

Complexities

When optimizing some code� or assessing whether to parallelize some program
fragment or apply a transformation� it is quite useful to have some estimation of
the program time complexity� A static complexity analysis phase has been added
to PIPS to give polynomial complexity information about statements and modules
 ���! from preconditions and other semantical information�

����� Code generation phases

The result of program analyses and transformations is a new code� These phases
generate ��� parallel code from data such as sequential code� semantical informa
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tions and the dependence graph� or ��� a message passing code for distributed
memory architectures�

HPF Compiler

Hpfc is a prototype HPF compiler implemented as a set of PIPS phases�
From Fortran ��� HPF static �align distribute processors template�� dy
namic �realign redistribute dynamic� and parallelism �independent new� di
rectives� it generates portable PVMbased SPMD codes which have run on various
parallel architectures �SUN NOW  ��!� DEC alpha farm� TMC CM�� IBM SP���

Implementing such a prototype within the PIPS framework has proven to be
a �ne advantage� First� the integration of the various phases �Figure ���� within
the PipsMake system allows to reuse without new developments all PIPS analy
ses� and to bene�t from the results of these analyses for better code generation
and optimizations& Second� the Linear C� library has provided the mathematical
framework  �� �! and its implementation to develop new optimizations techniques
targeted at generating e�cient communication codes� It has been applied to I�O
communications  ��! and general remappings  �#!�

Phase Function

hpfc filter preprocessing of the �le
hpfc parser Fortran and HPF directive parser
hpfc init initialization of the compiler status
hpfc directives directive analysis
hpfc compile actual compilation of a module
hpfc close generation of global runtime parameters
hpfc install installation of the generated codes
hpfc make generation of executables
hpfc run execution of the program under PVM

Figure ���� Hpfc phases in PIPS

Parallelization

The primary parallelization method used for sharedmemory machines is based on
Allen-Kennedy algorithm and on dependence levels� This algorithm was slightly
modi�ed to avoid loop distribution between statements using the same private
variable�s�� The resulting parallel code can be displayed in two di�erent formats
based on Fortran �� and Fortran �
� Parallel loops are distinguished by the DOALL
keyword�

Another parallelization algorithm was derived from Allen-Kennedy�s to take
into account the Cray speci�cities� the vector units and the microtasking library�
Two levels of parallelism are selected at most� The inner parallelism is used to
generate vector instructions and the outer one is used for task parallelism�
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Code distribution

This parallelization method emulates a shared memory machine on a distributed
architecture with programmable memory banks� It splits the program in two
parts� a computational part and a memory part� More precisely� two programs
are generated by using a method based on linear algebra� one spmd program
that does the computations in a block distributed control way and another spmd
program that manages the memory accesses�

The development runtime is implemented over PVM but the target is Inmos
T�


 with C�
	 transputerpowered parallel machines with an hight speed in
terconnection network� This prototype was built as part of the European Puma
project  #!�

Parallelization with a polyhedral method

By using the Array Data Flow Graph� it is possible to track the movement of each
value in a program where control �ow can be statically represented in a linear
way� Using this information� a schedule is generated to exploit the maximum
parallelism and a placement is selected to reduce the number of communications
according to their nature without discarding all the parallelism  �
#� �
�!�

����	 Transformations

A transformation in PIPS takes an object� such as the internal representation of
the code� and generates a new version of this object� Transformations currently
implemented in PIPS are�

� loop distribution&

� scalar and array privatization based on Regions&

� atomizer to split statements in simpler ones such as A�B op C&

� loop unrolling&

� loop stripmining&

� loop interchange using an unimodular transformation&

� loop normalization&

� partial evaluation&

� deadcode elimination based on preconditions&

� usedef elimination&

� control restructurer&

� reduction detection�
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Figure ��	� Overview of the PIPS architecture�

���� Pretty�printers

Prettyprinters are used to transform some PIPS internal representation into a
human readable �le that can be displayed by the user interface� There are pretty
printers to display the original parsed code� the sequential code� the parallel code in
some parallel dialect� the dependence graph� the call graph� etc� Other specialized
prettyprinters exist to add some informative decoration to the previous ones� such
as displaying the code with regions� preconditions� complexities� etc� There are
implemented by using hooks in the more classical prettyprinters�

��� PIPS general design

For a PIPS developer� PIPS can be viewed as in Figure ��	� Of course the user
interfaces control PIPS behavior but� internally� all the compiling� analyzing and
transformation operations are split into basic independent phases� They are sched
uled by PipsMake� an �a la make interprocedural mechanism that deals with re�
sources through the Pipsdbm data base manager� An input program is �rst split
into modules that correspond to its subroutines and functions� PipsMake can then
apply the transformation phases on these modules according to some prede�ned
rules� The result is a streamlined programming interface with as few side e�ects
as possible between phases� This allows a highly modular programming style with
several developers at the same time� To add a phase to PIPS� only a C function
�which may be a wrapper if the execution part of the phase is written in another
language� is added �which may of course call other functions� that is called by
PipsMake with a module name as argument�
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��	�� Resources

All the data structures that are used� produced or transformed by a phase in PIPS
are called resources� A phase can request some data structures in Pipsdbm� use
or modify them� create some other resources� and then store with Pipsdbm the
modi�ed or created resources to be used later� Examples of resources are the
input code� abstract syntax tree� control �ow graph� usedef chains� output code�
semantic information such as e�ects� preconditions� regions� etc� These resources
are described with the NewGen description language �Section ��	��� that allows
transparent access to persistent data in Pipsdbm from di�erent languages�

��	�� Workspace

Since all the resources about a user code may be stored on disk �Section �������
resources are located in a workspace directory� This workspace is created from
the source �le given by the user and also contains a log �le and a PipsMake data
structure �Section ����	 that encodes a coherent description of its content��

��	�	 Phases

Each phase in PIPS use the same interface and simply is a C function taking a
module name as argument and returning a boolean describing its completion status
�success or failure�� Figure ��� shows the example of the dead code elimination
phase�

Since PIPS core is written in C� a wrapper function is needed to program PIPS
in other programming languages� Currently� the only phase written in Common
Lisp is the reduction detection phase� it calls a CommonLisp process to perform
the job� Communications are handle through Pipsdbm �les�

��	� PipsMake consistency manager

From a theoretical point of view� the object types and functions available in PIPS
de�ne an heterogeneous algebra with constructors �e�g� parsers�� extractors �e�g�
prettyprinters� and operators �e�g� loop unrolling�� Very few combinations of
functions make sense� but many functions and object types are available� This
abundance is confusing for casual and even experienced users and it was deemed
necessary to assist them by providing default computation rules and automatic
consistency management�

The PipsMake library � not so far from the Unix make utility � is intended
for interprocedural use� The objects it manages are resources stored in memory
or�and on disk� The phases are described in a pipsmake�rc �le by generic rules
that use and produce resources� Some examples are shown on Figure ���� The
ordering of the computation is demanddriven� dynamically and automatically
deduced from the pipsmake�rc speci�cation �le� Since it is a quite original part
of PIPS� it is interesting to describe a little more the features of PipsMake�

Rule format

For each rule� that is in fact the textual name of a phase C function� it is possible to
add a list of constraints composed with a quali�er� an owner name and a resource
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bool suppress�dead�code�string module�name	

�

�� get the resources ��

statement module�stmt � �statement	

db�get�memory�resource�DBR�CODE� module�name� TRUE	�

set�proper�effects�map��statement�mapping	

db�get�memory�resource�DBR�PROPER�EFFECTS� module�name� TRUE		�

set�precondition�map��statement�mapping	

db�get�memory�resource�DBR�PRECONDITIONS� module�name� TRUE		�

set�current�module�statement�module�stmt	�

set�current�module�entity�local�name�to�top�level�entity�module�name		�

debug�on� DEAD�CODE�DEBUG�LEVEL 	�

�� really do the job here� ��

suppress�dead�code�statement�module�stmt	�

debug�off�	�

�� returns the updated code to Pips DBM ��

DB�PUT�MEMORY�RESOURCE�DBR�CODE� module�name� module�stmt	�

reset�current�module�statement�	�

reset�current�module�entity�	�

reset�proper�effects�map�	�

reset�precondition�map�	�

return TRUE�

�

Figure ���� Excerpt of the function of the dead code elimination phase�
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proper�effects � MODULE�proper�effects

� PROGRAM�entities

� MODULE�code

� CALLEES�summary�effects

cumulated�effects � MODULE�cumulated�effects

� PROGRAM�entities

� MODULE�code MODULE�proper�effects

summary�effects � MODULE�summary�effects

� PROGRAM�entities

� MODULE�code

� MODULE�cumulated�effects

hpfc�close � PROGRAM�hpfc�commons

� SELECT�hpfc�parser

� SELECT�must�regions

� ALL�hpfc�static�directives

� ALL�hpfc�dynamic�directives

� PROGRAM�entities

� PROGRAM�hpfc�status

� MAIN�hpfc�host

use�def�elimination � MODULE�code

� PROGRAM�entities

� MODULE�code

� MODULE�proper�effects

� MODULE�chains

Figure ���� Example of pipsmake�rc rules�
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name� Each constraint has the following syntax�

� qualifyer 
 � owner�name 
 � � resource�name 


The quali�er describing the resource can be for each resource�

&� needed&

�� generated&

'� destroyed by the rule&

�� asserts that the resource remains valid even if other dependence rules would
suggest to invalidate the resource&

�� asks for applying an other rule before executing the rule� Thus� this constraint
has a special syntax since it composed with a rule instead of a resource name�
In Figure ��� for instance hpfc�close needs an alternate parser for HPF�
the must Regions and the directives of all the modules of the program�

This quali�er is thus more complex than an Unix make but allows �ner tuning to
avoid useless computation �for example with the %� and be able to expand the
rule dependence behavior with ��

An owner name speci�es the owner of the needed resource� For example for
the code resource� only the code of this module� or the code of all the modules�
etc�

MODULE� the current module itself&

MAIN� the main module if any �that is the Fortran PROGRAM�&

ALL� all the modules

CALLEES� the set of the called modules by the current one& it allows to describe
bottomup analyses on the callgraph�

CALLERS� the set of the calling modules of the current one& it expresses top
down analyses�

PROGRAM� a resource that is attached to the whole program� such as the
entities of a program� This concept is orthogonal to the module concept&

SELECT� select a rule by default�

A rule �that is a phase for a PIPS user� is conventionally called a transforma
tion when a resource name appears in the rule with both � and 
 quali�ers� For
example dead code elimination which transforms the code both needs the code
and writes it�

It is possible to chose between several rules to make a resource� By default
the �rst one found in pipsmake�rc is selected but the programmer can choose
to activate an other default rule through the api �see Section ����	 or with the
SELECT owner�� This feature is used for example in the user interfaces to select
the kind of decorations in the prettyprinters� For instance the sequential code can
be built by several phases� one for the plain code� another one for the plain code
with Regions� etc�
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Up to date resources � API

PipsMake is responsible for dynamically activating rules to build up to date re
sources and iterates through the transitive closure of the resource dependences
�something Unix�s make is unfortunately unable to do�� A small programming
interface is available to drive PipsMake from user interfaces �Section ���� or other
phases�

� make	string resource�name� string owner�name
 builds the resources
resource�name for the set of modules or the program described by
owner�name&

� apply	string phase�name� string owner�name
 applies the phase
phase�name to the set of modules or the program described by owner�name&

� activate	string phase�name
 activates this rule as the new default one
when more than one rule could be used to build some resources� Since with
this new default rule these generated resources are no longer up to date� the
resources that can generated by the new default rule and that existed before
are recursively deleted�

Interprocedurality

Interprocedurality is dealt with by the PipsMake CALLEES and CALLERS

owner features� A bottomup algorithm on the interprocedural call graph such
as e�ects or interprocedural transformers computation will have some rules using
CALLEES� while a topdown algorithm such as interprocedural preconditions
will have some rules using CALLERS so as to properly order the phase exe
cution and propagate resources interprocedurally� The correct ordering of the
computation is deduced from the pipsmake�rc �le�

For instance� e�ects computation relies on the three dependence rules shown on
Figure ���� First the proper e�ects are computed from the code and the summary
e�ects of the CALLEES to get the summary e�ects of the modules called in
the current module� Second these proper e�ects� that only relate to each simple
statement� are transformed into the summary e�ects that take into account the
hierarchical structure of the abstract syntax tree� Third� the summary e�ects are
computed to describe the e�ects that are only non local to the current module
and that may later be used to compute the e�ects of a caller�

Persistence and interruption

Since PipsMake itself is implemented with NewGen� the PipsMake data structure
describing the state of PIPS is saved on disk when PIPS exits� Thus� a PIPS
operation can continue from a previous saved state�

Furthermore� at a phase boundary� all PIPS data structures are managed with
Pipsdbm� Thus the PIPS process can be stopped cleanly at a phase boundary
when the control is under PipsMake� Of course the make	
 operation asked to
PipsMake fails� but next time the user asks for a make	
� PipsMake will only
launch the phases required to build the lacking resources� This mechanism is
heavily used in the user interfaces to insure interactivity�
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��	�� PipsDBM resource manager

All the data structures used by the phases to seamlessly communicate with each
other are under the responsibility of the Pipsdbm resource manager�

Pipsdbm can decide to store a resource in memory or on disk� Typically�
resources that have been modi�ed are written on disk when PIPS exits but the
programmer can ask to immediately create a �le resource to be viewed by a user
interface� The programmer can also declare some resources as unloadable or as
memoryonly�

Pipsdbm also manages a logical date for each resource for the dependence
mechanism of PipsMake� Logical dates have been introduced to overcome the
lack of Unix time stamp precision �� second under SunOS	� and the di�culty to
have very well synchronized clientserver operations in an NFS environment� Of
course� the Unix date is also used in order to detect resource �les modi�ed by the
user �typically an edit through a user interface� where the � second precision is
good enough�

The programming interface is reduced to

string db�get�resource�string ressource�name� string module�name� bool pure	

void db�put�resource�string ressource�name� string module�name� void� value	

pure is used to specify if the programmer wants the genuine resource or only a
copy �for example to modify it and give back another resource��

��	�� PIPS properties

Global variables to modify or �nely tune PIPS behavior are quite useful but un
fortunately are often dangerous� Thus these variables are wrapped in PIPS as
properties� A property can be a boolean� an integer or a string� Using the fact
that properties are centralized� they are initialized from a default property �le
and possibly from a local property�rc� Since the behavior is modi�ed by the
properties� they are stored in the workspace in order to restart a PIPS session
later in the same way even if the global property �le has been modi�ed�

��	 Programming environment

The PIPS workbench is implemented to form a programming environment� Typi
cally� each phase has its own directory and its own library so that it is easy to add
a new phase or modify a phase without too much troubleshooting� Furthermore�
almost all the directory structure is duplicated to have both a production and a
development version at the same time�

���� NewGen� data structure and method generation

In oder to ease data structure portability between di�erent languages and also to
allow data persistence� a tool and a language to declare data structures has been
developed� NewGen  �	�!� Once a data description of the domains �that are the
data structures that can be de�ned in NewGen� is written� NewGen constructs
several methods to create initialized or not data values� access or modify certain
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parts of constructed values� write or read data from �les� or recursively deallocate
data values�

A domain can be a sum �� like a Cunion� or a product �x like a Cstruct�
of other domains� list ���� set ����� array ���� or a map ���� of domains� Some
domains can be declared as )persistent* to avoid being deleted and the )tabulated*
attribute associates a unique identi�er to each domain element� allowing unique
naming through �les and di�erent program runs� The mapping of domains is used
to attach semantic information to objects� alignmap � entity��align�

Of course� some external types can be imported �such as for using the linear
C� library in PIPS�� The user must provide a set of functions for these domains
to write� read� free and copy methods� The NewGen environment includes also
various lowlevel classes such as lists� hashtables� sets� stacks etc� with their
various methods �iterators� etc�� that ease the writing of new phases�

expression � reference � range � call �

reference � variable�entity x indices�expression� �

range � lower�expression x upper�expression x increment�expression �

call � function�entity x arguments�expression� �

statement � label�entity x number�int x ordering�int x

comments�string x instruction �

instruction � block�statement� � test � loop � goto�statement �

call � unstructured �

test � condition�expression x true�statement x false�statement �

Figure ���� Excerpt of the PIPS abstract syntax tree�

An excerpt of the internal representation for Fortran in PIPS is shown on
Figure ���� For example� a call is a function entity with a list of arguments
expressions� An expression can be a reference� a range or a call� and so on�
In fact an assignment is represented itself by a call to a pseudointrinsic function
)�* with � arguments� the left hand side and the right hand side argument� And so
on for all the intrinsics of the Fortran language� All the syntactic sugar of Fortran
has been removed from the internal representation and in this way it is expected
not to stick on Fortran idiosyncrasies� The representation is quite simple� there
are only � cases of statements and � cases of expressions� This simplicity also
bene�ts all the algorithms present in PIPS since there are very few di�erent cases
to test�

An important feature of NewGen is the availability of a general multi domain
iterator function �gen�multi�recurse�� From any NewGen domain instance
�e�g�� statement� instruction� expression� one can start an iterator by pro
viding the list of domains to be visited� and for each domain the function to be
applied topdown� which returns a boolean telling whether to go on with the re
cursion or not� and a function to be applied bottomup� The iterator is optimized
so as to visit only the needed nodes� and not to follow paths on which no nodes
of the required types might be encountered�
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In the Figure ��# example� some entities are replaced with others� Entities may
appear as variable references� as loop indices� as called functions and in program
codes� The recursion starts from statement stat� on each loop� reference�
call or code encountered topdown� the function gen�true is applied� This func
tion does nothing but returning true� hence the recursion won�t be stopped before
having processed all the required domains that can be reached from stat� While
going back bottomup� the replace functions are applied and perform the re
quired substitution� From the user point of view� only replace functions are to be
written�

static void replace�entity � e�

� �� replace entity ��e� if required��� ���

static void replace�call�call c�

� replace��call�function�c����

static void replace�loop�loop l�

� replace��loop�index�l����

static void replace�reference�reference r�

� replace��reference�variable�r��� �

static replace�code�code c� �� code�declarations�� is a list of entity

� MAPL�ce� replace��ENTITY�CAR�ce���� code�declarations�c����

�� args� �obj�  domain� filter� rewrite�!� NULL��

gen�multi�recurse�stat�

reference�domain� gen�true� replace�reference�

loop�domain� gen�true� replace�loop�

call�domain� gen�true� replace�call�

code�domain� gen�true� replace�code�

NULL��

Figure ��#� gen multi recurse example

An example of how NewGen de�ned types are used is shown on Fig
ure ���� It is a followup of Figure ���� suppress�dead�code�statement	


begins with a NewGen generic iterator to walk down the module state
ments applying dead�statement�filter on them and walk up applying
dead�statement�rewrite on all the statement domains encountered� In
dead�statement�filter	
 one can see that statement�instruction	
 is the
accessor to the instruction of a statement generated by NewGen from the in
ternal representation description� instruction�tag	
 describes the content of an
instruction �which is a )union*�� For loops the result is is�instruction�loop�
NewGen also generates predicates such as instruction�loop�p	
 to test di
rectly the content of an instruction�

NewGen can output data structure declarations and methods for C and
CommonLisp languages since they are the languages used to build PIPS� The
translation environment is described in Section ��	�	� Note that at the beginning
of the PIPS project� C$$ was not considered stable enough so that all the object
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static bool dead�statement�filter�statement s�

�

instruction i � statement�instruction�s��

bool ret � TRUE�

if ��statement�weakly�feasible�p�s�� �� empty precondition

ret � remove�dead�statement�s� i��

else

�

switch �instruction�tag�i�� �

case is�instruction�loop�

�

loop l � instruction�loop�i��

if �dead�loop�p�l�� �� DO I����

ret � remove�dead�loop�s� i� l��

else if �loop�executed�once�p�s� l�� � �� DO I�N�N

remove�loop�statement�s� i� l��

suppress�dead�code�statement�body��

ret � FALSE�

�

break�

�

case is�instruction�test�

ret � dead�deal�with�test�s� instruction�test�i���

break�

case is�instruction�unstructured�

dead�recurse�unstructured�instruction�unstructured�i���

ret � FALSE�

break�

�

�

if ��ret� �� Try to rewrite the code underneath

dead�statement�rewrite�s��

return ret�

�

void suppress�dead�code�statement�statement module�stmt�

�

gen�recurse�module�stmt� �� recursion from���

statement�domain� �� on statements

dead�statement�filter� �� entry function �top�down�

dead�statement�rewrite���� exit function �bottom�up�

�

Figure ���� Excerpt of the function of the dead code elimination phase�
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methods have been written in C� wrapped and hidden in macros and functions�

���� Linear C� library

An important tool in PIPS is the Linear C� library that handles vectors� matrices�
linear constraints and other structures based on these such as polyhedrons� The
algorithms used are designed for integer and�or rational coe�cients� This library is
extensively used for analyses such as the dependence test� precondition and region
computation� and for transformations� such as tiling� and code generation� such as
send and receive code in HPF compilation or code controldistribution in wp���
The linear C� library is a joint project with irisa and prism laboratories� partially
funded by cnrs� irisa contributed an implementation of Chernikova algorithm
and prism a C implementation of pip �Parametric Integer Programming��

���	 Debugging support

Developing and maintaining such a project requires a lot of debugging support
from the programming environment at many levels� At the higher level� it is nice
to be able to replay a PIPS session that failed since a bug can appear after quite a
long time� For this purpose there is a tool that transforms a Wpips log �le into a
Tpips command �le to be reexecuted later� Every night� a validation suite is run
on hundreds of test cases to do some basic nonregression testing� It is not enough
to do intensive debugging but is generally su�cient to ensure that a modi�cation
is acceptable�

At the programmer level there are some macros to enable or disable the debug
mode in some parts of PIPS according to some environment variables that indicate
the debug level� Often� there is such a variable per phase at least and the debug
modes can be nested to avoid debugging all the functions used in a phase to debug
only this phase for example� The debug levels can also be modi�ed according to
the property of the same names�

At the NewGen level� the recursive type coherence of a data structure can be
veri�ed with gen�consistent�p	
 or even at each assignment or at creation time
by setting the variable gen�debug to an adequate value�

At last� some Emacs macros and key bindings have been de�ned for the gdb

Emacsmode to display the type of a NewGen object� the type of a PIPS entity�
an expression of the PIPS abstract syntax tree� a PIPS statement� etc� to alleviate
the development e�ort�

��� Documentation and con�guration �les

Such a big project �over �

�


 lines of code for the compilers� mathematical
libraries and tools� with developers on di�erent sites� needs to manage a strong
documentation support of course� but also as much automatically generated and
nonredundant as possible to keep the incoherence level low�

The main idea is to write all the con�guration �les as technical reports and
automatically extract the con�guration �les from them� Figure ���
 is a simpli�ed
synopsis of the documentation �ow� C headers are generated from �newgen �les
that come from some document describing the usage of the data structure� such as
ri�tex for the internal representation � The menu �les for the user interfaces are
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Figure ���
� Documentation and con�guration system�

generated from pipsmake�rc and the property �le� All the information needed
to feed PipsMake and Pipsdbm comes from the pipsmake�rc �le� At last� La
TeX�HTML is used to generate most of http���www�cri�ensmp�fr�pips from
all the LATEX �les�

��� User interfaces

Typically� a user interface will use the make	
 command to build a resource to
display� use apply	
 to apply a transformation on the code and select default
rules� that are options� with activate	
 �Section ����	�� There are as many as
four interfaces to PIPS�

� pips is a shell interface� can do only one operation on a workspace and
relies a lot on Pipsdbm persistence since the pips process exits after each
operation&

� tpips is a line interface with automatic completion� It�s much faster to use
for experimentation and debugging than a full graphical interface&

� wpips is an XView based easy interface interface&

� epips is an extended version of the previous one for GNUEmacs users� The
interface inherits the Fortran mode and color highlight features� Further
more graphs are displayed with xtree and daVinci�

All these interfaces are con�gured according to the documentation ��	�	� when
a programmer adds a transformation� it automatically appears in all the interfaces
after recon�guration of the pipsmake�rc �le�

When dealing with big programs� it may be necessary to interrupt PIPS if a
user chooses too costly an option or applies an heavy analysis by mistake� To
solve this issue� the user interfaces can interrupt PipsMake at the phase inter
face level� without compromising the coherence through PipsMake and Pipsdbm
�Section ����	��
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Figure ����� EmacsPIPS interface snapshot�
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��� Conclusion

����� Related Work

Many compiler prototypes have been implemented to test analysis� transformation
or code generation techniques�

Parafrase � �UIUC�� This compiler is a source to source code restructurer for
Fortran and C performing analysis� transformation and code generation� It
allows automatic vectorization and parallelization�

Polaris �UIUC�� This compiler is also a source to source restructurer developed
for Fortran ��� It performs interprocedural analysis for automatic paral
lelization of programs� targeting sharedmemory architectures�

SUIF �Stanford�� The Stanford University Intermediate Form is a low level rep
resentation plus some high level additions that keep track of the program
structure such as loops� conditions and array references� The input language
is C and Fortran through the f�c translator� The compiler outputs machine
code for di�erent architectures� The compiler initial design and the current
distribution of SUIF does not incorporate interprocedural analysis� Such an
addition is being worked on  ���� ��
!� Another problem is that the con
sistency of analyses is not automatically inforced �for instance invalidation
after code transformations��

The originality of PIPS with respect to these other prototypes is the conjunc
tion of�

� Interprocedurality and coherency automatic management in a demand
driven system combining database �Pipsdbm� and dependence �PipsMake�
functions�

� Advanced interprocedural semantic and data�ow analyses already imple
mented� and their mathematical foundation upon linear algebra �Linear C�

library��

� Software foundation upon an high level description system �NewGen� which
automatically generates functions �access� constructor� destructor� and can
iterate on arbitrary structures� An additional byproduct is that the code
look and feel is homogeneous over the ��
� 


 lines of the compiler�

� Multitarget�

� Automatic parallelization for sharedmemory

� Compilation for distributedmemory models �Hpfc� wp���

� Automatic data mapping

� The availability of di�erent interfaces �shell� terminal Tpips� graphical
Wpips��
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Compiler development is a hard task� Here are examples of many research
prototypes� They would bene�t a lot from already available infrastructures� and
of the synergy of other analyses and transformations� especially interprocedural
ones�

� �small� program analyzers and parallelizers� Bouclette �LIP� ENSLyon��
LooPo �U� Passau�� Nascent �OGI�� PAF �prism� UVSQ�� Petit �U� of Mary
land�� Tiny�

� Parallel Fortran �HPF spirit� compilers� Adaptor �GMD�� Annai �CSCS
NEC�� D system �Rice U��� Fx �Carnegie Melon U��� Paradigme �UIUC�
based on Parafrase ��� SHPF �Southhampton�� VFCS �Vienna�

� Parallel C compilers� Pandore �Irisa�� EPPP �CRI Montr�eal�

����� Remarks

Eight years after its inception� PIPS as a workbench is still alive and well� PIPS
provides a robust infrastructure for new experiments in compilation� program
analysis� optimization� transformation and parallelization� The PIPS developer
environment is described in  ���!� but it also is possible to develop new phases
on top of but outside of PIPS since all �in fact� most���� PIPS data structures can
be reloaded using NewGen primitives�

PIPS can also be used as a reverse engineering tool� Region analyses provide
useful summaries of procedure e�ects� while preconditionbased partial evaluation
and dead code elimination reduce code size�

PIPS may be less robust than other publicly available sourcetosource compil
ers but the stress is put on the ability to quickly add new phases such as program
transformations� semantic analyses� parsers� parallelizers� etc� or new user inter
faces without spending time developing a cumbersome infrastructure�
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Chapitre �

HPFC� a Prototype
HPF Compiler

Cette pr�esentation du prototype de compilateur Hpfc est celle propos�ee sur le
serveur Web du centre 	http���www�cri�ensmp�fr�pips�hpfc�html
� Cette
page est r�ef�erenc�ee par la page du Forum HPF�

R�esum�e

Hpfc est un prototype de compilateur HPF qui a �et�e d�evelopp�e au cours
de cette th�ese� Implanter ou essayer d�implanter r�eellement des techniques de
compilation donne la vraie mesure des probl�emes que doivent g�erer les d�eve�
loppeurs	 probl�emes qui sont facilement minimis�es ou oubli�es lors d�un travail
plus th�eorique de recherche� Ce chapitre expose les caract�eristiques du compi�
lateur � son langage d�entr�ee	 son mod�ele cible	 les optimisations implant�ees	
les fonctions de support pour l�ex�ecution et enn l�interface utilisateur�

Abstract

Hpfc is a prototype HPF compiler which has been developed as part of
this thesis� Implementing or attempting to actually implement compilation
techniques gives the real measure of the problems to be faced by implemen�
tors	 that are easily overlooked with only theoretical paperwork� This chapter
presents Hpfc main features� The input language	 the target programming
model	 the optimizations performed	 the runtime support functions and the
user interface�

��� Introduction

Hpfc is an High Performance Fortran Compiler which is being developed at CRI�
This project aims at building a prototype compiler to be able to test new optimiza
tion techniques for compiling HPF� It has been supported by Paradigme  ��!�
The compiler is implemented on top of PIPS  ��#� ���� ���! 	Scienti�c Programs
Interprocedural Parallelizer
 which provides many program analyses such as ef
fects� regions� etc� Realistic codes �hundreds of lines� heavy I�Os� not fully opti
mizable� are compiled by the prototype and have run on a network of workstations
and on a CM�� Some experiments were also performed on an alpha farm�
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��� Compiler input language

The compiler does not take as input full HPF� but includes both simpli�cation
and extensions �FC directives��

	���� Base language

The base language is mainly Fortran ��� plus some extensions toward HPF�

� The input language syntax is restricted to Fortran ��� and more precisely
to its PIPS Fortran subset� Few features �computed GOTO and substrings�
are missing� but it matches the standard closely�

� HPF directives start on column � with �Cc�(���Hh��Pp��Ff���

� FC �Fabien Coelho� directives with �Cc�(���Ff��Cc��Dd���

� Very simple forall instructions without continuation are handled� They
must be independent�

�hpf	 independent

forall�i���n� a�i��a�i���

� � style Fortran �� comments are managed in directives�

�hpf	 dynamic A � here is a comment

�hpf	 template T�n� � and another���

� �th column and $ style continuations are handled in directives�

�hpf	 processors

�hpf	x P�hpf�number�of�processors���

�hpf	 distribute T�block� �

�hpf	 onto P

� The directive analysis does handle Fortran lexical issues in directives�
However� I do not recommand to use this feature which is a bad Fortran
custom�

	���� Static mapping directives

The HPF mapping directives are both simpli�ed and extended on a syntactic point
of view�

� Arrays may be used as templates�

real A�n�n�� B�n�n�� C�n�

�hpf	 align B�i�j� with A�i�j�

�hpf	 align C�i� with A���i�

� No alignment trees �A is aligned with B which is aligned with C��

� Dummy variablebased or implicit syntax for alignments �the implicit syntax
is not strictly conformant but de�nitely convenient�

�hpf	 align A�i�j� with T�j�i�

�hpf	 align D with T�
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� list of distributee and alignee are allowed�

�hpf	 align A�i�j�� B�j�k� with T�i�k�

�hpf	 distribute T�block���� D���cyclic� onto P

� The default distribution is block on each dimension of the processor ar
rangement�

�hpf	 template T�n�n�n�

�hpf	 processors P
�����

�hpf	 distribute T onto P
 � �� T�block�block���

� The default processors arrangement is a vector of # processors named hpfcX�

�hpf	 distribute T�cyclic�

�

� same as

�

�hpf	 processors hpfcX���

�hpf	 distribute T�cyclic� onto hpfcX

� Static HPF mapping directives are allowed for variables which are local or
in commons� This is not strictly speaking HPF conformant� They cannot
be remapped� Commons with distributed arrays should be declared exactly
the same in the di�erent subroutines and functions� Overlaps are managed
thanks to the interprocedural compilation�

integer n

parameter�n������

common �shared� V�n�n�� U�n�n�� vmax

real V� U� vmax

�hpf	 align with U �� V

�hpf	 distribute U�block�block� onto P

� All sizes of HPF objects �distributed arrays� templates� processors� must be
statically known� hpf�number�of�processors	
 is given a default value�

integer n�m

parameter �n����m�������

real A�m�n�

�hpf	 template T�m�n�� T��������������

�hpf	 template D�����m�

�hpf	 processors P�hpf�number�of�processors���

�hpf	 processors p��
�
�� proc�n�

� Some simple so called free style is handled�

�hpf	 align with T �� A� B

�hpf	 distribute onto P �� T�block�

�

�hpf	 re align with T�i� �� C�i�

�hpf	 redistribute onto P �� T�cyclic�

�

�hpf	 distribute �block� onto P �� X� Y

�hpf	 realign �i�j� with D�j�i� �� V� W
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	���	 Dynamic mapping directives

The mapping of an array may be modi�ed dynamically within the program or at
subroutine boundaries� Dynamic directives are as constrained as static directives�

� Dynamic HPF mapping directives �realign� redistribute� are only al
lowed on local arrays� and so that there is only one reaching distribution for
each array reference in an instruction�

�hpf	 distribute A�block�block�

if �a������lt����� then

�hpf	 redistribute A�block�cyclic�

�hpf	 independent�i�j�

A � A ���

endif

�hpf	 redistribute A�block�block� � back���

print �� A

� Prescriptive and descriptive mappings at subroutine interface are allowed�
Thus full arrays can be passed as subroutine arguments�

subroutine predes�X�Y�

real X������ Y�����

�hpf	 distribute X � �block� � descriptive

�hpf	 distribute Y�block� � prescriptive

� Local sections of distributed arrays may be passed to a pure function within
a parallel loop� if properly aligned���

subroutine fft��signal�spectrum�

�fcd	 pure � equivalent to the f�� attribute���

complex signal���� spectrum���

���

end

subroutine process

complex signal������ spectrum�����

�hpf	 align with signal�� spectrum

�hpf	 distribute signal���block�

�hpf	 independent

do i��� �

call fft��signal���i��spectrum���i�� � signal���i�

enddo

� Directive inherit is handled as a default prescriptive block distribution�
thus both following directives are strictly equivalent for Hpfc�

�hpf	 inherit X

�hpf	 distribute X

	��� HPF Parallelism directives

Parallelism can be expressed�

� Directives independent and new are taken into account� They are managed
orthogonaly and homogeneously as suggested in Chapter II��� Moreover
independent can be speci�ed the parallel loop indexes� Thus one can write

�hpf	 new�x��
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�hpf	� independent�j�i�

do j��� n

do i��� n

x � A�i�j��A�i�j��B�i�j�

C�i�j� � x�x�x

enddo

enddo

� Reduction functions �sum� prod� min� max� are recognized by name and
with a special Fortran �� syntax to please the parser�

real A�n�

x � redmin��A� � n��� � x � MIN�A��n����

� The reduction directive is also implemented for $� .� min and max�

s � ���

�hpf	 independent�

�hpf	x reduction�s�

do i��� n��

s � s � a�i�

enddo

print �� "sum is "� s

� There is a pure directive �instead of an attribute to a function or subroutine�
because the compiler deal with Fortran �� only�� They should only deal
with scalar data� Actually it declares elemental functions�

program foo

external myop

�fcd	 pure myop � the external real myop function is pure

real A�����

�hpf	 distribute A

�hpf	 independent

do i��� n

A�i� � myop�A�i��

enddo

end

real function myop�x�

�fcd	 pure � the current function is pure

myop � x�x�sqrt�sqrt�x��

end

	���� Extensions to HPF

Hpfc incorporates many extensions of HPF� the need of which was encountered
in real applications�

� There is an io directive �functions declared io are just called by the host
after a gather of the needed data��

program blah

�fcd	 io output � output subroutine is io���

���

call output�A�
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end

subroutine output�x�

�fcd	 io � current function is io

print �� "here is the output"� x

end

� Code sections can be managed by the host only� without �ne grain update
of the values on the nodes� with host and end host� All user�s functions
called within such section should be either pure or io� Example�

c m will be updated on the node only once

c a correct value is obtained from the user���

cfcd	 host

�� print �� "m � #"

read �� m

if �m�lt���or�m�gt����� then

print �� "invalid value� retry"

goto ��

endif

cfcd	 end host

� Simple sections of codes can be localized with local and end local� The
point is to tell the compiler about a variables private to a section of code�
For instance�

cfcd	 local� new�c��w�

c� � 
�����v�np���np������v�np���np���� �

� ���v�np���np������v�np���np���� �

w � c��deltat

be�np����� � ��w��
�w���h�

be�np����� � ��h��
�w���h�

v�np���np� � c�

cfcd	 end local

� Synchronization �synchro� and timing �time�end time� functions can be
requested for performance measurements� Timing functions can be nested
�up to ten�� They must apply on a section of code� The message attached to
the end is displayed together with the time� These directives cannot appear
within a parallel loop� Such an approach with special directives should have
been chosen by vendors instead of propriatary calls �for instance the DEC
compiler handles call hpf synchro	
 to synchronize HPF programs on
user request� what cannot be considered as portable��

�fcd	 synchro

print �� "let us go"

�fcd	 time

do i��� ��

�fcd	 time

call foo

�fcd	 end time�"foo call"�

enddo

�fcd	 end time�"full loop"�

�fcd	 synchro

print �� "that is all"

time on and time off are obsolescent directives for time and end time�
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� Arrays the values of which are dead at a point can be marked as such with
the kill directive� For remappings on dead arrays� no communication will
occur at runtime�

�hpf	 template T�n�

�hpf	 align with T �� A

�hpf	 processors P�
�

�hpf	 distribute T�block� onto P

�

� A is used

�

�fcd	 kill A � I know the value will not be reused���

�hpf	 redistribute T�cyclic� onto P

�

� A is used again� but defined before being referenced�

�

� The set directive �with int and bool variants� allows to switch compiler
options from the source code� They are declaration directives� The options
are those reported in the properties of PIPS� To be manipulated with great
care� Introduced for validation purposes�

�fcd	 set bool�"HPFC�USE�BUFFERS"��� � set to TRUE

�fcd	 set int �"HPFC�BUFFER�SIZE"�������

�fcd	 set bool�"HPFC�LAZY�MESSAGES"��� � set to FALSE

�fcd	 setbool �"HPFC�IGNORE�FCD�SYNCHRO"��� � no SYNCHRO

� The fake directive tells the compiler that the source code provided for a
given function is a fake one which mimics its e�ects� Thus the compiler will
not attempt to generate any code for this function� It is simply understood
as )do not compile me*� This feature is used for interfacing Hpfc with
XPOMP� A fake function must be either pure or io�

subroutine xpomp�get�depth�d�

integer d

�fcd	 io

�fcd	 fake

read �� d

end

� Fake io and pure function will not be compiled by the Hpfc compiler�
However� these function will have to be provided for linking the �nal exe
cutables� The specials ld io and ld pure directives allow this information
to be provided as additional shellinterpreted linker options�

� Tells where to find xpomp functions�

�fcd	 ld io �L	XPOMP�RUNTIME �lxpomp

The io version is linked to the host and initial �sequential� executables� The
pure applies to all executables�

��� Compiler output

The compiler generates code for the SPMD message passing programming model�
It includes many optimizations� The generated code is based on a runtime support
library� The communications are handled by PVM� The whole compilation process
is driven and automated by shell scripts�
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	�	�� Target programming model

Hpfc�s target programming model is a hostnode distributed memory message
passing model� The host is in charge of I�Os and of the process management� The
nodes perform the computations� Two programs are generated by the compiler�
One for the host� and an SPMD code for the nodes� which is parametrized by
the node id� The generated codes rely on a runtime library which provides many
services� Lower level issues in the process management �spawning of tasks� etc��
and basic communications are handled by PVM�

	�	�� Compiler optimizations

The basic compilation technique is known as the runtime resolution of accesses to
distributed arrays� Each processor executes the whole control �ow of the original
program� and each reference to distributed data is resolved dynamically� and ele
mentary messages are exchanged� following the Owner Computes Rule� This is of
course very ine�cient� and optimizations are needed if the program is expected to
run quicker on a parallel machine�

The following optimizations are implemented within Hpfc�

� Distributed array declarations are reduced on the nodes�

� Reductions are compiled thru calls to dedicated runtime functions�

� Overlap analysis�

Conditions�

� Independent loop nest� maybe non perfectly nested�

� Rectangular iteration space� maybe not statically known�

� Multidimensional block distributions�

� Arrays should be nearly aligned one with the other�

� No alignement stride� no replication of written arrays�

� �ip�ops are allowed�

Output�

� New loop nest on local data for the nodes�

� Communications are vectorized outside of the loop nest�

� Array declarations are extended to store data from neighbour processors
on overlap areas�

� I�O communications �collect to�update from host� are specially managed
with a polyhedronbased technique �abstract  ��!�� see Chapter III���

� �D shift on rectangular areas of blockdistributed stride� aligned arrays are
recognized and compiled thru calls to appropriate runtime support functions�
It is not far from a hack� but it allows to handle wraparound computations�
Example�

�hpf	 distribute V�block�block� onto P
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�hpf	 independent

do i��� n��

V���i� � V�n�i�

enddo

� loop nests that fully copy an array into another� both being aligned� are
especially handled� One more hack�

� Remappings �realign and redistribute� are taken into account �ab
stract  �#!�� see Chapter III���

� And more linear algebra techniques to come �abstract  ��!�

	�	�	 Runtime library

The Hpfc generated code relies on a runtime library and on runtime datastrutures�
These functions are written in Fortran �� on top of PVM�� Many functions are
generated automatically from m	 templates� depending on the manipulated data
types and arities� Parts of the library are ported to use the CM� communication
library instead of PVM�� The runtime library was successfully compiled on the
following PVM architectures� SUN� SUNMP RS!K ALPHA CM��

Runtime data structures�

� HPF objects description

� Arity and object bounds

� Alignements and Distributions

� Distributed arrays new declarations

� PVM processes management and communication synchronization

� PVM process identi�ers for the host and the nodes

� PVM identity of the process

� Number of messages exchanged with each other processes

� Number of multicasts

� HPF processors�PVM processes mapping

� Current status �library internal data�

Runtime functions�

� Runtime data structures initialization

� Processes initializations

� Ownership computations �for the runtime resolution�

� Some coherency checkings

� High level packing functions

� The data must be blockdistributed and stride� aligned
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� A local rectangular area is packed

� Any type and arity

� Reduction functions for distributed data

� The data must be blockdistributed and stride� aligned

� The accessed area must be rectangular

� Implemented� MIN� MAX� SUM� PROD

� Any type and arity �when it makes sense�

� Subarray shift functions

� The data must be blockdistributed and stride� aligned

� The shifted area must be rectangular

� The shift must be on one dimension

	�	� Driver and utilities

Hpfc is integrated in PIPS� a prototype parallelizer� There are many utilities
used by Hpfc or that can be used to manipulate Hpfc�

� hpfc� the compiler driver� Allows to call the Hpfc many scripts�

� interactive sessions �thanks to GNU readline library�

� compile �HPF to F�� with pips�

� make �F�� to PVM executables�

� run �the original sequential or new parallel codes�

� delete �hpfc directories�

� clean �pips directories�

� pvm �start� halt and so on�

� ���

� shells used by the compiler�

� hpfc directives� manage HPF directives�

� hpfc add includes� adds �le inclusions�

� hpfc add warning� adds a warning to automatically generated �les�

� hpfc generate init� generates an init �le

� hpfc generate h� generates a header �le from a Fortran �le�

� hpfc install� installation of the needed and generated �les in a di
rectory�

� Options�

� for inlining or not global to local runtime resolution computations�

� for managing especially bu�ers over PVM�
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� for ignoring or not timing and synchronization directives�

� for applying the dynamic liveness analysis of array copies�

� Implementation overview

� hpfc is the compiler driver shell�

� HPF directives are translated into fake Fortran calls to reuse the
PIPS parser using a shell and sed script�

� These calls are �ltered out of the parsed code and analyzed to set
internal data structures which describe array mappings and so�

� New declarations are computed for the distributed arrays�

� The input code is analyzed by PIPS �array regions� preconditions��

� Then � codes are generated for each subroutine� One for the host and
an SPMD code for the nodes� Implemented as a double rewriting of
the AST�

� Initialization codes for the runtime data structures are also generated�

� Finally common declarations are dealt with� plus global initializations�

� The generated codes are compiled and linked to PVM and the Hpfc
Runtime library� Two executables are built �host and nodes�� The host
spawns the nodes�

Figure ��� shows an overview of Hpfc within PIPS� decomposed into several
interacting phases within the compiler�

��	 Conclusion

Hpfc is a prototype HPF compiler in which some of our techniques have been
implemented� It serves as a realistic testbed for testing new optimization tech
niques� The compiler includes �#� 


 lines of ANSI C code as a PIPS module�
plus �� �

 of shell and other sed scripts for the drivers� and �nally �� �

 lines of
m��Fortran �� for the runtime support library �expanded to $�
� 


��

	��� Related work

Prototype compilers that generate code from Fortran �more or less HPF� or C
for distributedmemory machines� See the excellent survey maintained by Jean
Louis Pazat at IRISA�

� Adaptor �GMD��

http���www�gmd�de�SCAI�lab�adaptor�adaptor home�html

� Annai �CSCSNEC��

http���www�cscs�ch�Official�Project CSCS�NEC�html

� DEC f�
 �Digital��

http���www�digital�com�info�hpc�fortran
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Figure ���� HPFC overview
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� D System �Rice� Syracuse��

http���www�cs�rice�edu�fortran�tools�DSystem�DSystem�html

� EPPP �CRI Montr�eal��

http���www�crim�ca�apar�Group�English�Projects�EPPP�html

� Fx �Carnegie Mellon University��

http���www�cs�cmu�edu��fx

� HPFC ��Ecole des mines de Paris��

http���www�cri�ensmp�fr�pips�hpfc�html

� HPF Mapper �NA Software��

http���www�connect�org�uk�merseymall�NASoftware�mapper�html

� Pandore �IRISA��

http���www�irisa�fr�pampa�PANDORE�pandore�html

� Paradigm �CRHPC� University of Illinois at UrbanaChampaign��

http���www�crhc�uiuc�edu�Paradigm

� pghpf �Portland Group Inc���

http���www�pgroup�com�HPF�src�html

� PPPE �Esprit Project��

���

� Prepare �Esprit Project��

http���www�irisa�fr�pampa�PREPARE�prepare�html

� sHPF Translator �University of Southampton��

http���www�hpcc�ecs�soton�ac�uk�shpf�shpf�html

� vastHPF �Paci�cSierra Research��

http���www�psrv�com�vast�vasthpf�html

� VFCS �University of Vienna��

http���www�par�univie�ac�at�project�vfcs�html

� xHPF �Applied Parallel Research��

http���www�infomall�org�apri�prodinfo�html

� xlhpf �IBM��

http���www�software�ibm�com�ap�fortran�xlhpf�index�html
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Chapitre �

Experiments with HPF
Compilation for a NOW

Ce chapitre a fait l�objet d�une communication �a HPCN��� �����

R�esum�e

Le High Performance Fortran �HPF� est un Fortran �a parall�elisme de
donn�ees pour les multiprocesseurs �a m�emoire r�epartie� HPF propose un mo�
d�ele de programmation interessant	 mais les compilateurs sont encore �a ve�
nir� L�impl�ementation d�un prototype de compilateur HPF optimisant est
d�ecrite� Des exp�eriences avec le code g�en�er�e bas�e sur PVM � sur un r�eseau
de stations de travail sont analys�ees et discut�ees� On montre que si de tels
syst�emes permettent d�obtenir de bonnes acc�el�erations �a moindre co�ut	 il ne
peuvent donner des performances extensibles sans un r�eseau de communi�
cation sp�ecique� D�autres impl�ementations de compilateurs HPF	 par des
groupes universitaires et commerciaux sont pr�esent�es et compar�es �a nos tra�
vaux�

Abstract

High Performance Fortran �hpf� is a data�parallel Fortran for Dis�
tributed Memory Multiprocessors� Hpf provides an interesting programming
model but compilers are yet to come� An early implementation of a prototype
hpf optimizing compiler is described� Experiments of PVM ��based gener�
ated code on a network of workstations are analyzed and discussed� It is
shown that if such systems can provide very good speedups at low cost	 they
cannot allow scalable performance without specic communication hardware�
Other early implementations of hpf compilers from academic and commercial
groups are presented and compared to our work�

	�� Introduction

The most promising parallel machines seem to be the DistributedMemory Multi
processors �DMM�� such as the Intel�s Paragon or the Thinking Machine�s CM��
They are scalable� �exible� and o�er good price�performance ratio� However their
e�cient programming using the messagepassing paradigm is a complex and error
prone task� which makes coding hard and expensive� To ease the programmer�s
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burden� new languages have been designed to provide a uniform name space to
the user� The compiler must handle the communications� and the machine can be
used as a SharedMemory Multicomputer�

High Performance Fortran �hpf� is a new standard to support dataparallel
programming for DMMs� The hpf forum� composed of vendors� academics and
users� speci�ed hpf  ��! in ����� It is intended as a de facto standard� supported
by many companies� The language is based on Fortran �
 with additions to spec
ify the mapping of data onto the processors of a DMM �namely directives align

and distribute�� parallel computations with independent and dataparallel loops
�independent directive and forall instruction�� reductions� plus some other ex
tensions like new intrinsics to query about the system at runtime� The speci�
cation e�ort has restarted in January ���	 to address problems left aside in ����
such as parallel I�O and irregular computations�

Section 	�� gives a brief overview of the implementation and the optimizations
performed by our compiler� Section 	�� describes results of runs of Jacobi iterations
on a network of workstations� and Section 	�	 analyzes what can be expected
from this kind of applications on such systems� Section 	�� describes the current
status of other hpf compilers and compares the shortcomings of the di�erent
implementations with respect to our experiments�

	�� Compiler implementation

A prototype hpf compiler  ��! has been developed within PIPS  ��#! �Scienti�c
Programs Interprocedural Parallelizer� at CRI� It is a ���


 lines project that
generates SPMD �Single Program Multiple Data� distributed code� Fortran ��
and various hpf constructs such as independent loops� static mapping directives
and reductions are taken as input� The full semantics of the hpf mapping is sup
ported� e�g� replicated dimensions and arbitrary cyclic distributions are handled�
From this input� a �PMD �� Programs� Multiple Data� see Figure 	��� Fortran ��
message passing code is generated� The �rst program mainly deals with I�O to be
performed by the host processor� and the other is an SPMD code for the nodes�
The code uses a library of PVM �based  �
�! runtime support functions� Thus
the compiler output is as portable as PVM� Two �les are also generated to initialize
runtime data structures describing the distributed arrays�

The compilation is divided into � phases�

First� the input code is parsed and normalized �e�g� temporaries are inserted
to avoid indirections�� the directives are analyzed and new declarations are com
puted for the distributed arrays� These new declarations reduce when possible the
amount of allocated memory on each node�

The second phase generates the runtime resolution code  	�! for the host and
nodes as a double rewriting scheme on the abstract syntax tree of the program�
The owner computes rule is used to de�ne the processor that performs the com
putations� Accesses to remote data are guarded by tests and communications if
necessary� This rewriting scheme has been formalized� which enabled us to prove
parts of the correctness of the compilation process� For instance� the balance of
communications can easily be proved by checking that each rewriting rule gener
ates as many sends as receives with complementary guards and destination�
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The third phase performs optimizations when necessary conditions are met�
An overlap analysis for multiblockdistributed arrays  �
�! is implemented� Align
ment shifts at the template level are used to evaluate the overlap width in each
directions� Guards are generated for non contributing nodes� Messages are vector
ized by the process� and moved outside of the loop body� Reductions are compiled
through calls to dedicated runtime functions�

	�� Experiments

Experiments have been performed on an unloaded Ethernet network� with up to
# Sparc Stations �� The application �see Figure 	�� with hpf directives� computes
�

 Jacobi iterations on a �d plate� The computation models heat transfers in an
homogeneous square plate when the temperature is controlled on the edges� This
application is fully parallel and few communications are needed� The kernel comes
from  �	�!� with a few I�O and initializations added� The communication pattern
induced by the computation kernel� as well as the di�erent initializations of some
areas within the plate� are representative of stencil computations such as wave
propagation in geophysics� The arrays are aligned and blockblock distributed
to minimize the amount of data exchange� Figure 	�� shows extracts from the
generated code for the machine nodes� It is an SPMD code parametrized by
the processor�s identity� Declarations are reduced to what is necessary on one
processor� and extended to store remote data in overlap areas� Runtime support
functions are pre�xed by hpfc� The north vector initialization introduces a guard
so that only the appropriate processors execute the loop� The local loop bounds
are computed by each processor before the loop� The last part of the code shows
the �rst send within the kernel of the computation� Each selected processor �rst
computes to which neighbor it has to send the data� then packs and sends them�
The last line is the comment that introduces the corresponding receive� All codes
were compiled with all compilers� optimizations set on�

The measures are given for �� 	 and # processors� and for plate width of �

to ��


 points �up to ��


 points for # processors�� They are based on the best
of at least � runs� Figure 	�	 shows the M�op�s achieved by the sequential runs
when the plate width is scaled up� From these measures� ��	� M�op�s is taken
as the Sparc � performance on this application� It matches most experimental
points� and cache e�ects explain the other results� This reference is scaled to the
number of processors to provide a realistic peak performance for the network of
workstations used� Other measures are displayed as the percentage of this peak
performance reached by the best run� This metric �e� is called relative realistic
e�ciency� Real speedups were rejected because of the artefacts linked to cache
e�ects� A good speedup may only mean a bad sequential performance for a given
plate width� Moreover sequential experiments were stopped because of memory
limitations on the tested con�guration� An absolute measure �e�g� M�op�s� would
not have clearly shown the relative e�ciency achieved� Note that p�e �p processors�
e�ciency e� is a speedup� but not a measured one�

Figures 	�� and 	�� show the experimental data using this metric and theoret
ical curves derived from realistic assumptions in the next section� Large computa
tions lead to up to #
��
( e�ciency� The complementary part evaluates the loss
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program jacobi

parameter �n�����

real tc�n�n�� ts�n�n�� north�n�

chpf� template t�n�n�

chpf� align tc�i�j�� ts�i�j� with t�i�j�

chpf� align north�i� with t�	�i�

chpf� processors p�����

chpf� distribute t�block�block� onto p

chpf� independent�i�

do i�	�n

north�i� � 	��
�

enddo






do k�	�time

c kernel of the computation

chpf� independent�j�i�

do j���n	

do i���n	

ts�i�j� � �
�� �

� �tc�i	�j� � tc�i�	�j�

� � tc�i�j	� � tc�i�j�	��

enddo

enddo






Figure 	��� Jacobi iterations kernel

program node

include "fpvm�
h"

include "parameters
h"






real�� north�	�	����

� ts�	�����	�	���� tc�����	���	���

call hpfc�init�node






if �mypos�	�	�
eq
	� then

call hpfc�loop�bounds�i���i���	����



do i�� � i��� i��

north�i��� � 	��
�

enddo

endif






do k � 	� time

c p�	������� send tc�	�����	� to �	�

if �mypos���	�
ge
�� then

call hpfc�cmpneighbour�	�

call hpfc�pack�real����tc� 


�

call hpfc�sndto�n

endif






c p�	���	��� receive tc�	�����	��� from ��	�

Figure 	��� Node code extract

host
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Figure 	��� Machine model
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Figure 	��� E�ciency with 	 procs
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due to latencies and communications� These results are used to test the formulas
derived in the next section� These formulas are then used to precisely analyze
the performance which can be expected from such applications run on networks
of workstations when the parameters change�

	�	 Analyses

The theoretical curves �doted lines on Figures 	�� and 	��� are based on assump
tions about the network bandwidth �� % �

 KB�s through PVM�� the realistic
peak performance of one Sparc � �� % ��	� M�op�s� and an o�set ��p $ �� to
model the initialization times� It is assumed �a� that �oats are 	 bytes long�
�b� that the application is blockblock distributed� �c� that communications and
computations do not overlap� and �d� that the communications are sequentialized
on the medium� If p is the number of processors� n the plate width and t the
number of iterations� then the total time complexity /t�n� p� to run the program
is�

/t�n� p� � 	n�t

�p
$

��n�
p
p
 ��t

�
$ �p $ � �	���

The �rst term is the computation time and the second the communication time�
If � % 	

�
� the continuous regime relative realistic e�ciency is�
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�
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 ��

n

���
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These functions match very well the experimental points as can be seen on the
Figures� They can be used to see what can be expected from such applications on
networks of workstations� The interesting point is not to scale up the problem size
for better e�ciency� but to analyze what happens when the number of processors
is scaled with a constant problem size� The e�ciency quickly decreases� The
minimal size to get e�ciency e with p processors can be computed �	���� An
optimal number of processors is also easily derived �	�	�� for which �	� of the
network bandwidth is used�
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The � parameter is expected to belong to a large range of values as processor
and network performances change� For a network of RISC �


 on Ethernet�
� � �

�� while for SS� � � �� For a realistic application with n % �


� � � �



�This �gure is based on the peak performance of a RS ���� running at ���� MHz
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gives the optimal number of processors p % �� a ��� speedup and an overloaded
network� This clearly shows that a set of fast workstations linked by Ethernet is
de�nitely not an underused massively parallel machine� even for an embarrassingly
parallel program like Jacobi iterations� Scaling the problem size to show better
results is a fake� because the convergence speed and other requirements of the
algorithms  �
�! would dramatically slow down the resolution�

The �rst problem is the low bandwidth of the network� especially when com
pared to processor speed� The local networks should be upgraded as much as the
workstations to get good performance� The second problem is the complexity in p
of the functions since the communications are sequentialized on the medium� The
network is the bottleneck of the system�

	�� Related work

A lot of work about compilation and prototype compilers for DMMs was pub
lished during the last few years� The Vienna Fortran Compiling System  ��
! and
Fortran D  �	�! are early developments of dataparallel languages on which hpf is
based� The Fortran D prototype allows only one dimension to be distributed� and
no I�O� Adaptor  ��! is a pragmatic and e�cient public domain software which
implements some features of hpf and which was initially based on CMFortran�
Many vendors have announced commercial compilers� Applied Parallel Research�
Digital Equipment� Paci�cSierra Research� the Portland group� etc� These prod
ucts are not yet available� or do not yet implement all hpf features� Moreover
the performances of these systems will depend on the implemented optimizations�
and many points are still an open research area� Performance �gures for some of
these prototypes are available  ���� 	
!� but comparisons are di�cult because the
applications and the machines are di�erent�

	�� Conclusion

Our optimizing compiler supports the full hpf mapping semantics and produces
portable code� Experiments with Jacobi iterations on a network of workstations
were performed with the compiler output� Very good e�ciencies were measured
for large problem sizes� These results have been analyzed and discussed� and it has
been shown that networks of fast workstations cannot provide good performance
without speci�c communication hardware�

Some hpf features� such as procedure interfaces and the forall instruction�
are missing� Moreover I�O are not yet e�ciently compiled� Future work will
include a better handling of I�O� experiments using more realistic programs and
real parallel machines �Paragon� CM�� Alpha farm�� as well as implementation of
new optimization techniques  �!�



Conclusion

Abstract

This study is coming to an end� It has focussed on designing	 implement�
ing and testing compilation techniques for High Performance Fortran� By
doing so	 we have touched the core of the language and discussed the impact
of choices in the initial design of the language on possible implementation
and optimization techniques� This discussion weights our actual realization
in a working prototype compiler� This conclusion outlines our contributions
and suggests possible future work�

R�esum�e

Cette �etude	 qui arrive maintenant �a son terme	 s�est attach�ee �a concevoir	
d�evelopper et tester des techniques de compilation pour le High Performance

Fortran� Ce faisant	 nous sommes remont�es vers les sources du langage pour
en discuter la pertinence au regard des techniques d�optimisation que la d�e�
nition du langage rend applicable ou au contraire interdit� Ce retour sur les
sp�ecications a le poids des r�ealisations e�ectu�ees� Cette conclusion reprend
les di��erentes contributions de nos travaux� Elle met en perspective leurs
di��erentes articulations et sugg�ere des voies futures de d�eveloppement�

Techniques de compilation

La programmation des machines parall�eles �a m�emoire r�epartie est complexe
parce que le programmeur n�a pas de vue globale et uni��ee des donn�ees� Il manipule
au contraire sur chaque processeur un espace de noms di��erent et doit g�erer de
mani�ere explicite les communications� Pour simpli�er la programmation de ces
machines� des langages de programmation classiques ont �et�e repris pour donner
�a l�utilisateur une vue globale des donn�ees et lui cacher les communications� Le
compilateur a alors la charge de traduire le programme sous la forme pr�ec�edente
pour exploiter le parall�elisme� HPF� bas�e sur Fortran ��� permet de sugg�erer
au compilateur le placement des donn�ees et les zones de calculs parall�eles� All�eg�e
de la partie analyse du parall�elisme et choix du placement� dont l�automatisation
est l�objet de nombreuses recherches� il n�y a plus qu��a op�erer la traduction du
programme� Ce n�est pas forc�ement ais�e si le code produit doit �etre e�cace�

Nos travaux dans le domaine de la compilation se sont attach�es �a d�evelop
per et implanter des techniques pour faire cette traduction du langage HPF �a
parall�elisme et placement explicites� vue globale des donn�ees et communications
implicites vers un mod�ele o�u les donn�ees r�eparties sont vues localement et les
communications explicit�ees entre processus s�ex�ecutant en parall�ele� Ces travaux
se sont appuy�es sur des analyses et optimisations classiques de �ot de donn�ees
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d�une part� et sur une mod�elisation bas�ee sur l�alg�ebre lin�eaire� �a savoir la mani
pulation de poly�edres param�etriques en nombres entiers� d�autre part�

Des analyses et optimisations de �ot de donn�ees ont �et�e propos�ees dans le
cadre de la compilation des replacements� i�e� de la modi�cation dynamique du
placement des donn�ees� Ces mouvements de donn�ees requis par l�utilisateur sont
�a la fois utiles et co�uteux� Nous avons donc travaill�e �a en r�eduire le nombre en
notant que certains sont �evitables� soit parce que les donn�ees replac�ees ne sont pas
r�ef�erenc�ees sous cette nouvelle forme� soit parce qu�une copie encore �a jour des
donn�ees sous la forme requise a �et�e conserv�ee� D�ecouvrir ces opportunit�es d�opti
misation se formule naturellement dans le cadre des analyses de �ot de donn�ees
sur le graphe de contr�ole du programme� Les exploiter requiert l�assistance de
l�ex�ecutif pour garder trace de l��etat courant des donn�ees et des copies vivantes
�eventuellement disponibles�

La compilation du langage HPF� particuli�erement la g�en�eration des codes lo
caux de communications et de calculs� s�est appuy�ee sur une mod�elisation bas�ee
sur l�alg�ebre lin�eaire des ensembles de donn�ees concern�es� �a savoir des poly�edres
param�etriques en nombres entiers� Les directives de placement de HPF� les acc�es
�a des tableaux et les espaces d�it�erations a�nes se pr�etent particuli�erement �a cette
formulation� Il s�agit ensuite de g�en�erer du code pour �enum�erer les ensembles en
question et e�ectuer les communications et calculs n�ecessaires� Nous avons ensuite
appliqu�e cette approche aux communications induites par les entr�eessorties� en
nous appuyant sur la technique de l�analyse des r�egions de tableaux et en pro�
tant de l�information d�exactitude fournie� En�n les replacements ont fait l�objet
d�optimisations propres pour b�en�e�cier de la duplication �eventuelle des donn�ees
sous forme d�opportunit�es pour di�user un m�eme message �a plusieurs processeurs�
ainsi que pour partager la charge�

Ce type d�approche convient bien aux programmes simples et r�eguliers� typi
quement de l�alg�ebre lin�eaire ou des di��erences �nies� pour lesquels les espaces
d�it�erations et acc�es aux tableaux respectent naturellement les restrictions sou
hait�ees� Il convient �egalement �a d�autres types de programmes� par exemple de
calculs creux� sous r�eserve que les dimensions creuses des tableaux� qui sont r�e
f�erenc�ees indirectement� ne soient pas distribu�ees� Il est aussi important de noter
que les ensembles d�ecrits peuvent d�ependre de valeurs param�etriques inconnues �a
la compilation� Cette approche d�ecide et g�ere au niveau de la compilation les cal
culs et communications� et n�ecessite donc naturellement une connaissance pr�ecise
de ce qui est requis� Le probl�eme technique de la compilation de HPF est formul�e
math�ematiquement et est r�esolu gr�ace �a des outils et algorithmes math�ematiques
standard�

Modi�cations et extensions du langage

Le d�eveloppement de techniques de compilation d�un nouveau langage de pro
grammation conduit naturellement �a s�interroger sur la pertinence des d�ecisions
prises au moment de la conception du langage� Certaines contraintes� ou leur
absence� imposent au compilateur une technique particuli�ere de compilation� pas
n�ecessairement la plus e�cace� et interdisent ou r�eduisent les possibilit�es d�optimi
sation du code g�en�er�e� Un exemple typique est la possibilit�e d�avoir des r�ef�erences
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dont le placement d�epend dynamiquement du �ot de contr�ole du programme � le
compilateur doit o�rir une technique qui g�ere de tels cas improbables et inutiles
avant les cas courants et utiles� Au lieu de d�epenser le temps des d�eveloppeurs
pour am�eliorer les performances des codes produits� celuici est consomm�e par la
correction du compilateur vis �a vis de la sp�eci�cation du langage�

Par ailleurs� les exemples d�applications auxquels on confronte un prototype
de compilateur montrent les faiblesses et les manques �eventuels du langage qui
ne permettent pas d�exprimer des propri�et�es utiles �a une bonne compilation et �a
une ex�ecution e�cace� D�autres besoins apparaissent �egalement lors des phases de
tests o�u les codes doivent �etre instrument�es et les options de compilation test�ees �
il est plus commode de laisser le compilateur se charger automatiquement de
ces activit�es� En�n� lorsqu�on pr�esente et enseigne un langage� on est amen�e �a
remarquer les imperfections certes mineures mais qui nuisent �a sa compr�ehension
et �a son apprentissage� que ce soit sur les aspects syntaxiques ou s�emantiques� Les
applications et les techniques de compilation in�uencent la d�e�nition du langage�

Nos d�eveloppements nous ont donc naturellement conduits �a proposer et im
planter des extensions et corrections au langage HPF� Ces propositions visent �a
simpli�er le langage d�un point de vue syntaxique� en homog�en�eisant par exemple
la syntaxe des directives� Elles portent aussi sur la s�emantique de mani�ere �a per
mettre certaines techniques de compilation �a la fois directes et faciles �a optimiser�
En�n� quelques propositions sont des extensions qui r�epondent �a des besoins parti
culiers� mais toujours accompagn�ees de techniques pr�ecises d�implantation e�cace�
Un certain nombre de suggestions ont donc �et�e pr�esent�ees� am�eliorant la syntaxe
des directives pour la rendre plus simple et homog�ene� la s�emantique des direc
tives pour les rendre plus faciles �a implanter et optimiser� et en�n proposant des
extensions pour permettre une plus grande expressivit�e et de meilleurs conseils�

Dans le domaine de la syntaxe� nous avons trouv�e un manque d�homog�en�eit�e
et d�orthogonalit�e entre les directives � par exemple� la directive independent qui
d�esigne une boucle parall�ele ne prend pas d�argument� tandis que la directive new

qui pr�ecise les variables priv�ees aux it�erations en prend & certaines directives comme
new ne s�appliquent qu��a des boucles parall�eles� alors qu�il est facile de trouver des
exemples o�u une telle directive serait souhaitable pour une section de code� Pour
r�epondre �a ces probl�emes� nous avons donc sugg�er�e d�homog�en�eiser la syntaxe et
de fournir un marqueur de port�e 	scope
 pour les directives�

Pour ce qui est de la s�emantique� nous avons sugg�er�e des restrictions au lan
gage� de mani�ere �a simpli�er l�implantation� L�exemple le plus clair est la demande
d�une contrainte interdisant les r�ef�erences avec un placement ambigu� a�n de per
mettre la compilation des replacements au moyen de simples copies entre tableaux
di��eremment plac�es� On passe ainsi d�un programme aux placements dynamiques
�a une forme statique� dont le compilateur sait tirer b�en�e�ce� Une autre requ�ete
est le retrait des placements d�arguments transcriptifs �directive inherit� qui ne
donnent aucune information au compilateur� Cependant� des extensions sont n�e
cessaires pour proposer une autre solution plus commode pour la compilation qui
satisfasse les besoins r�eels actuellement couverts par ce type de placement�

La principale extension de langage que nous avons pr�esent�ee est la directive
assume� Elle permet de d�eclarer plusieurs placements possibles aux arguments
d�une fonction� et �evite ainsi la pratique de clonage manuel nuisible �a la qualit�e
des codes sources� ou bien l�utilisation de placements transcriptifs� nuisible elle �a
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la qualit�e des codes objets� Par ailleurs notre prototype de compilateur inclut des
directives propres� dont la n�ecessit�e ou l�utilit�e ont �et�e mises en �evidence lors de
la compilation de programmes r�eels � par exemple� io permet de d�eclarer qu�une
routine est utilis�ee pour e�ectuer des entr�eessorties� host identi�e une section de
code pour laquelle on souhaite une ex�ecution s�equentielle sur le processeur h�ote�
kill pr�ecise que les valeurs des �el�ements d�un tableau ne seront plus utilis�ees� ou
time demande l�instrumentation d�une section de code pour en mesurer les temps
d�ex�ecution�

La philosophie g�en�erale de ces suggestions est de simpli�er le langage d�une
part� mais aussi de fournir plus d�informations au compilateur� informations qui
nous ont paru utiles pour les applications r�eelles et pour certaines techniques de
compilation� Nous visons donc �a ramener au niveau du compilateur autant de
d�ecisions que possible� dans le but de g�en�erer un code plus e�cace en tirant parti
statiquement des informations disponibles�

R�ealisations e�ectives

Proposer� d�ecrire� pr�esenter des techniques de compilation ou des modi�cations
et extensions d�un langage de programmation est une chose� Cependant le discours
a plus de poids si ces techniques ont �et�e e�ectivement �eprouv�ees et test�ees au sein
d�un prototype de compilateur� Nous avons donc implant�e certaines des techniques
et extensions sugg�er�ees dans hpfc� un prototype de compilateur HPF d�evelopp�e au
sein du parall�eliseur automatique PIPS� Ce prototype repr�esente au total �� 



lignes de code�

L�implantation de nos techniques s�est appuy�ee sur l�environnement de pro
grammation propos�e par PIPS� qui englobe l�outil de g�enie logiciel newgen et la
biblioth�eque de manipulation de poly�edres en nombres entiers linear C�� Nous
avons �et�e amen�es au cours de cette implantation �a compl�eter ces deux librairies� en
ajoutant par exemple un it�erateur g�en�eral �a newgen pour se d�eplacer rapidement
et simplement dans des structures complexes� ou en optimisant et am�eliorant la
fonction de g�en�eration de code de parcours de poly�edres de la biblioth�eque lin�eaire�

Notre implantation incorpore des techniques usuelles de compilation pour ma
chines parall�eles �a m�emoire r�epartie comme la r�esolution dynamique des acc�es
aux variables distribu�ees� ainsi que l�analyse des recouvrements pour les tableaux
distribu�es par blocs� Elle ajoute �a cette base nos techniques pour la compilation
des entr�eessorties et pour les replacements� Elle inclut en�n les petites extensions
utiles �a certains programmes mais aussi �a l�instrumentation des codes pour les
tests� Les nombreuses fonctions de support n�ecessaires �a l�ex�ecution du programme
sont implant�ees au sein d�une librairie� Cette librairie assure des communications
de haut niveau comme les mises �a jour de recouvrements ou les calculs de r�educ
tions� Les communications de bas niveau sont assur�ees par la biblioth�eque domaine
public PVM�

Une caract�eristique importante de cette implantation est qu�elle r�eutilise les
analyses de programme disponibles dans PIPS� au b�en�e�ce de la qualit�e du code
g�en�er�e� L�analyse syntaxique de Fortran est �evidemment reprise� �a travers un �ltre
qui met sous forme analysable les directives� Les pr�econditions sont utilis�ees lors
de la g�en�eration des codes pour pro�ter des informations disponibles sur les liens
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et bornes des di��erentes variables scalaires� En�n l�analyse des r�egions de tableaux
permet de r�eduire les communications li�ees aux entr�eessorties aux �el�ements e�ec
tivement r�ef�erenc�es�

Cette implantation a permis de tester l�e�cacit�e de nos techniques sur des
programmes r�eels et des machines parall�eles� Notamment� l�analyse des recouvre
ments pour une relaxation jacobienne a �et�e �eprouv�ee sur r�eseau de stations de
travail� et des transpositions de matrices bas�ees sur des replacements ont permis
de mesurer leurs performances�

Port�ee des travaux

Ces travaux am�eliorent l��etat de l�art de la compilation en amenant plus de
d�ecisions et choix au niveau du compilateur� qui tire ainsi parti au maximum des
informations statiques disponibles� Nous avons donc remont�e la fronti�ere entre
compilation et ex�ecutif� avec l�id�ee de g�en�erer des codes plus performants car
plus d�edi�es au probl�eme� Par exemple� des d�ecisions de partage de charge sont
prises statiquement dans le cadre des replacements� Pour les entr�eessorties� des
communications sont �evit�ees quand les analyses annoncent une description exacte
des �el�ements r�ef�erenc�es�

Un second aspect non moins important est le caract�ere scienti�que de l�ap
proche adopt�ee� qui consiste �a modeliser les probl�emes techniques de compilation
et d�optimisation dans des cadres math�ematiques �eprouv�es� comme les manipula
tions de poly�edres param�etriques en nombres entiers� ou les formulations standard
de calculs de �ot de donn�ees� De nombreux travaux suivent le m�eme type d�ap
proche et de philosophie de par le monde� dans le domaine de la parall�elisation
automatique� des transformations de programmes� du placement automatique des
donn�ees� ou de la g�en�eration de code assembleur� Ce faisant� notre implantation
au sein d�un prototype de belle facture a montr�e leur r�ealisme et leur e�cacit�e�
audel�a du simple attrait intellectuel� Elle a �egalement montr�e les perfectionne
ments n�ecessaires des outils g�en�eriques sur lesquels nous nous sommes appuy�es�
tant pour am�eliorer leur e�cacit�e intrins�eque en pr�ecision et rapidit�e� que pour
am�eliorer les codes g�en�er�es�

Nos travaux sur la compilation font appara��tre trois articulations qu�il nous
parait int�eressant de signaler comme telles� Elles concernent le langage compil�e�
les analyses de programmes et les outils conceptuels utilis�es� En d�eveloppant des
techniques de compilation� nous avons remis en cause naturellement certains choix
faits lors de la conception du langage� qui limitent les optimisations et les tech
niques �a mettre en "uvre pour traduire un programme� Nous avons pu mesurer
l�int�er�et pour nos activit�es de certaines analyses de programme et leur impact
sur les performances� En s�appuyant sur des outils g�en�eriques� nous avons pris
conscience �a la fois de leurs forces et de leurs faiblesses� et cherch�e �a les am�eliorer�

Travaux futurs

Nos futurs travaux sont naturellement dans la continuation des travaux pr�e
sent�es dans cette th�ese� D�abord� ils concernent la compilation � int�egration de nos
techniques au sein de notre prototype� extension de leurs champs d�application et
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optimisation des codes g�en�er�es� L�impact de telles techniques de compilation sur
les analyses de programme� �eventuellement interproc�edurales� est aussi �a explorer�
Nous cherchons �a am�eliorer et �a �etendre le langage HPF� et plus g�en�eralement �a
discuter la bonne mani�ere de programmer une machine parall�ele e�cacement en
facilitant �a la fois le travail de l�utilisateur et du compilateur�

Il est utile de poursuivre le d�eveloppement de notre prototype pour inclure
plus de nos techniques et montrer leur int�er�et� Il manque principalement l�im
plantation de la compilation des nids de boucles parall�eles �a base de poly�edres�
Une fois implant�ee� cette technique devra faire l�objet d�exp�erimentations et tests
pour valider plus avant nos travaux� et discuter les performances obtenues� Il est
vraisemblable que cette implantation fera appara��tre de nouveaux probl�emes qui
appelleront de nouvelles discussions�

Il serait int�eressant d��etendre le champs d�application de ces techniques� Par
exemple on peut �etudier un mod�ele de communications de type get�put comme
celui disponible sur le T�D� Les probl�emes sont alors un peu di��erents� il faut
conna��tre l�adresse de la donn�ee dans la m�emoire distante pour assurer la commu
nication� D�autres discussions et extensions sont n�ecessaires aussi pour prendre en
compte les nouvelles extensions de HPF� comme le placement sur des sections de
processeurs� L�interaction de nos techniques avec di��erents mod�eles de parall�elisme
de t�aches� et l�apport qu�elles peuvent repr�esenter est aussi une voie �a �etudier�

En aval de ce type de g�en�eration de code� il nous para��t important de no
ter que les codes d��enum�eration des solutions d�un syst�eme qui sont produits
ont une structure tr�es particuli�ere� Ils forment un ou plusieurs nids de boucles
dont les bornes ne sont pas simples� Ces structures tireraient particuli�erement
b�en�e�ce d�optimisations standard de type d�eplacement d�invariants� d�etection de
sousexpressions communes et extractions de variables inductives� sp�ecialement en
prenant en compte la commutativit�e et de l�associativit�e des op�erateurs impliqu�es�
De plus� ces bornes contiennent souvent des divisions enti�eres �a reste positif dont
certaines propri�et�es peuvent �etre utilis�ees pour simpli�er et optimiser le code�

Nos techniques utilisent certaines analyses de programme comme l�analyse des
r�egions� Ces techniques peuvent �etre �etendues et compl�et�ees� Il nous para��t par
exemple int�eressant d��etendre les r�egions aux Zpoly�edres pour pouvoir d�ecrire des
ensembles comportant des points r�eguli�erement espac�es� De plus� le compilateur a
parfois besoin d�une information suppl�ementaire pour ex�ecuter une optimisation�
ce qui peut se traduire soit par une extension de langage soit par une analyse de
programme� Par exemple� pour les acc�es irr�eguliers et la m�ethode de l�inspecteur
ex�ecuteur� il est tr�es important de pouvoir r�eutiliser au maximum les motifs de
communications calcul�es� Pour cela� le compilateur et l�ex�ecutif ont besoin de me
surer de mani�ere interproc�edurale l�invariance �eventuelle des donn�ees dont d�epend
ce motif�

Un point fondamental et pratique qui m�erite selon nous une grande attention
est l�utilisation d�entr�eessorties parall�eles� et leur impact potentiel sur le langage�
Ce point a d�ej�a �et�e l�eg�erement abord�e au cours de nos recherches� mais les pro
bl�emes ne sont pas encore r�esolus� Il nous semble qu�un m�ecanisme puissant de
compilation des replacements peut servir de base �a une implantation e�cace et
pratique de tels stockages� L�approche habituelle pour traiter les entr�eessorties
s�appuie sur l�utilisation de librairies qui doivent assurer les mouvements de don
n�ees a priori arbitraires� ce qui pose �eventuellement probl�eme lorsque le placement
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des donn�ees n�est pas tr�es simple�
D�un point de vue plus philosophique� nous nous interrogeons sur les limites

�oues et subtiles qui doivent guider les d�ecisions de conception d�un langage� Un
m�eme besoin peut s�appuyer pour sa r�esolution sur le langage �et donc l�utilisa
teur�� sur des analyses de programme requises ou utiles� ou encore sur les librairies
et l�ex�ecutif� Ces choix conditionnent la souplesse et la l�eg�eret�e du langage ou de
ses extensions� Il faut �eviter la rigidit�e et la lourdeur� mais pas au prix des perfor
mances�
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�Epilogue

Ce travail de th�ese m�aura apport�e beaucoup� Une telle exp�erience� un travail
pr�ecis� approfondi et complet poursuivi au long de trois ann�ees� est enrichissant
sur de nombreux aspects� On apprend l�humanit�e� l�imagination� la rigueur et le
pragmatisme�

L�humanit�e d�abord� c�est la joie de travailler avec des gens qui partagent leurs
connaissances� leurs exp�eriences et leur temps sans compter� En un mot� une partie
de leur vie dont on tire pro�t pour faire avancer l��etat de l�art de la science ou
de la technologie� J�esp�ere que ces rencontres auront �et�e� sont et seront toujours
aussi enrichissantes pour ces personnes que pour moi�

L�imagination ensuite� c�est l�e�ort qui m�ele connaissances et arts� de chercher
des solutions nouvelles �a des probl�emes que l�on formule �a peine� pour cr�eer petit
�a petit des r�eponses qui para��tront �evidentes �a tous si elles sont les bonnes� Le but
n�est pas tant de trouver une r�eponse satisfaisante que la r�eponse qui satisfera�
J�esp�ere que certains points des travaux d�ecrits dans cette th�ese auront apport�e
la bonne r�eponse �a de vrais probl�emes�

La rigueur apr�es� c�est le travail intellectuel� syst�ematique et complet� qui vise
�a d�ecrire� justi�er� �etendre ses intuitions et ses id�ees pour les transformer en un
discours clair et juste� Clair parce que int�egr�ees dans une formulation classique�
compr�ehensible et qui tire pro�t du travail de g�en�erations de chercheurs� Juste
parce que d�emontr�ees et g�en�erales� J�esp�ere que les r�esultats pr�esent�es l�ont �et�e
avec une rigueur su�sante�

Le pragmatisme en�n� c�est la satisfaction des r�ealisations e�ectu�ees� impar
faites mais r�eelles� r�esultats de longues heures de d�eveloppement� de tests� d�essais
infructueux� qui font le lien entre les solutions qu�on a imagin�ees� les th�eories qu�on
a pu concevoir� et la pratique� J�esp�ere avoir montr�e le r�ealisme des solutions en
visag�ees �a travers le prototype d�evelopp�e au cours de ces travaux�
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