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R�esum�eLe mod�ele de Larchant est celui d'un Espace d'Adressage Partag�e (comprenanttous les sites du r�eseau ainsi que la m�emoire secondaire) bas�e sur la Persis-tance par Atteignabilit�e. Pour donner l'illusion d'un espace d'adressage partag�epar tous les sites du r�eseau, Larchant met en �uvre un m�ecanisme de M�e-moire Partag�ee R�epartie. La persistance par atteignabilit�e est apport�ee par unGlaneur de Cellules (GC, ou encore ramasse-miettes) qui parcourt le graphed'objets �a partir de la racine de persistance. Les objets non atteignables sontappel�es miettes. Le GC nettoie la m�emoire en recyclant l'espace occup�e par lesmiettes.Le glanage dans les syst�emes r�epartis �a grande �echelle a �et�e consid�er�e jusqu'�a peucomme infaisable. Les principaux probl�emes rencontr�es sont dus �a l'incoh�erencedes donn�ees et �a des consid�erations portant sur l'�echelle et les performances.Cette th�ese pr�esente les solutions apport�ees par Larchant pour r�esoudre cesprobl�emes.Le GC de Larchant combine tra�cage et listage de r�ef�erences. Le GC fait dutra�cage sur les partitions en m�emoire. Le GC fait du listage sur les r�ef�erencesqui, si elles �etaient parcourues, impliqueraient des entr�ees-sorties. Le ramassagede miettes est totalement dissoci�e de la coh�erence, i.e., le glanage est e�ectu�emême s'il y a des r�epliques incoh�erents sur le site o�u le GC s'ex�ecute. Leglaneur fonctionne de fa�con concurrente et asynchrone par rapport aux appli-cations. Les fronti�eres de listage des r�ef�erences changent dynamiquement etind�ependamment sur chaque site de mani�ere �a nettoyer les cycles de miettes.L'algorithme du GC �a �et�e prouv�e correct (innocuit�e et vivacit�e) par induction.Les r�esultats de performance du GC de Larchant montrent que nos objectifsd'orthogonalit�e par rapport �a l'incoh�erence et �a l'�echelle ont �et�e atteints.Mots-cl�es: syst�emes r�epartis, syst�emes �a objets, persistance par atteignabilit�e,m�emoire partag�ee r�epartie, glaneur de cellules r�eparti.
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AbstractThe model of Larchant is that of a Shared Address Space (spanning every sitein a network including secondary storage) with Persistence By Reachability. Toprovide the illusion of a shared address space across the network, despite thefact that site memories are disjoint, Larchant implements a distributed sharedmemory mechanism. Reachability is accessed by tracing the pointer graph,starting from the persistent root, and reclaiming unreachable objects. This isthe task of Garbage Collection (GC).GC was until recently thought to be intractable in a large-scale system, dueto problems of scale, incoherence, asynchrony, and performance. This thesispresents the solutions that Larchant proposes to these problems.The GC algorithm in Larchant combines tracing and reference-listing. It traceswhenever economically feasible, i.e., as long as the memory subset being col-lected remains local to a site, and counts references that would cost I/O tra�cto trace. GC is orthogonal to coherence, i.e., makes progress even if only in-coherent replicas are locally available. The garbage collector runs concurrentlyand asynchronously to applications. The reference-listing boundary changesdynamically and seamlessly, and independently at each site, in order to collectcycles of unreachable objects.We prove formally that our GC algorithm is correct, i.e., it is safe and live. Theperformance results from our Larchant prototype show that our design goals(scalability, coherence orthogonality, and good performance) are ful�lled.Keywords: distributed systems, object-oriented systems, persistence by reach-ability, distributed shared memory, distributed garbage collection.
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Partie/Part ILarchant: ramasse-miettes dans unem�emoire partag�ee r�epartie avec persistancepar atteignabilit�e(Long r�esum�e/Long abstract)
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Chapitre 1IntroductionL'objectif global de Larchant est d'o�rir un stockage persistant r�eparti (PDS,Persistent Distributed Store) qui facilite le partage des donn�ees. Larchantgarantit que l'acc�es aux donn�ees �a partir de di��erents sites et/ou �a des momentsdi��erents reste simple et e�cace. De plus, la persistance, les entr�ees/sorties(E/S), la gestion de la m�emoire et la r�epartition sont transparents et automa-tiques. Avec Larchant, les programmeurs peuvent se concentrer sur les prob-l�emes de leurs applications sans se laisser perturber par les bogues m�emoire,le cache, la coh�erence, les acc�es distants, les E/S, etc. Les applications typedestin�ees �a Larchant sont les syst�emes de CAO-FAO, le multim�edia, les basesde donn�ees �nanci�eres, etc.Le mod�ele de Larchant est celui d'un espace d'adressage partag�e [29, 93, 105](s'�etendant sur chaque site du r�eseau, incluant les zones de stockage secondaire)avec la persistance par atteignabilit�e (PBR, Persistance By Reachability) [8]. Cemod�ele est tr�es attirant par la simplicit�e qu'il apporte au programmeur.Pour fournir l'illusion d'un espace d'adressage partag�e recouvrant le r�eseau,bien que les m�emoires des sites soient disjointes, Larchant met en �uvre unm�ecanisme de m�emoire partag�ee r�epartie (DSM, Distributed Shared Memory)[28, 57, 80].L'acc�es �a une donn�ee n�ecessite de trouver sa r�ef�erence par navigation en par-tant d'une racine persistante bien connue (par ex., un serveur de noms). Dansun syst�eme utilisant la PBR [34, 48, 84, 112], un objet atteignable depuis laracine persistante est lui-même persistant, il doit ainsi être stock�e. Un objetatteignable par transitivit�e �a partir de la racine persistante est aussi persis-tant. Les objets non atteignables ne sont plus n�ecessaires, ils peuvent donc êtreramass�es (et la m�emoire compact�ee). De tels objets sont appel�es miettes.L'atteignabilit�e est con�rm�ee en construisant le graphe des pointeurs, en par-tant de la racine persistante, et en ramassant les objets non atteignables. Ceprocessus peut être e�ectu�e soit par une gestion manuelle de la m�emoire, soitautomatiquement par un Glaneur de Cellules (GC, ou encore ramasse-miettes)[127].11Garbage collector en Anglais. 2



CHAPITRE 1. INTRODUCTION 3La gestion manuelle de la m�emoire est source d'erreurs (par ex., les pointeursinvalides et les fuites de m�emoire) qui conduit fr�equemment �a la violation dela condition fondamentale d'int�egrit�e r�ef�erentielle : suivre un pointeur doit tou-jours être valide, i.e., si un objet persistant x pointe vers un objet y, alors ydoit aussi être persistant.Le GC dans les syst�emes r�epartis �a grande �echelle a �et�e consid�er�e jusqu'�a peucomme infaisable. Les principaux probl�emes rencontr�es sont dus �a l'incoh�erencedes donn�ees et �a des consid�erations portant sur l'�echelle et les performances.Cette th�ese pr�esente les solutions apport�ees par Larchant pour resoudre cesprobl�emes.L'algorithme du GC dans Larchant associe le tra�cage et le comptage de r�ef�erences.Il trace tant que c'est �economiquement faisable, i.e., tant que le sous-ensemblem�emoire reste local �a un site, et il compte les r�ef�erences qui demanderaient untra�c d'E/S coûteux pour un tra�cage. Les limites du comptage de r�ef�erenceschangent dynamiquement et de fa�con ind�ependante sur chaque site, de fa�con �acollecter (ou ramasser) les cycles d'objets non atteignables. Le plus importantest que les sous-ensembles m�emoire r�epliqu�es sont collect�es ind�ependamment etsans interf�erence avec les besoins en coh�erence des applications.Ce travail est le premier �a proposer un algorithme de GC pour une PDS quisoit (i) extensible en terme d'�echelle, (ii) orthogonal �a la coh�erence, i.e., qu'ilprogresse même si seules des r�epliques incoh�erentes sont disponibles localement,(iii) totalement asynchrone par rapport aux applications, et (iv) collecte lescycles de miettes en changeant dynamiquement les fronti�eres du m�ecanismer�eparti de comptage de r�ef�erences.Cette th�ese est organis�e de la fa�con suivante. Le prochain chapitre dresse unpanorama des techniques traditionnelles de GC. Le Chapitre 3 pr�esente notremod�ele des programmes applicatifs, les protocoles de coh�erence, et le mod-�ele du GC. Le Chapitre 4 d�ecrit les algorithmes de tra�cage et de comptagede r�ef�erences dans Larchant. Dans le Chapitre 5 nous pr�esentons bri�evementl'impl�ementation du GC dans Larchant. Le Chapitre 6 expose une �etude desperformances de nos algorithmes de GC. Le Chapitre 7 conclut la th�ese par unr�esum�e des id�ees les plus importantes.



Chapitre 2Panorama des algorithmes deGC existantsLes techniques fondamentales de GC sont traditionnellement regroup�ees en deuxgrandes familles : les approches fond�ees sur le comptage de r�ef�erences et celless'appuyant sur un tra�cage du graphe d'objets.Dans les GC fond�es sur le comptage de r�ef�erences (reference counting en Anglais),chaque objet compte le nombre de r�ef�erences qui le d�esignent [31, 33]. Cecompte est traditionnellement repr�esent�e par un entier stock�e dans l'en-têtede chaque objet. Le compteur d'un objet est incr�ement�e �a chaque fois que sar�ef�erence est dupliqu�ee. Inversement, lorsqu'une r�ef�erence vers un objet estd�etruite, le compteur associ�e est d�ecr�ement�e. L'espace m�emoire occup�e par unobjet est ramass�e d�es que son compteur de r�ef�erences passe �a z�ero.Les GC fond�es sur un tra�cage e�ectuent un parcours du graphe d'objets depuisla racine de persistance et traversent les objets en suivant successivement leursr�ef�erences. Les deux techniques �el�ementaires fond�ees sur le tra�cage sont : lemarquage-balayage (mark-and-sweep en Anglais) [87] et la copie des objets (copyen Anglais) [50, 88].L'algorithme de marquage-balayage fonctionne de la mani�ere suivante. Partantde la racine de persistance, le GC distingue les objets atteignables des miettesen marquant les objets visit�es lors de sa travers�ee du graphe. Ensuite, le GCbalaye la totalit�e de la m�emoire pour trouver puis ramasser tous les objets nonmarqu�es.L'algorithme de GC par copie fonctionne de la mani�ere suivante. La m�emoire estdivis�ee en deux demi-espaces. Durant l'ex�ecution normale des programmes, seulle demi-espace appel�e espace d'origine (from-space en Anglais) est utilis�e alorsque l'autre demi-espace, appel�e espace destination (to-space en Anglais), estconserv�e vierge. Le GC copie les objets atteignables via la racine de persistance,depuis l'espace d'origine vers l'espace destination. Lorsque la copie s'ach�eve,le rôle des deux demi-espaces est �echang�e atomiquement. L'espace destinationdevient l'espace d'origine, et vice versa.Il existe une litt�erature abondante dans le domaine du GC que ce soit pour les4



CHAPITRE 2. PANORAMA DES ALGORITHMES DE GC EXISTANTS 5multiprocesseurs [7, 20, 43, 63, 92], ou pour des syst�emes client-serveur r�epartis(voir l'�etude de Plainfoss�e[97]). En revanche, peu de travaux ont �et�e r�ealis�es surun GC dans un r�eseau faiblement coupl�e avec une DSM faiblement coh�erente.La di��erence fondamentale entre un GC dans Larchant et un GC dans unmultiprocesseur est l'�echelle et le surcoût de synchronisation : si nous appliquonsun algorithme de GC con�cu pour des multiprocesseurs (par ex., Appel[7]) �anotre cas, le surcoût serait inacceptable du fait des coûts de communicationet de synchronisation. Ces coûts sont dus au fait que les algorithmes de GCmultiprocesseurs actuels supposent implicitement l'existence d'objets coh�erents.La plupart des travaux pr�ec�edents sur les GC r�epartis [85, 97] consid�erent queles processus communiquent par messages (sans m�emoire partag�ee), en util-isant un m�elange de tra�cage et de comptage. Chaque processus trace ses poin-teurs internes ; les r�ef�erences hors des fronti�eres du processus sont compt�eeslorsqu'elles sont envoy�ees dans des messages. Cependant, aucun des ces travauxn'accepte un m�ecanisme de m�emoire r�epartie partag�ee dans laquelle des appli-cations s'ex�ecutant sur di��erents sites peuvent acc�eder �a de multiples r�epliquesdu même objet de fa�con concurrente, comme Larchant le permet.Finalement, les travaux pr�ec�edents sur le ramassage de miettes dans un DSMsont rares et ne r�esolvent pas nos probl�emes puisqu'ils supposent des objetscoh�erents [72, 78].



Chapitre 3Mod�ele de LarchantNous utilisons un vocabulaire standard de la litt�erature sur les ramasse-miettes[40]. Le mutateur est le programme applicatif qui modi�e dynamiquement legraphe des pointeurs ; il cr�ee des objets, utilise des pointeurs, et a�ecte despointeurs. Un e�et de bord de l'a�ectation de pointeurs est que certains objetsdeviennent non atteignables.Dans un syst�eme r�eparti, le mutateur est en fait compos�e de multiples threadsind�ependantes s'ex�ecutant sur di��erents sites ; par extension, nous appelonschacune de ces threads un mutateur.Le collecteur est le composant syst�eme qui identi�e et ramasse les miettescr�e�ees par le mutateur. Notre collecteur est compos�e d'un nombre de threadss'ex�ecutant sur di��erents sites ; nous appelons chacune d'elles un collecteur.Notre algorithme de GC est bas�e sur un mod�ele tr�es simpli��e. Ainsi, plusieursop�erations traditionnellement associ�ees �a la gestion de la coh�erence ne sontpas pr�esentes dans notre mod�ele ; certaines parce qu'elles ne sont pas li�ees auGC (par exemple, la lecture et l'�ecriture sans utiliser de pointeurs) et d'autresparce que notre algorithme leur est ind�ependant (par exemple, les verrous dela DSM). En particulier, l'algorithme de GC tol�ere des �ecritures arbitraires etdes donn�ees incoh�erentes. La simplicit�e du mod�ele garantit que l'algorithme deGC s'applique �a une large vari�et�e de syst�emes de stockage partag�es.3.1 Mod�ele de m�emoireLa m�emoire est d�ecompos�ee en deux niveaux de granularit�e. (i) L'objet estl'unit�e d'allocation, de d�esallocation et d'identi�cation. Il est aussi l'unit�e decoh�erence et de propagation des mises �a jour (i.e., la diss�emination de la r�epliquela plus �a jour d'un objet). Un objet peut contenir plusieurs pointeurs. Soit unpointeur est nul soit il pointe vers un objet. (ii) Un bunch est l'unit�e de cacheet de rassemblement. Il contient un nombre quelconque d'objets.D�esormais, les objets seront not�es x, y, z, etc. L'adresse de l'objet x sera not�ee@x. Les bunches seront not�es en majuscules B, C, etc. Puisque toute structure6



CHAPITRE 3. MOD�ELE DE LARCHANT 7peut être r�epliqu�ee (être en cache) sur de multiples sites, nous distinguons lesr�epliques �a l'aide d'un indice de site, par ex., xi, xj, pour les r�epliques de xobserv�ees respectivement sur les sites i et j.Une variable pointeur ptr dans un objet x sera not�ee x.ptr. A�n de simpli�erla notation nous allons supposer que les objets n'ont qu'un seul pointeur etidenti�er x.ptr par x.3.2 Mod�ele du mutateurUn mutateur s'ex�ecutant sur le site i voit l'objet x au travers de la r�epliquepr�esente dans le cache du site, xi. Tout mutateur peut �ecrire ou lire un objet xvers lequel il poss�ede un pointeur dans son cache.Pour des questions de GC, l'op�eration pertinente ex�ecut�ee par les mutateursest l'a�ectation d'une variable pointeur au sein d'un objet. Une op�erationd'a�ectation e�ectu�ee sur le site i, r�ealisant une lecture sur l'objet y et une�ecriture sur x, est not�ee <x := y>i. Cette op�eration est atomique en localuniquement, i.e., la lecture et l'�ecriture des r�epliques locales sont indivisibles.Il n'est pas n�ecessaire que cette op�eration soit atomique pour les r�epliques dis-tantes.Notez que l'op�eration d'a�ectation peut conduire �a la destruction d'un pointeuret �a la cr�eation d'un nouveau, ce qui est e�ectu�e de fa�con impr�evisible par lesmutateurs, modi�ant ainsi l'atteignabilit�e des objets.3.3 Mod�ele de coh�erenceCette section identi�e les op�erations de coh�erence ayant un rapport avec le GC.De fa�con �a accepter di��erents mod�eles de coh�erence, nous n'imposons pas lemoment auquel de telles op�erations ont lieu. (En pratique, les op�erations decoh�erence sont provoqu�ees par l'activit�e du mutateur.)Notre supposition minime est que, �a tout moment, chaque objet ne poss�edequ'un seul propri�etaire. Le propri�etaire d'un objet est le seul site autoris�e �adiss�eminer sa valeur aux autres sites. Cette diss�emination est e�ectu�ee par unmessage de propagation.La propagation de x �a partir de son site propri�etaire i au site j fait que xjdevient �egal au xi propag�e. Notez que cette op�eration n'exclut pas les �ecrituresconcurrentes (ou les lectures) e�ectu�ees sur les autres r�epliques de x.Le propri�etaire d'un objet peut changer. Ce changement s'e�ectue par un mes-sage de propri�et�e : le transfert de propri�et�e de x du site i vers le site j fait quele site j est le nouveau propri�etaire de x.D'autre op�erations de coh�erence peuvent être construites comme des cas parti-culiers des pr�ec�edentes. Par exemple, l'invalidation du cache se fait en recevantun message de propagation contenant la valeur nulle.



CHAPITRE 3. MOD�ELE DE LARCHANT 8
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Figure 3.1: Souches et scions.3.4 Mod�ele du GCUn bunch conserve la trace des pointeurs inter-bunch, de fa�con �a permettre sonramassage ind�ependant. Un pointeur sortant est d�ecrit par une souche et unpointeur entrant par un scion1 (voir la Figure 3.1). Une souche identi�e le scioncorrespondant et vice versa. Chaque r�eplique d'un bunch poss�ede son propreensemble de souches et de scions.Nous donnons ici, sans le justi�er, la liste des op�erations li�ees �a notre algorithmede GC (pour les techniques de marquage-balayage et de copie [127]) :� create.scion(Bx, Cy) : cr�eer un scion dans C qui d�ecrit le pointeur inter-bunch de x dans B vers y dans C.� delete.scion(Bx, Cy) : d�etruire le scion dans C qui d�ecrit le pointeur inter-bunch de x dans B vers y dans C.� scani(x) : parcourir xi a�n de trouver les objets qu'il pointe directement.� move(y, @y') : d�eplacer l'objet y �a sa nouvelle adresse @y'.� <patch(x, @y')>i : corriger xi avec la nouvelle adresse @y' de y.Le d�eclenchement et l'innocuit�e de ces op�erations seront �etudi�es dans le Chapitre4.Quelques temps apr�es qu'un mutateur ait cr�e�e un nouveau pointeur inter-bunch,le collecteur alloue une souche dans le bunch source et cr�ee un scion dans lacible. De fa�con similaire, apr�es la disparition d'un pointeur inter-bunch, le1Les structures similaires trouv�ees dans le syst�eme �a passage de messages des châ�nes deSSP (Stub-Scion Pair) [108], ou châ�ne de paires souches-scions, ont inspir�e les noms de souche(stub) et de scion. Contrairement aux châ�nes de SSP, les souches et les scions de Larchant nesont pas des indirections participant au processus du mutateur, mais simplement des structuresde donn�ees auxiliaires d�ecrivant les pointeurs inter-bunch.



CHAPITRE 3. MOD�ELE DE LARCHANT 9collecteur peut �nir par d�esallouer la souche correspondante et d�etruire le scioncible. Le nombre de pointeurs inter-bunch sur un objet est approximativement�egal au nombre de scions pour cet objet.La boucle principale d'un GC par tra�cage utilise l'op�eration de parcours. Pourune certaine r�eplique xi, cette op�eration d�etermine les autres objets point�es parxi. Un collecteur par copie d�eplace les objets (pour compacter le m�emoire etr�eduire la fragmentation) et corrige les pointeurs avec les nouvelles adresses.Notez que les op�erations de parcours et de correction sont locales �a un site,i.e., elles sont appliqu�ees �a une r�eplique locale et elles ne n�ecessitent pas uneop�eration de propagation en d�epit des lectures et des �ecritures implicites surl'objet concern�e (ainsi, les r�epliques locales peuvent être incoh�erentes). D'unautre côt�e, l'op�eration de d�eplacement s'applique �a chaque r�eplique d'un objet.Comme nous le d�ecrivons dans le Chapitre 4, toutes les op�erations du GC nen�ecessitent pas des donn�ees coh�erentes.Dans la terminologie associ�ee aux GCs, un 
ip d�esigne le moment pendant lequelle mutateur est interrompu ; pendant le 
ip, le collecteur (pour l'algorithme demarquage-balayage ou de copie) e�ectue certaines op�erations ayant pour butde terminer la collecte. Par exemple, pendant le 
ip, un collecteur marquage-balayage reparcourt les objets qui, apr�es avoir �et�e parcourus, ont �et�e modi��esdu fait d'une activit�e concurrente du mutateur.En�n, un objet est sale apr�es avoir �et�e modi��e par une op�eration d'a�ectation(du mutateur) ; il reste sale tant qu'il n'a pas �et�e parcouru. Un bunch est sales'il contient un objet sale.



Chapitre 4GC dans LarchantDans l'id�eal, un algorithme de GC devrait être complet, i.e., devrait �nir parcollecter toutes les donn�ees non atteignables. Les seuls algorithmes que l'onpeut prouver complets sont bas�es sur le tra�cage et utilisent une synchronisationglobale. Ce principe n'est pas extensible, g�en�ere un grande quantit�e d'E/S etperturbe les applications. D'un autre côt�e, les algorithmes de comptage der�ef�erences sont extensibles mais ils sont incomplets puisqu'ils ne collectent pasles cycles de miettes. Apparemment c'est sans espoir. Mais, comme nous allonsle voir, il est possible d'�eviter le tra�cage global et ses inconv�enients.Nous a�rmons que la compl�etude parfaite n'est pas faisable dans un syst�emede grande �echelle. Nous proposons donc une solution approximative qui nepeut être prouv�ee comme compl�ete, mais que nous croyons appropri�ee pour lessituations r�eelles. Elle fonctionne en associant le tra�cage et le comptage der�ef�erences.Le GC dans Larchant s'approche d'un tra�cage global avec une s�erie de tra�cageslocaux sans synchronisation et partitionn�es. Chaque bunch est collect�e sur lesite o�u il est mis en cache, avec un algorithme de tra�cage, ind�ependamment dureste de la m�emoire. De plus, si un bunch est r�epliqu�e, chacune des ses r�epliquesest aussi collect�ee de fa�con ind�ependante avec le même algorithme.En consid�erant les scions d'un bunch comme des racines int�erimaires, un bunchpeut être collect�e ind�ependamment des autres. La collecte d'une r�eplique d'unbunch (collecteur intra-bunch) s'e�ectue comme suit. Tout objet point�e directe-ment �a partir d'un scion est consid�er�e comme atteignable et on recherche sespointeurs. Si un objet atteignable pointe vers un autre objet du même bunch, lecollecteur intra-bunch consid�ere de fa�con transitive l'objet point�e atteignable.S'il pointe en dehors du bunch englobant, le collecteur alloue une souche. Ainsi,le r�esultat de la collecte d'un bunch est un ensemble d'objets atteignables et unnouvel ensemble de souches. Les objets non compris dans l'ensemble sont desmiettes.Lorsqu'une collecte intra-bunch est termin�ee, le collecteur inter-bunch (algo-rithme de comptage de r�ef�erences) compare le nouvel ensemble de souches avecl'ancien (r�esultant d'un pr�ec�edent GC intra-bunch). Les souches qui n'existaient10



CHAPITRE 4. GC DANS LARCHANT 11pas pr�ec�edemment indiquent qu'un nouveau pointeur inter-bunch sortant a �et�ecr�e�e par le mutateur. Les souches qui ont disparu (i.e., qui ne sont plus dansle nouvel ensemble de souches) indiquent un pointeur inter-bunch sortant quin'existe plus.Pour chaque nouvelle souche allou�ee (par le collecteur intra-bunch), le collecteurinter-bunch proc�ede �a la cr�eation du scion correspondant. Pour chaque souchequi n'appartient plus �a l'ensemble, le collecteur inter-bunch demande la destruc-tion du scion cible correspondant.Ainsi, le collecteur inter-bunch d�etruit les scions, autorisant les futures collectesintra-bunch �a ramasser les objets qui n'�etaient atteignables que parce qu'ils�etaient point�es par les scions d�etruits. (Comme nous le verrons dans le Chapitre4, les op�erations de cr�eation et de destruction sont asynchrones par rapport auxmutateurs.)4.1 Tra�cageLa principale di�cult�e des algorithmes de collecte intra-bunch est de ramasserun bunch (concurremment avec les mutateurs) sans n�ecessiter d'op�erations decoh�erence, a�n d'�eviter de perturber les applications. Par exemple, le collecteurintra-bunch doit être capable de progresser sans imposer qu'une r�eplique d'unobjet soit �a jour pour être parcourue. Un raisonnement similaire s'applique auxop�erations de d�eplacement et de correction.Chaque site trace ses bunches (dans le cache local) ind�ependamment des autressites, même si ses bunches peuvent être r�epliqu�es ailleurs. Cela pose les ques-tions suivantes :� Les collecteurs doivent-ils être synchronis�es entre eux ?� Les parcours demandent-ils des donn�ees coh�erentes ?� Si on utilise un algorithme de GC par copie :{ Est-il n�ecessaire de synchroniser les collecteurs pour d�ecider o�u d�e-placer un objet ?{ Est-il n�ecessaire d'e�ectuer certaines op�erations de coh�erence avant(ou apr�es) avoir d�eplac�e un objet ou avoir corrig�e ses pointeurs in-ternes ?{ Est-il n�ecessaire de synchroniser le 
ip ?Une r�eponse \oui" �a n'importe laquelle de ces questions aurait un impact surl'extensibilit�e et l'e�cacit�e. Dans le reste de cette section nous montrerons que,aussi surprenant que cela puisse parâ�tre, les r�eponses sont toutes \non", sousles bonnes conditions. Cela a pour cons�equence que le collecteur intra-bunchn'est pas en comp�etition avec les applications pour la coh�erence des donn�ees,qu'il n'y pas de synchronisation entre les collecteurs et les mutateurs ou entre les



CHAPITRE 4. GC DANS LARCHANT 12di��erents collecteurs, et que les messages du GC sont asynchrones et s'�echangenten tâche de fond. Le prix �a payer est un certain degr�e de conservation, etcertains messages devant être d�elivr�es en ordre causal [100].4.1.1 ParcoursLe parcours d'une r�eplique incoh�erente ne prend bien �evidemment pas en compteles �ecritures de pointeurs survenant sur un autre site. Ce n'est cependant pasun probl�eme. En fait, le parcours d'une r�eplique non �a jour r�esulte simplementen une d�ecision plus conservative concernant l'atteignabilit�e des objets point�es.D'un autre côt�e, le parcours des seules r�epliques les plus �a jour d'un objetn'assure pas l'innocuit�e. Un objet z peut ne plus être r�ef�erenc�e par la r�epliquela plus �a jour d'un objet y mais être quand même atteignable �a partir d'uner�eplique incoh�erente de y (y et z �etant tous deux dans le même bunch). Ainsi,un objet ne peut être collect�e qu'apr�es être devenu non atteignable �a partir del'union de toutes les r�epliques de ses objets source. Ce que nous appelons lar�egle de l'union. Nous �etudierons ce probl�eme plus en d�etail dans la Section 4.2,quand nous d�ecrirons le collecteur inter-bunch.4.1.2 D�eplacement et correctionDans cette section, nous �etudions les op�erations de d�eplacement et de correctionpar rapport �a la coh�erence. Le premier probl�eme est d'�eviter que deux sites ned�eplacent de fa�con concurrente leurs r�epliques locales du même objet vers deuxendroits di��erents. Une solution �evidente �a ce probl�eme serait que le site quiveut d�eplacer un objet demande la propri�et�e de l'objet avant de le d�eplacer. Ilest clair que cette solution n'est pas satisfaisante puisqu'elle interf�ere avec lesbesoins de coh�erence des applications.Une solution simple n'interf�erant pas avec les besoins de coh�erence des ap-plications serait la suivante : le site propri�etaire de x d�ecide de l'endroit o�u led�eplacer ; les sites non propri�etaires d�eplaceraient leurs r�epliques de x �a la mêmeadresse apr�es r�eception d'un message de d�eplacement �emis par le propri�etaire.Un objet atteignable serait alors d�eplac�e de la fa�con suivante. (i) Le site i,le propri�etaire de x, envoie un message move(x, @x') aux sites poss�edant dansleur cache un pointeur vers x, lui-même compris. (ii) Un site j recevant cemessage d�eplace sa r�eplique xj �a la nouvelle position et corrige les pointeurs encons�equence. Notez que les messages de d�eplacement sont d�elivr�es en tâche defond. Ainsi, ils ne perturbent pas les applications.Le second probl�eme est le suivant : le collecteur doit-il acqu�erir la propri�et�e d'unobjet a�n de corriger un de ses pointeurs avec la nouvelle position de la cible ?La r�eponse est non, parce que cette op�eration n'est visible que sur le site o�uelle a lieu. Notez que, même avec des protocoles de coh�erence qui demandent lapropri�et�e d'un objet dans lequel on souhaite �ecrire (par ex., la entry-consistency[14]) l'op�eration de correction peut être e�ectu�ee sans d�etenir la propri�et�e d'unobjet.



CHAPITRE 4. GC DANS LARCHANT 13En�n, le collecteur d'une r�eplique d'un bunch peut r�ealiser le 
ip de fa�con in-d�ependante (sans synchronisation) des collecteurs des autres r�epliques du mêmebunch. Le collecteur intra-bunch peut même proc�eder au 
ip avant d'avoir re�cutous les messages de d�eplacement concernant les objets atteignables qui ne sontpas d�etenus localement. (Le d�eplacement de tels objets peut être retard�e jusqu'�ala prochaine ex�ecution du GC.)4.1.3 Ramassage des cycles de miettes inter-bunchL'algorithme de GC intra-bunch est complet par rapport au bunch collect�e, i.e.,il ramasse toutes les miettes qui sont enti�erement dans ce bunch. Cependant, ilest incomplet par rapport aux autres bunches puisqu'il ne ramasse pas un cyclede miettes qui traverse les fronti�eres du bunch (par ex., le cycle inter-bunch dela Figure 3.1 : les objets x, y et z).Le même algorithme que celui qui ramasse un seul bunch peut être utilis�e pourramasser n'importe quel groupe de bunches. La seule di��erence par rapport auramassage d'un seul bunch r�eside dans le tra�cage d'un groupe : (i) les scionsdes pointeurs inter-bunch internes au groupe ne sont pas consid�er�es comme desracines, et (ii) le tra�cage traverse les fronti�eres des bunches internes au groupe.Cet algorithme ramasse un cycle inter-bunch non atteignable �a partir de bunchesext�erieurs au groupe. Par exemple, dans la Figure 3.1, une collecte du groupecomprenant les bunches B et C ne consid�ererait pas les scions pointant vers y etz comme des membres de la racine. Le cycle de miettes inter-bunch constitu�epar les objets x, y et z serait alors ramass�e. Ainsi, une collecte de groupe estcompl�ete par rapport au groupe ramass�e.La collecte de groupe signi�e qu'un ensemble arbitraire de sous-ensembles dela m�emoire peut être ramass�e, sur un seul site, ind�ependamment du reste de lam�emoire. Le choix du groupe �a collecter est heuristique, et doit maximiser laquantit�e de miettes ramass�ees et minimiser le coût.Pour former de tels groupes, Larchant utilise une heuristique bas�ee sur la lo-calit�e. Un groupe contient tous les bunches actuellement dans le cache du site.Cette heuristique �evite les surcoûts d'E/S. Cependant, elle n'autorise pas leramassage des cycles inter-bunch passant par des bunches qui r�esident en par-tie sur le disque. Ces miettes peuvent être ramass�ees par une heuristique degroupement plus agressive. Le surcoût en E/S doit être �equilibr�e par le gainesp�er�e. Nous souhaitons exp�erimenter la heuristique bas�ee sur la localit�e avecun grand nombre d'applications et r�ealiser des �etudes de simulation. Ensuite, sin�ecessaire, des heuristiques plus complexes seront le sujet de recherches futures.4.2 Comptage de r�ef�erencesNous observons tout d'abord que le parcours de la r�eplique du propri�etaire d'unobjet y seul n'assure pas l'innocuit�e : par exemple, un certain objet z pourraitêtre atteignable d'une r�eplique incoh�erente yj et non atteignable �a partir de la



CHAPITRE 4. GC DANS LARCHANT 14r�eplique la plus �a jour yi. Par cons�equent, une destruction pourra être lanc�ee quelorsque l'objet cible z deviendra non atteignable �a partir de toutes les r�epliquesde l'objet source y.Comme nous l'avons d�ej�a mentionn�e dans la section 4.1.1, c'est ce que nousappelons la r�egle de l'union : la destruction n'assure pas l'innocuit�e qu'avecl'union des souches de toutes les r�epliques. Un site non propri�etaire de l'objet yinforme le propri�etaire de y de l'existence des souches par un message d'union.Apr�es qu'une souche (du fait d'un pointeur sortant �a partir de y) ait disparude tous les sites ayant dans leur cache une r�eplique de y, le propri�etaire envoieune destruction qui concerne le scion correspondant.Plusieurs protocoles de coh�erence imposent que seul le propri�etaire d'un objety peut l'�ecrire (par ex., la entry-consistency [14]). Dans ce cas, un objet nonatteignable �a partir d'une r�eplique non propri�etaire yj ne peut pas devenir at-teignable sous la simple volont�e de yj, parce que cela signi�e une �ecriture sur ysur le site j. Ainsi, l'ensemble des souches d'un site non propri�etaire est mono-tone d�ecroissant, et par cons�equent les messages d'union peuvent être d�elivr�esde fa�con asynchrone, dans l'ordre FIFO. En r�esum�e, la r�egle de l'union peutêtre impl�ement�ee �a moindre coût lorsque seul le propri�etaire d'un objet a ledroit d'y �ecrire.4.2.1 AsynchronismeLe collecteur inter-bunch doit tenir compte des a�ectations de pointeurs (r�eal-is�ees par des mutateurs concurrents) parce qu'elles peuvent conduire �a la cr�ea-tion de nouveaux pointeurs inter-bunch. De tels pointeurs doivent être traqu�esa�n d'allouer les souches correspondantes et cr�eer le scion cible. Sinon, le col-lecteur intra-bunch pourrait ramasser un objet atteignable.Une observation importante est que ces cr�eations n'ont pas besoin d'être e�ec-tu�ees d�es que le pointeur inter-bunch correspondant apparâ�t (r�esultant d'uneop�eration d'a�ectation). Les cr�eations peuvent donc se faire de mani�ere asyn-chrone. Ceci pr�esente un avantage de performance et de portabilit�e non n�eg-ligeable puisque le mutateur n'est pas stopp�e, cela peut �eviter certaines tâches,et autoriser le regroupement des messages pour la cr�eation de scions.Sans perdre en g�en�eralit�e, consid�erons l'exemple suivant. Des objets x, y et zsont allou�es respectivement dans des bunches B, C et D. L'objet x est d�etenupar le site i, y par le site j et z par le site k. Supposons qu'initialement xi, yi etyj soient atteignables, que les deux r�epliques de y soient �egales (y a �et�e propag�eedu site j vers le site i), et que xi soit nul. La situation initiale est donn�ee dansla Figure 4.1.Maintenant, consid�erons la s�equence suivante (voir Figure 4.2). Le mutateurex�ecute <x := y>i, cr�eant ainsi un pointeur inter-bunch de x vers z. Ensuite,les deux r�epliques de y sont modi��ees de fa�con �a ce qu'elles ne pointent plusvers z (par ex., <y := 0>j et propagation de y de j vers i). Puis, les bunches Bet C sont ramass�es sur les sites i et j.
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CHAPITRE 4. GC DANS LARCHANT 16Il est clair que la innocuit�e d�epend de l'ordre de livraison relative des cr�eations etdes destructions sur le site k : (i) le message de cr�eation doit être envoy�e du sitei avant que le message de destruction ne soit envoy�e du site j, et (ii) le messagede cr�eation doit être d�elivr�e au site k avant la destruction. Pour garantir lapremi�ere condition, tous les messages de cr�eation d'une même s�equence d'uncollecteur intra-bunch doivent être envoy�es avant tout message d'union ou dedestruction de la même s�equence. La seconde condition est garantie en d�elivrantles messages de cr�eation et de destruction suivant un ordre causal. Notez ques'il n'y a pas de r�eplication, la innocuit�e demande que tous les messages decr�eation d'une s�equence d'un collecteur intra-bunch soient envoy�es avant toutmessage de destruction de la même s�equence.Pour conclure, l'op�eration de cr�eation peut être e�ectu�e pendant toute la p�eri-ode de temps indiqu�ee par promptness dans la Figure 4.2 (au maximum avant lemessage d'union). Un protocole de communication asynchrone avec une livrai-son causale est n�ecessaire.



Chapitre 5Impl�ementation du GC dansLarchantLe prototype de Larchant impl�emente le protocole de entry-consistency [14].Ce protocole o�re le mod�ele traditionnel de lecteurs multiples et d'�ecrivainunique : �a chaque objet il ne peut être associ�e que, soit plusieurs jetons delecture, soit un seul jeton d'�ecriture. Les sites d�etenant un jeton de lecture sontassur�es de lire une r�eplique coh�erente de l'objet correspondant. Chaque objetposs�ede un propri�etaire, qui est soit le site d�etenant le jeton d'�ecriture de l'objet,soit le site qui a d�etenu en dernier le jeton d'�ecriture. Un jeton d'�ecriture nepeut être obtenu qu'�a partir du propri�etaire de l'objet, tandis qu'un jeton delecture peut être obtenu �a partir de tout site qui en d�etient d�ej�a un. Un jetonest obtenu en e�ectuant une op�eration d'acquisition (acquire en Anglais) delecture ou d'�ecriture; le jeton est lib�er�e par une lib�eration (release en Anglais)correspondante. L'acquisition d'un jeton d'�ecriture pour un objet x impliquel'invalidation de toutes les r�epliques de x pouvant être lues. (Voir Bershad[14]pour plus de d�etails.)Nous avons impl�ement�e deux algorithmes de GC intra-bunch : marquage-ba-layage et copie. Tous deux s'ex�ecutent de fa�con concurrente par rapport auxmutateurs. Ils sont bas�es sur la technique �a base de r�eplication de Nettles etO'Toole [91]. �Evidemment, les deux collecteurs peuvent aussi s'ex�ecuter enmode non concurrent, i.e., le mutateur est stopp�e pendant que les collecteurss'ex�ecutent.Dans ce chapitre nous nous concentrerons sur l'asynchronisme du collecteurinter-bunch par rapport aux mutateurs.5.1 AsynchronismeNous observons tout d'abord qu'un pointeur inter-bunch ne peut apparâ�treou disparâ�tre qu'en �ecrivant dans un objet x (op�eration d'a�ectation). Cecidemande que le site o�u s'ex�ecute le mutateur d�etienne le jeton d'�ecriture de x.Ainsi, lorsque le mutateur acquiert le jeton d'�ecriture de x, Larchant enregistre17
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Chapitre 6Performance des algorithmesde GCLes collecteurs intra-bunch et inter-bunch s'ex�ecutent de fa�con concurrente auxmutateurs ; ainsi le temps de pause du GC n'est dû qu'aux 
ips dans la collecteintra-bunch.Pour obtenir des r�esultats de performance concernant le temps de pause duGC, nous avons ex�ecut�e le banc d'essais suivant. Sur chaque site o�u le bunchen cours de collecte est dans le cache (un maximum de 6 sites dans notreexp�erimentation), le mutateur cr�ee des objets et en ins�ere certains dans uneliste ; les objets dans la liste sont atteignables, les autres sont des miettes.1 Lataille des bunches va varier de 1 Mo �a 64 Mo. Nous montrons dans la Figure 6.1les r�esultats obtenus pour le collecteur par copie dans le mode concurrent.La taille du bunch et le nombre d'objets atteignables n'ont pas d'impact surle temps de pause du GC parce que la majeure partie du travail du collecteurest e�ectu�ee de fa�con concurrente au mutateur. Lors du 
ip, seuls les objetsmodi��es par le mutateur apr�es le parcours du collecteur sont reparcourus (etd�eplac�es dans le cas d'un collecteur par copie).Le nombre de sites poss�edant le bunch r�epliqu�e dans leur cache n'a pas d'impactsur le temps de pause du GC parce que chaque site e�ectue son ramassage defa�con ind�ependante et asynchrone par rapport aux autres sites. En particulier,lors du 
ip, il n'y a pas de communication entre les sites poss�edant une r�epliquedu même bunch dans leur cache.Pour comparaison, nous montrons dans la Figure 6.2 les r�esultats obtenus avecle même banc d'essais pour le collecteur par copie dans le mode non concurrent,i.e., quand le mutateur est stopp�e pendant l'ex�ecution du collecteur. Le tempsde pause du GC est toujours ind�ependant du nombre de sites ayant dans leurcache une r�eplique du bunch en cours de ramassage. Cependant, pour desgrands bunches, le temps de pause du GC est tr�es perturbant.1Nous avons ex�ecut�e nos bancs d'essais sur un r�eseau de stations DEC Alpha. Chacuneposs�ede 64 Mo de m�emoire principale, 1 Go de disque, un cache de donn�ees de 8 Ko, un cachesecondaire de 512 Ko, et une fr�equence de 150 MHz. Elles sont interconnect�ees via FDDI.19
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Figure 6.1: Temps de pause du GC par copie concurrente.
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Figure 6.2: Temps de pause du GC par copie non concurrente.



CHAPITRE 6. PERFORMANCE DES ALGORITHMES DE GC 21Pour obtenir plus de r�esultats, nous avons aussi impl�ement�e un simulateurd'�edition de texte coop�erative, appel�e TX1. Un document TX1 est une structurehi�erarchique contenant des objets pour les sections, sous-sections, paragraphes,lignes, etc. Le simulateur n'e�ectue rien d'autre que des allocations d'objetset des a�ectations de pointeurs. Nous avons mesur�e les temps de pause duGC pour des collectes intra-bunch concurrentes avec TX1 s'ex�ecutant sur un,deux et trois sites avec un bunch de 4 Mo et di��erentes quantit�es de miettes.Les temps de pause du GC ne sont jamais sup�erieurs �a 5 millisecondes pourl'algorithme de copie. Pour l'algorithme de GC marquage-balayage les tempsde pause du GC ne sont jamais sup�erieurs �a 40 millisecondes.Nous avons �egalement port�e le tr�es connu banc d'essais OO7 [26], largementutilis�e pour mesurer les performances des bases de donn�ees orient�ees objet.Notre objectif principal �etait de tester la �abilit�e du prototype de Larchant.Le banc d'essais OO7 standard s'ex�ecute sur un seul site et ne g�en�ere pas unegrande quantit�e de miettes. Nous l'avons modi��e de fa�con �a lui faire g�en�ererplus de miettes en e�ectuant plus de changements dans le graphe des pointeurs.Lorsque nous lan�cons OO7 sur un seul site les temps de pause du GC par copiesont toujours inf�erieurs �a 5 millisecondes.



Chapitre 7ConclusionNous venons de d�ecrire le mod�ele de Larchant, qui o�re un partage et une r�epar-tition transparents, la persistance par atteignabilit�e et la gestion automatiquede la m�emoire. La persistance par atteignabilit�e impose de tracer le graphedes pointeurs �a partir d'une racine persistante et de ramasser les donn�ees nonatteignables. C'est le travail du GC.Le collecteur dans Larchant ramasse de fa�con opportuniste des groupes locauxde bunches : il trace tant que la trace reste locale au site, et compte les r�ef�erencesqui demanderaient des surcoûts d'E/S dans le cas d'un tra�cage. Il n'y a ni coor-dination ni de synchronisation entre les applications et les collecteurs. Tous lesmessages du collecteur sont asynchrones ; cependant, pour assurer l'innocuit�e,une livraison causale doit être assur�ee.�Etant donn�ee la diversit�e des mod�eles de coh�erence utiles, nous avons choiside ne faire que des suppositions minimales sur la coh�erence. Chaque site col-lecte ses r�epliques de bunch ind�ependamment des autres sites sans imposer ladisponibilit�e locale d'une m�emoire coh�erente. C'est pourquoi nos r�esultats sontappliquables de fa�con g�en�erale.Les r�esultats de performance du GC de Larchant montrent que nos objectifsd'orthogonalit�e par rapport �a l'incoh�erence et �a l'�echelle ont �et�e atteints.
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Chapter 1IntroductionAn essential part of tomorrow's computing will be workers and organizationscarrying out cooperative tasks interacting via shared information. The need forsharing data is well known in applications such as interactive computer aideddesign (for �nancial or engineering purposes) or cooperative tools, for example.Information is shared either concurrently or at di�erent times, thus it must beavailable at di�erent locations and persist beyond completion of a particularapplication.The overall goal of the Larchant project is to provide a Cached DistributedShared Store that makes data sharing simple and e�cient. For this purpose,Larchant supports automatic and transparent persistence, memory-management,input-output, and distribution. With Larchant, programmers may concentrateon application development without being distracted by system issues such asmemory bugs, caching, coherence, remote access, input-output, etc.The model of Larchant is that of a Shared Address Space [93] with PersistenceBy Reachability (PBR) [8]. The address space spans every participating site ina network including permanent storage. This model is very attractive given itssimplicity for application programmers.A shared address space [29, 105] enables programs to share data by using ordi-nary pointers. With this model, distributed programming is very simple, sinceit provides the same memory abstraction as in the centralized case. To providethe illusion of a shared address space across the network, although site mem-ories are disjoint, Larchant implements a distributed shared memory (DSM)mechanism [28, 57, 80]. Data is replicated in multiple sites for performance andavailability.Accessing data entails �nding its reference by navigation from a well-knownpersistent root (e.g., a name server). In systems with PBR [34, 48, 84, 112] adatum reachable from the persistent root is persistent, thus it should persiston permanent storage. A datum transitively reachable from the persistent rootis persistent also. Unreachable data is not needed and can be reclaimed (andmemory compacted). Such data is said to be garbage.Reachability is accessed by tracing the pointer graph, starting from the persis-24



CHAPTER 1. INTRODUCTION 25tent root, and reclaiming unreachable data. This can be done either via manualmemory-management, or automatically via Garbage Collection (GC) [127].Manual memory-management is extremely error-prone (e.g., dangling pointersand storage leaks) frequently resulting in the violation of the fundamental re-quirement of Referential Integrity: following a pointer should always work, i.e.,if persistent datum x points to datum y, then y must be persistent also.If in a centralized short-lived program GC might be considered as an expensiveluxury, in contrast, in a cached distributed shared store such as Larchant, thenightmare of manual memory-management increases as the number of objects,pointers and users scales up. Then GC becomes indispensable.GC automatically ensures referential integrity, therefore improving programreliability and programming productivity. In addition, it may compact memorythus reducing fragmentation and improving locality.Our goal for a garbage collector in Larchant can be summarized as follows: tosupport persistence by reachability in a distributed shared address space, trans-parently and e�ciently. In the next section we summarize the main problemswe must solve in order to achieve this goal.1.1 Thesis Main IssuesIn this document we address the issue of GC in Larchant. The main problemswe tackle can be summarized as follows:� Scalability.The GC algorithm must be capable of collecting a huge pointer graphwithout incurring into high performance costs due to computation, input-output, and synchronization. In particular, the collection of the wholegraph in a single phase is clearly not scalable.� Coherence interference.The GC algorithm must not compete with applications for holding co-herent data replicas. Such competition would interfere with applicationscoherence needs. For example, if the collector on some site requires toaccess a coherent object, that would prevent an application to write intoanother replica of that same object at the same time.� Performance.Applications performance overhead due to GC must be minimized. Inparticular, interactive applications should not be disrupted by the collec-tor in such a way that its user would be annoyed.The GC algorithm must solve the problems mentioned above, i.e., it must bescalable, capable of making progress even if the locally cached data is incoherent,and e�cient. In addition, it must be correct. This means that it must be safe



CHAPTER 1. INTRODUCTION 26(persistent data must not be reclaimed), live (at least some garbage must bereclaimed), and, as much as possible, complete (all garbage must be eventuallyreclaimed). These are the speci�c goals for our GC algorithm: correctness,scalability, orthogonality to coherence, and good performance.GC algorithms found in the literature are not adequate for a cached distributedshared store such as Larchant (see Chapter 2 for more details). This is dueto the fact that Larchant is di�erent from most other systems with the sameoverall goal (support for sharing) [2, 66, 96, 110, 114] because it extends cachingwith PBR. In particular, the coherence interference problem, and the issue ofsafety in presence of replicated data, possibly incoherent, were never addressedbefore.1.2 Thesis Main ContributionsThis thesis contains three main contributions. The �rst one is a general model ofa cached distributed shared store with PBR, which we call the Larchant model.The second and most important contribution is a GC algorithm for the Larchantmodel, which is proved to be correct, is scalable and e�cient. We believe theGC algorithm is widely applicable to other shared stores with PBR given theminimal assumptions we make regarding the interactions between applications,coherence protocols, and GC needs. In particular, the GC algorithm is orthog-onal to coherence and executes asynchronously w.r.t. applications. The thirdcontribution is a running prototype on top of which distributed applicationswith persistent objects can be executed.1.3 Thesis RoadmapIn Chapter 2 we describe the basic uniprocessor GC algorithms found in theliterature. We focus on their fundamental characteristics and present theirextensions to RPC-based distributed systems, transactional systems, log-based�le systems, multiprocessors, and DSM systems. We also provide some basicinsights about their unsuitability to a cached distributed shared store such asLarchant.In Chapter 3 we motivate the Larchant model by making a brief analysis ofcurrent systems with support for distributed data sharing (e.g., �le systems,databases, etc.). Then, we describe the Larchant model with a focus on char-acterizing in a general and widely applicable manner, the interactions amongapplications and coherence of data. The GC algorithm (presented in Chapter 4)is designed for the Larchant model.In Chapter 4 we start by stating the speci�c problems of GC in Larchant alongwith an outline of the corresponding solutions. Then, we describe our GC algo-rithm: �rst intuitively, then formally in order to provide su�cient theoreticalarguments concerning its correctness (safety and liveness).



CHAPTER 1. INTRODUCTION 27Chapter 5 describes our implementation of the Larchant model (its architecture)and the GC algorithm in particular. We focus on the interaction between GCand a speci�c coherence protocol (entry-consistency [14]).Chapter 6 studies, discuss, and analysis the performance of Larchant's GC.Chapter 7 summarizes the most important aspects of this work and presentssome directions for future research.



Chapter 2Overview of GC AlgorithmsGarbage collection has been a research topic for more than 30 years [33, 87]. Itwas �rst investigated in the domain of arti�cial intelligence. The applicationsthen developed (mainly with symbolic programming languages, e.g., Lisp) hadvery complex data graphs. In such applications, memory management (allo-cation and deallocation of memory) is a very intricate problem. When left tomanual programming, it is the cause of serious program errors: violation ofreferential integrity due to dangling pointers, and memory exhaustion due tostorage leaks.Some years later, object-oriented languages and systems (e.g., Smalltalk [67])faced the same problem.With the advent of distributed systems and PBR (persistence by reachability)the need for GC has increased even more. In such systems, manual memorymanagement becomes a nightmare as the number of objects, pointers and usersscales up.In this chapter we study and discuss the most important GC algorithms found inthe literature. First, we introduce the terminology that will be used in the restof this document. Second, we present the basic uniprocessor GC algorithms.Then, we describe their extensions to RPC-based distributed systems, trans-actional systems, log-based �le systems, multiprocessors, and DSM systems.We conclude this chapter with a discussion concerning the GC algorithms heredescribed; we give some insights regarding their unsuitability for a distributedshared store based on caching and PBR, such as Larchant.We address only the basic aspects of the GC algorithms. For more details on aparticular algorithm or its variants we refer the reader to the existing literature[32, 97, 127].We describe the GC algorithms characterizing them according to the followingthree aspects:� Type of Algorithm. There are two basic types: reference counting, andreference tracing (tracing for short). The general term of tracing wastaken from Lang [76]. 28



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 29� Functioning Mode. The functioning mode characterizes a GC algorithmin terms of the memory on which the collector works on each run (e.g., asubset of all the memory) and the moments in which the collection takesplace with respect to applications.� System Requirements. A GC algorithm is characterized w.r.t. its needs interms of knowledge of references location, and the possibility of movingreachable objects to di�erent addresses in order to compact memory.2.1 TerminologyAn object is a contiguous set of bytes.A reference identi�es an object. In its simplest form it is a pointer. We will useequivalently the term reference and pointer along this document.The heap designates a portion of virtual memory (possibly covering the wholememory) where objects are allocated. Hereafter, we will use the terms heapand memory equivalently.We follow the standard vocabulary of the GC literature [40]. The GC-root is theset of references that forms the starting point for the GC graph tracing. Themutator is the application program that dynamically modi�es the pointer graph:it creates objects, dereferences pointers, and assigns pointers. The collector isthe system component that identi�es and reclaims unreachable objects. In adistributed system, a collector is composed of a number of threads executingin di�erent processes; we still call each one a collector. Similarly, the muta-tor is actually composed of multiple independent threads running in di�erentprocesses; by extension, we call each of these threads a mutator.A pointer assignment can result in: (i) creation of a new reference (to an objectjust created), (ii) duplication of an already existing reference, and (iii) discard-ing a reference to an object. Note that cases (ii) and (iii) may happen as theresult of a single assignment operation. As a side-e�ect of pointer assignment,some reachable objects become unreachable. Unreachable objects, said to begarbage, are not needed and can be reclaimed.A GC algorithm is safe when it does not reclaim reachable objects, and is live ifit eventually reclaims some garbage. Completeness means that a GC algorithmeventually reclaims all garbage. Obviously, every GC algorithm aims at beingsafe and complete. However, as will become clear, this goal is not easy toachieve as scalability is at odds with completeness.2.2 Basic Uniprocessor GC AlgorithmsIn this section we describe the two fundamental uniprocessor GC algorithms:Reference Counting and Tracing. We present their most relevant advantagesand inconvenients which are related to completeness, performance, and memory



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 30
1

2

GC-root

memory

1

1
1

1
1

1

1

1

Figure 2.1: Uniprocessor reference counting. The counter associated with anobject is indicated at its top. The shaded objects are unreachable, howeverthey are not reclaimed.fragmentation. Then, we describe several variants of these two algorithms whichare based on the functioning modes and system requirements.2.2.1 Reference CountingThe basic idea of the reference counting algorithm [31, 33] is the following.A counter is associated to each object, denoting the number of references toit. When an object is created, a single reference points to it, and its counteris initially one. Each time a reference is duplicated the object's counter isincremented. Each time a reference to an object is discarded, its counter isdecremented. Therefore, reference counting preserves the invariant that thevalue of an object's counter is always equal to the number of references to it.Figure 2.1 illustrates this algorithm.When a counter drops to zero, the corresponding object is no longer reachableand can be safely reclaimed. (Garbage objects are therefore reclaimed imme-diately after becoming unreachable.) However, the converse is not true, i.e.,an object may be unreachable but its counter greater than zero. This happenswhen an object is part of a cycle of unreachable objects (see Figure 2.1).When an object is reclaimed (its counter has become zero) its pointers arediscarded. Thus, reclaiming one object may lead to the transitive decrementingof reference counts and reclaiming many other objects.This algorithm is simple to implement. However, it has three main problems.First, it is ine�cient: its cost is proportional to the amount of work doneby the mutator because counters must be updated whenever references areassigned. (This problem is addressed by variants of this algorithm such asDeferred Reference Counting [38].)The second problem is fragmentation: the free space recovered from reclaimedobjects is interspersed with reachable objects. This reduces locality of referencebecause as new objects are allocated in the free space recovered from reclaimedobjects, unrelated objects are interleaved in memory. This may lead to a situa-
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Figure 2.2: Uniprocessor mark-and-sweep algorithm; marked objects are repre-sented with a \m" in the header.tion in which the working set of an application is scattered across many virtualmemory pages, so that those pages are frequently swapped in and out of mainmemory.The third and major problem is that cycles are not reclaimed; thus, this algo-rithm is not complete. This may lead to memory exhaustion.2.2.2 TracingThere are two algorithms of the tracing type: Mark-and-Sweep and Copy. Trac-ing algorithms traverse the pointer graph, from the GC-root, to determine whichobjects are reachable. Unreachable objects are reclaimed.The main advantage of tracing algorithms is their ability to reclaim cycles ofunreachable objects.2.2.2.1 Mark-and-SweepA mark-and-sweep collector [87] has two phases: (i) trace the pointer graphstarting from the GC-root and mark every object found, and (ii) sweep (i.e.,examine) all the heap reclaiming unmarked objects. Figure 2.2 illustrates thisalgorithm.During the mark phase every reachable object is marked (setting a bit in theobject's header, for example) and scanned for pointers. This phase ends whenthere are no more reachable objects to mark.
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Figure 2.3: Uniprocessor copy algorithm.During the sweep phase the collector detects which objects are not marked andinserts their memory space in the free-list. When the collector �nds a markedobject it unmarks it in order to make it ready for the next collection. Thisphase ends when there is no more memory to be swept.This algorithm has two main problems. The �rst one is fragmentation. Justas with reference counting, free space recovered from reclaimed objects is in-terspersed with reachable objects. The second problem is that the cost of thesweep phase is proportional to the size of the heap.2.2.2.2 CopyIn the copy algorithm [50, 88], the collector traces the pointer graph from theGC-root, and moves each object reached to another location. In this way,memory is compacted, therefore eliminating fragmentation, and allocation ofobjects is done linearly. This is an advantage of this algorithm.Figure 2.3 illustrates the algorithm. The collector divides the heap in twodisjoint semispaces called from-space and to-space. During normal mutator ex-ecution objects are allocated linearly in from-space. Once the collection starts,the collector moves reachable objects to to-space. Unreachable objects are leftin from-space. When every reachable object has been moved, the roles of thesemispaces is exchanged: the to-space becomes the from-space and vice-versa.This transition is called 
ipping. Flipping is atomic w.r.t. the mutator.
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to-spaceFigure 2.4: Cheney algorithm.The Cheney algorithm [30] is a well known technique to move reachable objectsfrom from-space to to-space. We describe it with the help of an example (seeFigure 2.4). Objects immediately accessible from the GC-root (x and y) are the�rst to be moved to to-space. These objects form the initial set for a breadth-�rst traversal that is implemented with the help of two pointers: free whichpoints to the �rst free address in to-space, and scan which points to the �rstobject in to-space not yet scanned. Then, the object pointed by the scan pointer(x in this case) is scanned for pointers into from-space. Each object reached(t and z) is moved to to-space and the free pointer updated. In addition, thepointers in the scanned object are patched according to the new locations of themoved objects, and a forwarding pointer (pointing to to-space) is left in theirold location. When y is scanned, z will be reached and given the forwardingpointer there left, z is not moved again; the pointer in y is simply patched. Thisalgorithm ends when every object in to-space has been scanned.An inconvenient of the copy algorithm is that only half of the memory spaceavailable is used at any point in time: the to-space is a wasted resource betweencollections.2.2.3 Functioning ModesIn this section we address the various functioning modes that can be applied tothe fundamental algorithms previously described. The functioning modes areessentially orthogonal to these algorithms.These modes characterize a GC algorithm in terms of the memory on which thecollector works on each run (e.g., a subset of the all memory) and the momentsin which the collection takes place w.r.t. mutators:



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 34� Partitioned - Only a sub-set of the whole memory, called a partition, isgarbage collected (independently from the rest of the memory).The existence of multiple partitions is useful in systems where is necessaryto have a garbage collected heap co-existing with a manually-managedheap [25, 46], for example.Partitioned GC is also useful in large persistent and/or distributed sys-tems because di�erent partitions may be collected in parallel and inde-pendently from each other (see Section 2.3).� GC-only - The mutator is halted while the collector runs. The time inter-val during which a mutator is halted due to GC is called GC pause time.This time may be unacceptable in some cases, for example, in interactiveapplications where the user would be annoyed by such pauses.� Incremental - Small units of GC are interleaved with small units of mu-tator execution. Each GC pause time is smaller than in the GC-onlymode.� Concurrent - The mutator and the collector run concurrently. The useful-ness of this mode is that collection adds no pauses on top of time-slicing.In the rest of this section, and when the di�erence is not relevant, we willuse the term incremental to designate both incremental and concurrentfunctioning modes.Note that reference counting algorithms are inherently incremental because thecollector and mutator execution is interleaved.In the rest of this section we focus on the incremental and partitioned variantsof tracing collectors.2.2.3.1 Incremental TracingThe main issue of incremental tracing is how to ensure the correct execution ofthe collector when it competes with the mutator for the same data. Concerningthis issue, there is no signi�cant di�erence between mark-and-sweep and copyalgorithms.Before going into more details concerning this fundamental aspect it is use-ful to see how both mark-and-sweep and copy (incremental collectors) can bedescribed as variants of an abstract tricolor marking algorithm [40].The tricolor marking algorithm works as follows. Objects subjected to collectionare colored white, and when the collection is �nished, reachable objects must becolored black. A collection is �nished when there are no more reachable objectsto blacken. In a mark-and-sweep collector this coloring can be implemented bysetting mark bits (objects whose bit is set are black). In a copy collector, thecoloring is the process of moving reachable objects from from-space to to-space.Objects in the from-space are white; objects in the to-space are black.
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Figure 2.5: Erroneous GC tracing due to concurrent mutator activity.The main di�culty with incremental tracing GC is that while the collector istracing the pointer graph, as a result of mutator activity, the graph may changewhile the collector \isn't looking". If this happens, the collector may not �ndsome reachable objects. Thus, the mutator cannot be allowed to change thepointers graph \behind the collector's back" in such a way that the collectorfails to �nd all reachable objects.For this purpose, there is a third color: gray. A gray object is one that hasbeen reached by the collector tracing but its descendents may not have been.Once a gray object has been scanned it becomes black and its descendents arecolored gray. (In a copy collector, the gray objects are those that have alreadybeen moved to to-space but have not yet been scanned.)Black objects may not point to white objects. This invariant allows the collectorto assume that it is \�nished with" black objects, and can continue to traversegray objects. If the mutator creates a pointer from a black object to a whiteone, it must somehow notify the collector that its assumption has been violated.Therefore, the collector must be capable of keeping track of graph changesresulting from mutator activity, and re-trace parts of the graph adequately.This ensures that the collector is aware of every change concerning the pointersgraph.Figure 2.5 illustrates this problem by showing the need for coordination betweenthe mutator and the collector. Suppose that object x has been completelyscanned (and therefore blackened); its descendents (y and z) have been reachedand grayed. Now, suppose that the mutator swaps the pointer from x to z withthe pointer from y to u. The only pointer to u is now in object x, which hasalready been scanned by the collector (this violates the invariant: black object xpointing to white object u). If the tracing continues without any coordination,y will be blackened, z will be reached again (from y) and u will never be reachedat all, and hence will be unsafely considered garbage.This problem is solved by coordinating the mutator with the collector. This



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 36can be done with the following two techniques: read-barrier or write-barrier.Read-Barrier A read-barrier is used to detect when the mutator attemptsto read a pointer to a white object; immediately, the collector scans the objectand colors it gray; since the mutator cannot read pointers to white objects, itcannot write them into black objects.There are many incremental collectors using a read-barrier [7, 10, 23, 63, 99,133]. We describe here a representative example using a copy algorithm. Thebest-known incremental copy collector is Baker's [9]. A collection starts witha 
ip that conceptually invalidates (for mutator accesses) all objects in from-space, and moves to to-space all objects directly reachable from the GC-root.Then, the mutator is allowed to resume. Any object in from-space that isaccessed by the mutator must �rst be moved to to-space; this is enforced by theread-barrier. Thus, the mutator is never allowed to see pointers into from-space;if so, the referent is immediately moved to to-space.In terms of the tricolor marking algorithm, objects in to-space that were alreadyscanned are black; objects in to-space but not yet scanned are gray. Objectsstill in from-space are white. New objects created by the mutator while thecollection is taking place, are allocated in the to-space and are colored black.Write-Barrier A write-barrier detects when the mutator tries to write apointer into a black object; when that happens, the write is trapped or recorded[7, 20, 35, 40, 115, 131].We describe here an interesting copy collector using a write-barrier; it is calledreplication-based GC [91, 94]. The basic idea is the following. While the collec-tor moves objects to to-space, the mutator continues to access the from-spaceversions of objects, rather than the \replicas" in to-space. When every reach-able object has been moved to to-space, a 
ip is performed and the mutatorthen starts seeing the to-space replicas.This technique eliminates the need for a read-barrier because all the reachableobjects are conceptually moved to to-space at once (when the 
ip occurs).However, it is necessary to have a write-barrier because the mutator sees theold version of objects in from-space; if an object has already been moved toto-space and then the mutator writes into it, the replica in to-space is now out-of-date w.r.t. the version seen by the mutator. Thus, the write-barrier catchesall mutator writes (and stores them in a log) in order to allow the collector topropagate those modi�cations to the to-space replicas when the 
ip takes place.In other words, all the modi�cations to objects in from-space must be appliedto the corresponding replicas in to-space, so that the mutator sees the correctvalues after the 
ip.2.2.3.2 Partitioned TracingThe application of the partitioned mode to the basic GC algorithms (referencecounting and tracing) results in the following two variants: (i) hybrid collectors,



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 37and (ii) generational collectors.In the �rst variant each partition is traced independently from the others, andcross-partition references are handled with a reference counting algorithm [19,90]. This variant is very interesting for large distributed and/or persistentsystems and is described in more detail in Section 2.3.The second variant, generational collectors, aims at reducing the GC pause timeby decreasing the amount of memory that has to be collected. For this purpose,it takes advantage of the following empirical observation. In many applicationsmost objects are reachable for a very short length of time; only a small portionremains reachable much longer [61, 81, 89, 120]. Thus, the idea is to separatethe objects in (at least) two groups, those objects that are reachable only for ashort length of time belong to the �rst group, the others belong to the secondgroup, and to collect the �rst group more often.Both mark-and-sweep and copy algorithms can be made generational [35]; inthis section, we will focus on the copy algorithm.Objects are segregated into multiple partitions by age. Each partition is calleda generation. Younger generations are collected more often than older genera-tions. The age of an object is approximated by the number of collections it hassurvived.To avoid the cost of successive scans and moves (from from-space to-space) ofthose objects that remain reachable for a long time, partitions containing olderobjects are collected less often than the younger ones. Thus, once objects havesurvived a certain number of collections, they are moved to a less-frequentlycollected partition (instead of to-space).To allow young generations to be collected without having to collect the olderones, the collector must be capable of �nding pointers into the young genera-tions. This requires either the use of a write-barrier similar to the one we foundin the incremental functioning mode (see previous section) to keep track of suchcross-partition pointers [6, 41, 89, 119, 129], or indirect pointers from older toyounger generations [81].The set of references pointing from older to younger generations is usually calledremembered-set. When a younger generation is collected, the pointers in thecorresponding remembered-set are part of the GC-root.2.2.4 System RequirementsTracing garbage collectors traverse the pointer graph. For this purpose, thecollector must be capable of �nding the pointers inside the GC-root and insideeach reachable object.In programming languages providing runtime type information, it is possible todi�erentiate pointers from raw data, with certainty. This is the case of Lisp andSmalltalk where there is enough type information that can be used to determineobject layouts, including the locations of embedded pointers [5, 59, 116].



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 38However, there are cases in which such runtime type information is not available,as is the case with the programming languages C [69] and C++ [47]. In suchenvironments a possible solution consists of either a pre-processor [44] or thecompiler [22, 51, 103] to statically generate type information for each data type.Another alternative is to take advantage of some speci�c language features (e.g,smart-pointers in C++) [36, 45] to generate the pointers locations.Another solution, called conservative GC [11, 21], relies on a conservativepointer �nding approach, i.e., the collector treats anything that might be apointer as a pointer. Thus, any properly aligned bit pattern that could be theaddress of an object is actually considered to be a pointer to that object.There are a few problems concerning this approach. First, the conservativeinterpretation of ambiguous data (e.g., considering an integer as a pointer) maylead to consider garbage objects as being reachable. This waste of memory canbe a serious problem for memory intensive applications [102, 126]. Second,given that the collector does not di�erentiate raw data from pointers, it has toscan all the data inside reachable objects. This extra cost of scanning increasesthe GC pause time. Finally, a copy collector cannot move reachable objects andpatch the corresponding pointers because, a non-pointer might be consideredto be a pointer and would be mistakenly patched. However, in spite of theseproblems, there are cases for which a conservative approach is adequate, andsometimes the only that is feasible [124].2.3 Distributed GC AlgorithmsIn this section we present the most interesting GC algorithms found in the liter-ature for RPC-based distributed systems1 (i.e., with no support for persistenceor DSM). These algorithms are extensions of the basic reference counting andtracing.2.3.1 Reference CountingEach process in the system holds one partition that is collected independentlyfrom the rest of the memory with a tracing algorithm. Cross-partition referencesare managed with a reference counting algorithm.The extension of the uniprocessor reference counting algorithm to handle cross-partition references poses some problems. These problems, generally calledrace conditions, arise because objects' counters have to be incremented anddecremented through messages exchanged between processes.Such messages must be delivered reliably and in causal order [16, 74] to ensuresafety and liveness: increment and decrement messages are not idempotent andmust not be duplicated or lost.1A distributed system is a set of processes communicating by messages, with no sharedmemory.
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Figure 2.7: Increment/decrement race condition with distributed referencecounting.There are two types of race conditions, both possibly leading to the unsafereclamation of a reachable object. We call them decrement/increment andincrement/decrement.Figure 2.6 illustrates the decrement/increment race condition. Suppose thatprocess i holds a reference to object z in process k, and sends a message toprocess j containing @z, a reference to z. Process j receives this message andsends an increment message to k concerning object z; concurrently, process ideletes its reference to z and sends the corresponding decrement message to k. Ifthe decrement message arrives �rst at k, then z is considered to be unreachableand is unsafely reclaimed.At �rst glance, it seems that this race problem could be solved by simply makingthe sender process i conservatively emit the increment message before sending@z to j. However, as explained now, this does not solve the problem and leadsus to the scenario for the second race problem.The increment/decrement race is illustrated in Figure 2.7: the sender processissues the increment message, not the receiver as in the previous case. Supposethat process i holds a reference to object z in process k, and sends a message toprocess j containing @z. Now, j receives this message and immediately discardsit. Therefore, it sends a decrement message to k concerning z. Concurrently,
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Figure 2.8: Weighted reference countingprocess i sends the corresponding increment message to k. Once again, if thedecrement message arrives �rst at k, z is unsafely reclaimed.An obvious solution for these two race problems is to acknowledge the incre-ment message before sending a decrement or a reference to a remote process,respectively. However, this introduces communication overhead and the GCalgorithm is still not resilient to failures. For these reasons there are many vari-ants of the reference counting algorithm that can be grouped in the followingmain categories: weighted reference counting [15, 123], indirect reference count-ing [58, 95], and reference listing [18, 85, 106, 108]. Each one of these variantsavoids the transmission of increment messages, therefore solving the two raceproblems previously described. We describe these variants now.2.3.1.1 Weighted Reference CountingEach cross-partition reference has two associated weights: a weight at the sourceprocess (outgoing weight); a weight at the target process (incoming weight). Forany object z, the incoming weight must be equal to the sum of the outgoingweights associated to the cross-partition references pointing to z (see Figure 2.8).When a cross-partition reference is �rst created, both incoming and outgoingweights are equal (a even positive value, usually a power of two).When the holder of a reference passes it (through a message) to another process,it divides the current outgoing weight in two parts (normally equal), retainsone, and sends the other along with the message. When the receiver processreceives the message, it associates to the new outgoing cross-partition referencethe weight just received; if a cross-partition reference to the same object alreadyexists, it simply adds the received weight to the current one. Thus, the sumof outgoing weights is always kept equal to the incoming weight at the targetprocess.When a process deletes an outgoing cross-partition reference, it sends a decre-ment message with the associated weight to the target process. The targetprocess receives that message and subtracts the received weight from its incom-
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Figure 2.9: Problem with weight reference counting.ing weight (corresponding to the cross-partition reference). When the incomingweight becomes zero, then the corresponding object may be reclaimed.Note that this algorithm solves the two race problems previously described butstill needs reliable communication (no loss or duplication) for ensuring safetyand liveness. In addition, this algorithm has the following problem: the limitimposed on the number of times a reference may be sent to another process islimited by the initial associated weight. This problem is solved by the use ofan extra indirection as explained now.Suppose that process i holds an outgoing cross-partition reference pointing toz in process k, and that the associated weight has dropped to 1 (i.e., no moredivision of the weight is allowed). Now, if process i needs to send @z to processj, the collector creates a new incoming cross-partition reference coming from jthat refers indirectly to z through the original outgoing cross-partition referencethat points to k (see Figure 2.9).2.3.1.2 Indirect Reference CountingThis algorithm avoids the use of increment messages by maintaining a dis-tributed reference count for each remotely referenced object. Increments arealways done locally, therefore with no communication. Remote references arecounted with a counter associated to the corresponding pointer.Associated to each remote pointer there is (see Figure 2.10): (i) the identi�ca-tion of the process from which that pointer came, and (ii) a variable that countshow many times that pointer was duplicated from the local process. The latter,is incremented each time the pointer is duplicated, therefore creating a newremote reference to the target object. Note that this increment is local, i.e.,there is no increment message sent. When the mentioned counter becomes zero,the process sends a decrement message to the process from which the pointercame.
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Figure 2.10: Indirect reference counting.Sometimes in the literature [97], the reference to the remote object is calledstrong pointer (pointers to object z in Figure 2.10) in opposition to the notionof weak pointer which is implemented by the identi�cation of the process fromwhere the remote reference came (pointers to processes i and j in Figure 2.10).Weak pointers are used by applications when accessing the remote object whilestrong pointers are only for GC purposes (the process to which the decrementmessage is sent).Note that this algorithm does not ensure safety in presence of duplicated mes-sages and liveness is not preserved if messages are lost. In addition, the deletionof a remote reference may generate many decrement messages in cascade.2.3.1.3 Reference ListingIn this algorithm an outgoing cross-partition reference goes indirectly throughan auxiliary data structure called stub. Similarly, a incoming cross-partition ref-erence goes indirectly through an auxiliary data structure called scion (insteadof a reference counter). This is illustrated in Figure 2.11.A stub identi�es his matching scion and vice-versa (i.e., the scion holds a back-pointer to the corresponding stub). In addition, a scion identi�es the targetobject. A stub-scion pair fully identi�es the corresponding cross-partition ref-erence.For safety, the invariant that must be kept is the following: if in some processthere is a stub associated to a cross-partition reference, than the target objectmust be pointed by the corresponding scion. The increment and decrementmessages of the basic reference counting algorithm are replaced by asynchronouscreate and delete messages (applied to scions), respectively. These messages arecalled control messages. A create (delete) message informs the target processthat a scion must be created (deleted).
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Figure 2.11: Stubs and scions describing cross-partition references.The algorithm works as follows. Each process i collects its partition indepen-dently. (The GC-root includes the set of scions.) The collection generates anew set of reachable objects and a new set of stubs describing outgoing cross-partition references. By comparing the old set of stubs (before the local collec-tion) with the new one, the collector discovers the stubs that no longer exist andsends a delete message concerning the corresponding scion. Note that, insteadof sending delete messages, the collector can send the list of stubs; then, it isup to the receiver to �nd out which scions are no longer referenced.The advantage of this algorithm resides on its fault-tolerance to message lossand duplication. For example, a message to delete a scion can be sent severaltimes without violating safety; a repeated delete message is simply ignored. Formore details, we forward the interested reader to the literature [108].2.3.1.4 Cycles of GarbageReference counting algorithms do not collect cross-partition cycles of garbage.There are three solutions for this problem: an additional cross-partition trac-ing algorithm, object migration, and trial deletion. Cross-partition tracingalgorithms are addressed in the next section.Object Migration The basic idea of the migration technique [19, 111] is thefollowing: migrating several objects to a single partition (in a process) in orderto transform a distributed cycle into a local cycle that can be easily reclaimedwith a tracing algorithm.The problem with this technique is twofold: (i) some objects cannot be migrateddue to systems constraints, and (ii) it is di�cult to know which objects shouldbe migrated (and when) in order to reclaim a maximum amount of cycles witha minimum cost.Recent work [86] proposes a low-cost heuristic that helps to �nd which objectsshould be migrated. This heuristic is based on the \distance of objects" whichis de�ned as follows. The distance of an object is the minimum number of
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Figure 2.12: Distances of objects in a cycle of garbage.cross-partition references in any path from the persistent root to that object;the distance of a unreachable object is in�nity.The distances are propagated inside a partition by the tracing collector andbetween partitions by sending the set of stubs to other processes (referencelisting algorithm). With this mechanism, the distances of objects that belongto a cycle of garbage increase inde�nitely, while the distances of others do not.We provide here an example that illustrates how the distance of a cycle increasesinde�nitely. Initially, x is reachable from the persistent root and x's distanceis D. Then, the pointer from the persistent root to x is discarded. Figure 2.12shows each object distance at this instant. Now, imagine that process i collectsits partition. Object x is reachable from y, thus x's distance will be that of yplus one. When the collector in k runs: z is reachable from x, thus the distanceof z will be x's distance plus one. When the collector in j runs: y is reachablefrom z, thus the distance of y will be z's distance plus one. Consequently, thedistances of x, y and z will increase inde�nitely.The basic idea of this algorithm is to migrate only those objects whose distanceis above some threshold because those are likely to be garbage. The estimationof the threshold depends of the expected distance of reachable objects.Trial Deletion The trial deletion technique [122] works as follows: an objectsuspected to belong to a cycle is tentatively considered to be unreachable by thedistributed collector. This is done by pretending that its associated referencecount is zero; then, if the associated reference count in fact drops to zero, thecollector concludes that the object must be part of a cycle.A di�culty with this solution is to decide which objects are suspected to belongto a cycle. In addition, the implementation of the temporary reference countsis complex given that multiple trial deletions may be occurring in parallel.2.3.2 TracingThe majority of the tracing algorithms in RPC-based distributed systems, areof the type mark-and-sweep. In this section we brie
y present the most inter-



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 45esting (non-partitioned) distributed mark-and-sweep algorithms found in theliterature.The basic distributed mark-and-sweep algorithm is as follows. In the markphase each process marks objects reachable from the GC-root (set of scions).Each marked object is scanned and for each remote reference found a markingmessage is sent to the target process. The process receiving a marking messagemarks the corresponding object and continues the marking phase. When everyprocess has already marked all the reachable objects and there are no markingmessages in transit, the sweep phase starts. The sweep phase may be done byeach process independently from any other process.Note that this algorithm imposes a global trace, including every process in thenetwork, before any garbage can be reclaimed. In addition, it is necessary tosynchronize the mark and sweep phases. In other words, all processes mustsynchronize in order to agree on the termination of the marking phase. Thedi�culty with this global synchronization (besides its non-scalability) is thatno marking messages may be in transit.Another di�culty with distributed mark-and-sweep is to maintain the con-sistency of the description of cross-partition references (i.e., stubs and scions).Alternatively, if some degree of inconsistency is allowed, then the GC algorithmmust be made in such a way that such inconsistencies are safe.2.3.2.1 Mark-and-Sweep with TimestampsThis technique [64] is like the basic distributed mark-and-sweep algorithm ex-cept that it uses timestamps instead of mark bits. The timestamp of a reachableobject keeps increasing while the timestamp of a unreachable object eventuallystabilizes. A global timestamp threshold is computed and every object markedwith a lower timestamp is garbage. This algorithm avoids a global synchroniza-tion of every process needed to agree on the termination of the mark phase.Each process has a clock that is used to record the time when the GC startedlocally (we call it GC-start). When the collector starts, each object directlyreferenced from the GC-root is timestamped with GC-start. Scions retain thetimestamp last put into them. (When a scion is created, it is timestampedwith the local process current timestamp.) Then, the collector propagates thetimestamps associated with its local GC-root all along the reachable objects upto the reachable stubs. (Actually, only stubs and scions need stamps; reachableobjects are simply marked.)The collection in a process is expected to timestamp a stub with the largestlocal timestamp of any GC-root from which it is reachable. To ensure this,references in the GC-root are selected for tracing in the decreasing order of thecorresponding timestamps.At the end of a local collection stubs are sent to their target processes (withthe corresponding timestamps). We call them timestamping messages (theyare similar to the marking messages of the basic distributed mark-and-sweep



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 46algorithm.) When a process receives a timestamping message it updates thetimestamps of the corresponding scions to a value that is the maximum of theircurrent value and that received in the message. In case a scion's timestampis augmented, the local process records the fact that the new timestamp valuehas not yet been propagated. For this purpose, each process maintains a times-tamp called redo whose value is equal to the greatest timestamp already locallypropagated. Thus, when a scion's timestamp is increased, the redo is set to thescion's old timestamp if that is lower that its current value.When all timestamping messages have been locally treated, the process sends anacknowledgment message to the sender. Once the sender process has receivedthe acknowledgment of all timestamping messages sent, it can update its ownredo value to the local GC-start (as long as it did not receive timestampingmessages from other processes itself).It can be shown that the threshold mentioned above (the one that allows thecollector to detect unreachable objects) can be the global minimum of the redo's.Thus, any scion timestamped with a value below the minimum of the redo's isgarbage.The problems with this algorithm are the following. First, the computation ofthe timestamp threshold (minimum of redo's) is notoriously costly and unscal-able as it depends on a global termination algorithm [118]. Second, it requiresevery process to cooperate (even though there is no global synchronization whenthe marking phase terminates). Third, if a process i crashes, the entire tracingeventually halts as the global minimum redo's algorithm will be stucked at i'sredo value. Thus, the algorithm is not resilient to failures.2.3.2.2 Logically Centralized TracingThe idea of this variant [73] is to compute the global accessibility of objects on asingle highly available centralized service. All the information manipulated bythis service (possibly replicated for fault-tolerance) is stored in stable storage.2Each process performs asynchronous local collections and communicates withthe central service providing it with accessibility information, i.e., stubs andscions. From time to time, each process asks the central service about theaccessibility of its scions. The answer may indicate that a scion is no longerreachable from any stub, thus it can be deleted.The central service never has a consistent view of the reachability of everyobject given that processes collect asynchronously. Thus, the central serviceadopts a conservative approach in order to cope with such inconsistencies whilebeing safe. For this purpose, it uses a timestamp protocol involving looselysynchronized clocks at each process and a bounded delay for messages in transit.To reclaim cycles this variant may require a process to traverse its local pointergraph multiple times. This is not a good solution because of its cost in terms2A stable store, as de�ned by Lampson [75], is a set of objects that move atomically fromone consistent state to another.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 47of performance. Therefore, to reclaim distributed cycles a solution similar tothe previous one (tracing with timestamps) must be used.Finally, the central service can become a bottleneck and processes must transfera fair amount of data.2.3.2.3 Group TracingThis algorithm [77] is designed to work in a partitioned memory. Each pro-cess holds a partition that is collected independently. The algorithm aims atreclaiming cross-partition cycles of garbage without requiring the cooperationof every process in the network. Only the processes containing objects thatbelong to the cycle being reclaimed must cooperate.With this algorithm any set of processes may decide to form a group and per-form a group-wide tracing independently from other processes. This tracing isable to reclaim every cross-partition cycle of garbage within the group. Objectspointed through incoming references from outside the group are considered tobe reachable.Groups can be formed and dismantled dynamically. Multiple collections ondi�erent groups can run in parallel and such groups may even overlap.Given that groups are dynamic, if some process is down (or unreachable due tocommunication problems) the set of accessible processes can still form a group.Thus, GC is not blocked due to a crashed process.One di�culty of this algorithm is �nding the GC-root of a group, i.e., theincoming references from processes external to the group. This is due to the factthat groups are dynamic, thus the GC-root of a group must be found afresh.In addition, the formation of a group imposes a non-negligible performancepenalty.Another problem resides on knowing which processes should be grouped (andwhen) in order to reclaim the maximum amount of cross-partition cycles ofgarbage.2.4 GC in Transactional SystemsIn this section we describe very brie
y the most interesting GC algorithms foundin the literature for transactional systems. These algorithms are extensions ofthe reference counting and tracing algorithms presented in the previous sections.Such extensions are needed to deal with the speci�c safety problems posed bytransactional systems. We focus on these problems and corresponding solutions.2.4.1 Transactional Reference ListingThor [82] is an object-oriented client-server database with multiple storageservers. Clients cache in main memory objects that are being accessed. The
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Figure 2.13: Transactional reference listing.GC algorithm in Thor [85] is a fault-tolerant variant of the reference listing(recall Section 2.3.1.3). We call it transactional reference listing.When a server recovers from a failure it must retrieve all the scions pointing toobjects allocated in the server partitions. Scions whose stubs are held by otherservers are easily recovered because such scions are kept in stable storage. Onthe other hand, scions whose stubs are held by clients are not kept in stablestorage because that would be too expensive. Instead, a server keeps in stablestorage a list of its clients. Thus, when a server recovers it knows who its clientsare and sends them query messages asking for their stubs.If a client process has not communicated with a server for a long time anddoes not respond to repeated query messages, the server assumes it has failed.However, the client may just be unable to communicate with that server becauseof network problems. It might happen that the client communicates with otherservers.Imagine that a server S1 assumes that a client has failed while a second server S2does not (see Figure 2.13). Then, the �rst server discards the scions whose stubswere held by the client. This may cause the second server to unsafely reclaiman object y that is still reachable from the client. This erroneous behavior isdue to the inconsistent views the servers have about the client.To solve this problem, it is necessary that all servers get a consistent view ofa client status. For this purpose there is an atomic shutdown protocol. Oncethis protocol is executed no server will honor requests from the client that hasbeen shutdown. Thus, in the example above, S1 and S2 would agree that theclient has crashed and y would be safely reclaimed because the client would notbe allowed to follow the pointer from x to y.A problem with this solution is that the shutdown protocol is not easily scalable.2.4.2 Transactional Mark-and-SweepThis algorithm [3] is a variant of the basic uniprocessor mark-and-sweep withthe partitioned and incremental functioning modes, extended in order to cope
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zFigure 2.14: Problem with transactional mark-and-sweep.with transactions in a client-server database. The collector runs on the serverand was implemented in the EXODUS database [27]. We call it transactionalmark-and-sweep.When a reference to some object is discarded inside a transaction, the pointedobject is eligible for collection only after the commit of that transaction. Thisrule prevents the unsafe reclamation of an object that becomes unreachableduring a transaction that will later abort. In fact, the abort of the transactionwill make that object reachable again. Thus, any object that might become un-reachable during a transaction will only be reclaimed if it remains unreachableafter the commit of the transaction.An object created during a transaction is eligible for reclamation only afterthe commit of the transaction that created it. This rule prevents the unsafereclamation of reachable objects due to the 
ush of pages (from the client to theserver) in an order that is not controlled by the collector. This is illustrated inFigure 2.14 (x is reachable from the GC-root). The application creates objectz and makes it reachable from x. Then, the page containing objects y and zis 
ushed to the server. When the collector runs (in the server) only the pagecontaining objects y and z has been 
ushed. Thus, z is unsafely reclaimedbecause it is not reachable from x.The memory space reclaimed by the sweeping phase can be reused for allocatingnew objects only when the freeing of that space is re
ected in stable storage.This ensures that during a recovery after a failure there will always be enoughspace for allocating objects. This is illustrated by the following example. Sup-pose that a client creates objects x, y and z in a page that had previously beengarbage collected at the server. However, that page has not been written tostable storage yet; on disk it still contains a garbage object t (not yet swept).
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Figure 2.15: Problem with copy GC in presence of failures.Now, the client commits the transaction. As a result, the page and the asso-ciated log are sent to the server. The log is written to stable storage and thesystem crashes before the updated page reaches the disk. Then, recovery starts.The problem is that objects x, y and z must be created (according to the log)but there is not enough space as the page that is used for the recovery (the oneon disk) still contains the garbage object t (not yet swept).There are other mark-and-sweep collectors for databases [130] but they do notdi�er from the basic mark-and-sweep algorithm, as the one we have just de-scribed. Such algorithms are simply adapted to the particular transactionalsystem in which they are integrated. They are very speci�c and not scalable.2.4.3 Atomic CopyThis algorithm [37, 71] is based on Baker's copy GC (recall Section 2.2.3.1) andworks on a single partition. Both functioning modes GC-only and incrementalcan be found in the literature.Reachable objects are moved from from-space to to-space and patched accord-ingly. This may interfere with the stability of the store, as explained now.Imagine there is a failure while the collector is running. Then, during thefailure recovery, the GC algorithm must �nd which objects have already beenmoved and which objects have already been patched. Otherwise, the pointergraph will be corrupted.Figure 2.15 illustrates an example (for a more detailed study we refer the readerto the existing literature [71]). Suppose there is a failure after object x has beenmoved to to-space (a forwarding pointer was left in from-space) and only thefrom-space has been written to disk. Thus, after the failure the disk will notcontain a valid version of x: the version in from-space has been owverwrittenby the forwarding pointer, and the version in to-space is not available on disk.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 51Thus, if the collector were to be restarted after the failure, x would never bemoved again to to-space and the pointer graph would be corrupted.The solution to this problem consists of making the copy algorithm atomic.This requires that the recovery of a failure puts from-space and to-space ina state from which the collection can continue. This is done by applying thewrite-ahead log protocol [13] to the disk contents. For this purpose, both themove, and patch of each reachable object must be logged. This solution, evenafter being optimized, remains costly. We describe here the unoptimized version(incremental GC). The move of a reachable object proceeds as follows:� Pin the from-space object that will be overwritten by the forwardingpointer.� Move the object to to-space and insert the forwarding pointer in its from-space version.� Create a log entry with the from-space and the to-space addresses of theobject. Create another log entry with the to-space address of the objectand its contents.� Now, the move of the object is completed.� After both log entries are written to disk, unpin the from-space object.The scan and patch of a to-space object proceeds as follows:� Pin the object to be scanned.� Scan the object and patch its from-space pointers to to-space pointers,moving the pointed objects as needed.� Create a log entry with the object contents.� Unpin the object after the log entry is written to disk.Concerning correctness, the GC algorithm must not consider to be unreachablean object x that became so due to a transaction that is still running. If thementioned transaction aborts, object x is now reachable again (as it was beforethe transaction has started). Thus, the collector has to consider as part of theGC-root the log of running transactions.Note that the collector could run as a single long user-level transaction or aseries of short transactions. However, in the �rst case, this would lead to a longGC pause time which is highly disruptive. In the second case, it could easilylead to deadlock or to a situation in which a long user transaction could preventthe collector from making progress. For these reasons the collector runs at alevel below the transactions support as sketched above.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 522.4.4 Replicated CopyThe replication-based copy collector [94] (recall Section 2.2.3.1) is particularlywell suited to mono-site transactional systems. This is due to the fact that whilethe collector moves objects to to-space, the mutator continues to access theirfrom-space replicas, rather than the replicas in to-space.3 When every reachableobject has been moved to to-space, a 
ip is performed and the mutator thenstarts accessing the to-space replicas. If a process fails while the collector isrunning (before the 
ip) the collector simply restarts with the recovered from-space. All GC operations already done are lost.2.5 GC in File SystemsSome �le systems and databases have a mechanism to compact disk blocks.These are mostly of the time executed o�-line and are explicitly invoked bythe system manager. However, there is an interesting exception, the LFS diskstorage manager [101]. LFS uses the concepts of log-structured �le systems [56]and has an incremental copy garbage collector.The disk is divided in large �xed-size pieces called segments. Each segmentcontains several blocks and a summary block. For each block in the segment,the summary block indicates the �le number of the block's �le and the positionof the block within the �le.During normal operation, segments will become fragmented. The garbage col-lector task is to generate free segments, called clean segments, fom fragmentedsegments.The algorithm has two phases and can be summarized as follows. In the �rstphase, the reachable blocks of fragmented segments are identi�ed and read intomain memory. The second phase combines the blocks into a new segment andwrites them to disk.The collector determines if a block is reachable using the summary block, theinode map, and inodes. In the �rst step, the segment's summary block is usedto determine the �le number and block o�set of each block. Included in thesummary block there is the �le's version number from the inode map when theblock was written. If the version number does not match the current versionnumber of the �le, the block is unreachable (it has been deleted or overwritten).If the previous step fails to determine the allocation status of the block, theinode and any indirect blocks that map the block of the �le are examined tosee if the block is still part of the �le. The block is classi�ed as being reachableif it still a member of the �le.For performance reasons it is desirable to collect the segments with the mostfree space, i.e., with the smallest number of reachable blocks. This is due to thefact that the cost of the copy algorithm increases with the number of blocks thathave to be moved to a new segment. For this purpose, LFS has a data structure3The forwarding pointer does not overwrite the object in from-space.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 53that keeps an estimate of the number of reachable blocks in each segment. Thisdata structure is updated when �les are truncated or overwritten, and whensegments are written or garbage collected.2.6 GC in MultiprocessorsGC algorithms for multiprocessors [7, 20, 63, 92, 43] are mostly variants of thetracing type with the incremental/concurrent functioning modeAs the name indicates, multiprocessors have several processors. This capacityof processing can be used, for example, to execute the collector in a processordi�erent from the ones where mutators run.Multiprocessors frequently o�er very e�cient synchronization primitives thatare used to ensure GC correctness in presence of concurrent access to the samedata by mutators and the collector.The incremental/concurrent functioning mode of tracing GC has already beenaddressed in the context of uniprocessor collection (recall Section 2.2.3.1). Theimportant issue remains the same: how to ensure the correct execution of themutator and the collector when both are competing for the same data. There-fore, we do not go into more details regarding GC in multiprocessors.2.7 GC in DSM SystemsThere is very few work on GC algorithms for DSM systems.The most interesting problem regarding GC in these systems is coherence in-terference, as stated in Section 1.1. However, this issue is not even mentionedin the literature. Data is simply assumed to be coherent all the time.Le Sergent[78] describes an extension of a copy collector �rst developed for amultiprocessor, to a DSM system. Object replicas are assumed to be coherent,the entire memory is collected at the same time, which is not scalable, and thegarbage collector locks pages while scanning, which interferes with the coherenceprotocol and therefore disrupts applications.Kordale's GC [72] is very complex and relies on a large amount of auxiliaryinformation. This GC algorithm is based on the mark-and-sweep technique,and relies on the fact that objects must be coherent as well.2.8 DiscussionIn this section we provide some insights regarding the suitability of the GCalgorithms described in this chapter, for several systems. These insights canbe used as \rules of thumb" to decide which algorithm is most appropriatefor a given environment. We also situate Larchant and its GC w.r.t. to thealgorithms and systems presented in this chapter.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 542.8.1 GC ConsiderationsThe �rst observation is that no GC algorithm is universally good. In otherwords, depending on the system characteristics, a particular algorithm mightbe more appropriate than others. The best GC algorithm for a system mayeven change with time.Reference counting algorithms seem to be most indicated for distributed systemsbecause they are scalable. However, they fail to reclaim cycles.Tracing algorithms reclaim both acyclic and cyclic garbage. However, they arenot appropriate for distributed systems because they are not scalable.Mark-and-sweep collectors must sweep the entire heap. This is a disadvantagefor heaps where the majority of objects are unreachable. Then, for a uniproces-sor, a copy algorithm is the most appropriate; on the contrary, if the majorityof objects are reachable, a mark-and-sweep collector might be more e�cient.Note that the proportion of reachable and unreachable objects may vary withtime.The basic GC algorithms must be adapted and modi�ed in order to deal withthe speci�c problems of persistence and distribution.Concerning GC for DSM, there are only a few proposals and they all assumecoherent objects, just as in a centralized system, therefore compromising scal-ability.2.8.2 GC in LarchantLarchant is a cached distributed store with PBR. It has a DSM mechanism thatprovides the illusion of a shared address space across the network, includingsecondary storage. Thus, at a �rst glance, we could envisage to chose a GCalgorithm for Larchant similar to those used either in multiprocessor systemsor in DSM systems.If we apply a GC algorithm designed for multiprocessors (for instance, Appel'scollector [7]) to Larchant, the overhead will be unacceptable due to synchro-nization and I/O costs. Similarly, the GC algorithms for DSM systems found inthe literature are not appropriate for Larchant also. In both cases, the reasonis that the collector needs every object to be coherent.The GC algorithms for RPC-based distributed systems clearly indicate that ascalable solution should be based on reference counting. However, note thatin contrast to Larchant, they do not consider the existence of multiple replicasof objects. In addition, while in RPC-based distributed systems there is onepartition per process, in Larchant partitions and processes are orthogonal.In conclusion, we can say that GC algorithms found in the literature are notadequate for Larchant because they do not handle replication, because they arenot scalable, and because they require coherent data.



CHAPTER 2. OVERVIEW OF GC ALGORITHMS 552.9 SummaryIn this chapter we described the most relevant GC algorithms for uniprocessors,RPC-based distributed systems, transactional systems, log-based �le systems,multiprocessors, and DSM systems.There are two fundamental GC algorithms: reference counting and tracing.There are two tracing collectors: mark-and-sweep and copy. Reference count-ing algorithms do not reclaim cycles of garbage, are inherently incremental,and are scalable. Tracing algorithms reclaim cycles but are not scalable. Thecopy algorithm has the advantage of compacting memory, therefore reducingfragmentation, but needs to know the exact location of pointers.When applied to distributed and/or persistent systems the two fundamentalalgorithms are modi�ed in order to remain safe in presence of unreliable com-munication and process failures. They deal either with duplication or messagesloss, or with process failures and transactional particularities such as uncon-trolled page 
ush from the client to the server.Existing GC algorithms do not provide a good solution for GC in Larchantbecause they do not address the problems raised by a cached distributed storewith persistence by reachability: scalability, coherence interference, and safetyin presence of replicated data possibly incoherent.



Chapter 3Larchant ModelWe start this chapter by motivating the Larchant model. We give an examplethat illustrates the simplicity of data sharing in Larchant, from the applicationprogrammer's point of view: sharing an object is just the matter of following apointer.Then, we brie
y discuss the most relevant solutions currently used to supportdistributed data sharing: �le systems, object-oriented databases, etc. We pointout the disadvantages of each approach, regarding data sharing, for the appli-cations we are interested in supporting (e.g., interactive computer aided designand cooperative tools).Then, we describe the Larchant model: a general model of a cached distributedshared store with PBR (persistence by reachability). Our focus is to character-ize the interactions between applications and coherence protocols. This is themodel for which the GC algorithm is designed (see Chapter 4). The model isgeneral and we make minimal assumptions; therefore, it is widely applicable.This chapter ends with an example of the mapping between the Larchant modeland real systems.3.1 MotivationAs stated in Chapter 1, the overall goal of Larchant is to provide a cacheddistributed shared store that makes data sharing simple and e�cient. That iswhy Larchant enables programs to access and modify shared distributed per-sistent data without dealing with explicit I/O to a �le or a database system.Applications navigate through the pointer graph by following pointers, from apersistent root, directly in virtual memory, with the system moving data be-tween main memory and the secondary storage as needed. Larchant maintainscoherent replicas of shared data, in each process participating in a cooperativetask. Such local caching improves performance and data availability.Consider the following example that illustrates the sharing behavior of theapplications we are interested in: interactive computer aided design (CAD) and56



CHAPTER 3. LARCHANT MODEL 57cooperative tools. Suppose there is an object named \New EU Building" thatconstitutes a persistent root (for instance, the object name has been registeredin the name server). This object contains a pointer to each of the building
oors. Say that an architect, using a CAD application, wants to visualize theplan of the \4th Floor". Then, the CAD tool simply follows the pointer in the\New EU Building" that points to the \4th Floor" object. Transparently, thisobject is cached locally by reading it from disk. Later, if another applicationon some other site also needs to access the \4th Floor" object (e.g., an engineeris checking the size of a heating duct) the system transparently gets a replicaof the object according to some coherence protocol.In these kind of applications, illustrated by the previous example, changes madeby an application (running on some site) must be quickly integrated in theshared store, in order to be readable by other applications (running on di�erentsites). For this sharing behavior, a mechanism supporting �ne-grained client-to-client transfers, instead of a client-server-client transfer, is the most appropriate.In addition, applications running on di�erent sites may have to access the samedata at the same time. To support this sharing e�ciently, the sites wheresuch applications are running need to cache replicas of the same data. Thiswill become more evident as the physical memory on each site grows and dataremains in main memory for longer periods.Another characteristic of the applications we envisage to support is that theymay require high performance data manipulation in main memory. This hap-pens, for instance, when a CAD tool performs civil engineering computations.3.2 Current Solutions for Distributed Data SharingIn the past, distributed data sharing has been supported through �le systems,object-oriented databases, RPC-based systems, and distributed shared memory(DSM). In general, such systems are ine�cient, hard to use, or poorly adaptedto the sharing behavior of our class of applications. With these systems, appli-cations programmers must deal with three very di�erent Application Program-ming Interface (API) sets, depending whether the data is in main memory, onsecondary storage, or on a remote site. In contrast, applications above Larchantdeal only with memory, using a single, simple and familiar API.3.2.1 File SystemsNowadays, distributed �le systems [104, 125] are the dominant technology forthe distributed sharing of persistent data.A problem with �le systems is that they do not support the complex data typesneeded by the applications we are interested in. Since �les are unstructured, therepresentation of data in the �le system does not match the type system usedby the applications programming language. Therefore, applications program-mers must worry about I/O format conversion (marshaling and unmarshaling



CHAPTER 3. LARCHANT MODEL 58data). This is tedious, error-prone, and detracts programmers from their mostimportant task: application design and development.Finally, being client-server architectures, distributed �le systems do not support�ne-grained client-to-client transfers as desired for the sharing behavior we areconsidering (described in Section 3.1).3.2.2 Object-Oriented DatabasesOne alternative for the distributed sharing of persistent data is the object-oriented database (OODB) technology [132]: O2 [39], Thor [83], and GemStone[24] are only a few examples.In contrast with �le systems, OODBs provide excellent support for complexdata types. In other words, they preserve the structure of data (no marshalingis needed). However, they are very heavyweight, and often come with their ownspecialized programming language.OODBs are optimized towards searching for relevant data (through indexing,query languages, etc.) possibly with modest updates and minimal cooperativeread/write interaction. Thus, they take the view that data resides mostly onsecondary storage, with main memory being used as a temporary scratch bu�er.In contrast, our applications need high performance data manipulation in mainmemory.Like distributed �le systems, existing distributed OODBs are limited by theirclient-server architectures: no �ne-grained client-to-client transfers. In additionthey do not support large-scale sharing.3.2.3 RPC-based SystemsRemote Procedure Call (RPC) [17] is a basic communication mechanism thatforms the basis for the client-server model [2, 66, 110, 114]. RPC solves the prob-lems of identi�cation and remote access. However, every remote data access isburdened with communication to the server, which becomes a performance andavailability bottleneck. This makes the client-server architecture inadequatefor interactive CAD and cooperative applications. In addition, RPC does notsupport coherence of data viewed by multiple clients. Finally, it imposes aninterface de�nition language to program remote data access, separate from theprogramming language, and the client-server model is often unnatural.3.2.4 DSM SystemsA distributed shared memory (DSM) [80] is a software device emulating a singleshared memory over a network. DSM systems maintain the illusion of a dis-tributed shared memory by synchronizing data access and moving data betweenprocesses when required, transparently to applications.



CHAPTER 3. LARCHANT MODEL 59A DSM supports client-to-client transfers and replication, as needed by inter-active CAD and cooperative applications. Data in memory is accessed via thetype system of some programming language, and is simple, fast and intuitive.This makes application programming very easy since it provides the same mem-ory abstraction as in the centralized case.DSMs [14, 28, 68] have been mostly used to run parallel algorithms on networksof workstations. However, they have not been used for general programming,in part because of the lack of support for persistence by reachability.3.2.5 Cached Distributed Shared StoresWe claim that the simplicity of programming provided by a DSM mecha-nism can be extended to distributed applications with persistent objects. TheLarchant model is that of a cached distributed shared store resulting from thecombined approach of DSM and PBR. It o�ers a shared memory spanning everysite in a network, including secondary storage.This model o�ers transparent distribution and persistence. Applications haveuniform access to any object in the system independently of its location. Themodel hides both the distinction between local and remote data, and the distinc-tion between short-term and long-term storage. Applications navigate throughthe shared store by following pointers in virtual memory. The system movesthe necessary data between main memory and secondary storage or betweenthe main memory of remote sites, according to application needs.We have found very few systems extending DSM with persistence in the liter-ature. One of them is Casper [121]. It takes advantage of the external pagermechanism [65] of the Mach operating system [1] to provide transparent accessto data in secondary storage. Given that its GC speci�cation is sketchy [70], itis not clear how PBR could be supported.Feeley et. al [49] describe a transactional DSM that supports �ne-grained dis-tributed data sharing in cooperative applications. However, there is no supportfor PBR.3.3 Larchant ModelThe main goal of this description of the Larchant model is to establish theenvironment in which the GC algorithm execute (see Chapter 4). The modeldescribes the interaction among applications and coherence of data. We onlypresent those operations that are relevant w.r.t. GC.The model is general in the sense that it makes minimal assumptions: e.g.,we tolerate arbitrary writes and non-coherent data. Many events traditionallyassociated with coherence management are not present; some because theyare not relevant to PBR (e.g., non-pointer writes); others because our GCalgorithm is independent of them (e.g., DSM tokens or locks) as will be madeclear in Chapter 4. Given its minimal assumptions and consequent generality,
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in another bunchFigure 3.1: A bunch with objects inside.we believe the Larchant model is capable of describing a wide range of cacheddistributed shared stores.The Larchant model has the following components: memory model, networkmodel, process model, mutator model, and coherence model. We describe themnow.3.3.1 Memory ModelIn Larchant the memory is structured at two levels of granularity (see Fig-ure 3.1). (i) By de�nition, the object is the unit of allocation, deallocation,identi�cation, and coherence (see Section 3.3.5); an object may contain anynumber of references. (ii) The memory is divided in partitions called bunches;a bunch is the unit of caching and collection; it contains any number of objects.An object resides entirely within a single bunch.A reference is either nil (value zero) or points to an object. We assume that areference is a plain pointer; applications may arbitrarily assign a reference witha legal pointer value (see Section 3.3.4). This is a worst case from the GC pointof view.Hereafter, objects are noted x, y, z, etc. A pointer variable ptr inside object x isnoted x.ptr. The address of object x is noted @x. Bunches are noted uppercaseB, C, etc.Objects are accessed locally via caching. They can be replicated on multiplesites. Their coherence is maintained with a coherence protocol (see its modelin Section 3.3.5).



CHAPTER 3. LARCHANT MODEL 613.3.2 Network ModelA distributed system is a set of processes communicating by messages, with noshared memory. An atomic event E at some process i is noted <E>i.Events at some process occur in some serial order. We use the classical relationhappens before [74].For any message M, we note <send.M>i the sending event at process i, and<deliver.M>j the delivery and processing of M at its receiver process j. Weassume causally-ordered communication [100].3.3.3 Process ModelA process may contain any number of threads. It is composed of a mutator,a collector, and a coherence engine implementing the coherence protocol (seeSection 3.3.5). Note that some processes may lack a mutator or a collector; forexample, a system server does not have a mutator.A mutator dynamically modi�es the pointer graph: it creates objects and ma-nipulates references (recall Section 2.1). The collector observes the pointergraph in order to identify and reclaim unreachable objects. The coherenceengine implements the coherence protocol.Mutators from di�erent processes do not send messages directly to each other.They communicate by causing and observing updates on the shared store. Mes-sages between processes 
ow only on behalf of collectors or coherence engines.1In the following sections we describe the mutator model and the coherencemodel. The collector model is described in Chapter 4.3.3.4 Mutator ModelMutators modify the pointer graph: they create objects, dereference pointers,and assign pointers. Pointer assignments modify objects reachability.As described in Section 2.1, a pointer assignment can result in: (i) creation of anew reference (to an object just created), (ii) duplication of an already existingreference, and (iii) discarding a reference to an object. Note that cases (ii) and(iii) may happen as the result of a single assignment operation.A duplication of pointer y.ptr, pointing to object z, such that x.ptr will alsopoint to z, executed by the mutator of a process i, is noted <x.ptr := y.ptr>i.This operation is atomic at process i. This has the signi�cance that the modeldoes not allow hidden temporary pointer variables such as registers and stacks.This does not restrict the generality of the model, because it is always possibleto expose temporary variables in the shared store.1Note that this is not a restriction; in fact, our GC algorithms can be equally applied toRPC-based distributed systems. However, this is out of the scope of this document.
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Figure 3.2: Prototypical example of mutator execution.Object creation is a special case of pointer assignment. We assume that allobjects always existed; an object creation consists of setting up a path from thepersistent root to that object by means of an assignment operation.When there is no ambiguity, we make the simpli�cation that objects have onlyone pointer inside, and identify x.ptr with x. Note that this simpli�cation doesnot restrict the validity of the model w.r.t. GC.We say that an object y points to an object z when y contains @z. We say thatan object x is nil when its pointer variable does not point to any object, i.e., itcontains the value zero (nil pointer).An assignment operation performed by process i, such that x is made to pointto the object pointed from y, is noted <x := y>i.As will be shown in Chapter 4 (when proving the correctness of the distributedgarbage collection algorithm) from the GC perspective, any mutator operationcan be reduced to the following prototypical example (see Figure 3.2). Consider



CHAPTER 3. LARCHANT MODEL 63two objects x and y located in bunches B and C, respectively. Initially x is niland y points to object z located in bunch D. Now, mutators within processes iand j execute the following operations: <x := y>i, <y := 0>j, such that at theend x points to z and y is nil.We say that object x is GC-dirty after being modi�ed. We say a bunch is GC-dirty if it contains a GC-dirty object. An object remains GC-dirty until itscontents are scanned looking for pointers to other objects (see Section 4.3.2).3.3.5 Coherence ModelThe coherence engine provides support for local data coherent access via caching,according to the coherence model.As mentioned in Section 3.3.1, by de�nition, an object is the granule of coher-ence. However, the size of a coherence granule is not relevant for the presentdiscussion; in fact, a coherence granule might contain several objects. In Sec-tion 5.6 we discuss how the GC algorithms are (not) a�ected when a coherencegranule contains several objects.Note that the granule of caching, a bunch, is di�erent from the coherence gran-ule, an object. The reason is that applications do not necessarily need coherentaccess to every object in a bunch. For some applications it is su�cient to accessincoherent object replicas. This di�erence of caching and coherence granularityalso contributes to avoid the problem of false sharing [12].To simplify notation, we assume that all data is cached by every process. Inorder to model the case where an object is cached only in some processes, werepresent an object not cached in some process i, as being cached with valuezero (nil pointer).A bunch B can be cached by multiple processes. The image of B in process i iscalled i's replica of B and is noted Bi. Similarly, the replicas of x and y observedby processes i and j are noted xi and xj, respectively.The dissemination of an object x from a process i to process j is done by a prop-agate message; the corresponding events are noted <send.propagate(x, i;j)>iand <deliver.propagate(x, i;j)>j. The former event puts the contents of xi inthe message, and the latter copies the object's contents from the message intoxj. (This makes xj GC-dirty.) Each of these events is atomic w.r.t. otheroperations in the corresponding process.At any point in time, for each object x there is a single process that is as-sumed to cache the most recent version of x. We call this process the ownerof x. The owner of an object may change. The transfer of x's ownership fromprocess i to process j is done by a message; the corresponding events are noted<send.owner(x, i;j)>i and <deliver.owner(x, i;j)>j. The e�ect of the formeroperation is that sender process i relinquishes x ownership; the e�ect of thelatter operation is that receiving process j becomes the new owner of x. Eachof these events is atomic w.r.t. other operations in the corresponding process.As will be made clear in Chapters 4 and 5 these events (ownership transfer)



CHAPTER 3. LARCHANT MODEL 64are not relevant for the GC algorithm. However, we take advantage of them forimplementation purposes.Other coherence operations can be modeled as special cases of the above ones.See Section 3.4 for more details on this.In conclusion, our coherence model is based on a minimal set of operationsthat are common to all known coherence protocols: the owner process of anobject x caches its most recent version and propagates x's updates to otherprocesses. Non-owner processes caching coherent versions of x (equal to theowners's version) can also propagate x to other processes. Our model does notdictate how the owner is chosen or when propagates are sent. (In a practicalsystem, coherence operations are caused by mutator activity.) It prescribes noparticular coherence or concurrency control algorithm as long as the ordering isconsistent with causality. In fact, we even allow con
icting writes at di�erentprocesses; however, only the owner gets to propagate its updates.3.4 Mapping of Real Systems to the Larchant ModelIn this section we show how the Larchant model applies to a real system: DSMwith the entry-consistency protocol [14]. (This is the coherence protocol thatwas implemented in Larchant; more details in Chapter 5.)This protocol provides the traditional model of multiple readers and a singlewriter: at any point in time, there can either be several read tokens, or oneexclusive write token associated with a shared object. Processes holding a readtoken are assured a coherent replica of the corresponding object.Every shared object has a owner, which is either the process currently holdingthe object's write token, or the process that last held the write token. A writetoken can only be obtained from the object's owner. A read token can beobtained from any process already holding a read token.A token is obtained by performing a read or write token acquire operation andis freed by the corresponding release. The acquisition of a write token for anobject implies the invalidation of every readable replica of that object in otherprocesses. Each process receiving an invalidation message acknowledges it viaa reply.It is clear that the acquisition of a read token in the entry-consistency protocolis modeled by the propagate operation. The acquisition of a write token ismodeled by the operations propagate and ownership transfer.The invalidation of an object in the entry-consistency protocol is modeled as aspecial propagate operation in which the propagated object is nil.3.5 SummaryIn this chapter we brie
y discussed the most relevant solutions currently usedto support distributed data sharing: �le systems, object-oriented databases,



CHAPTER 3. LARCHANT MODEL 65etc. In general, such systems are ine�cient, hard to use, or poorly adapted tothe sharing behavior of our class of applications.Being client-server architectures, distributed �le systems and existing distributedOODBs do not support �ne-grained client-to-client transfers, as desired for thesharing behavior we are considering. RPC-based distributed systems imposean interface de�nition language to program remote data access, separate fromthe programming language, and the client-server model is often unnatural. Ex-isting DSMs have not been used for general programming, in part because ofthe lack of support for persistence by reachability.Then, we described the Larchant model. Applications above Larchant, dealonly with memory, using a single, simple, and familiar API (Application Pro-gramming Interface); sharing an object is just the matter of following a pointer.An important aspect to retain is the set of mutator and coherence operations:pointer assignment and object propagation. A mutator dynamically modi�esthe pointer graph by executing assignment operations. In the coherence model,the owner process of an object x caches its most recent version and propagatesx's updates to other processes. (The owner of an object may change.) Non-owner processes caching coherent versions of x (equal to the owners's version)can also propagate x to other processes. Our model does not dictate how theowner is chosen or when propagates are sent.These operations will be of great value in Chapter 4, when describing GC inLarchant, because they establish the environment for which the GC algorithmis designed.



Chapter 4Garbage Collection inLarchantIn this chapter we describe the GC algorithm designed for Larchant. We startby presenting the fundamental problems that must be solved, and an outlineof the corresponding solutions. Then, we give a general overview of the GCalgorithm. A detailed description follows, which includes the GC model, thecollection of replicated bunches, and the reclamation of cycles of garbage. Thischapter ends with a formal proof of the correctness (safety and liveness) of thedistributed GC algorithm.The GC algorithm is designed for the Larchant model presented in the previouschapter. In Chapter 5 we show how the GC algorithms apply to a real systemwith a particular coherence protocol (entry-consistency [14]).The main issues we tackle in this chapter are related to scalability, asynchrony,and orthogonality to coherence, of the GC algorithm. In addition to the basicrequirement of good performance, these aspects raise interesting problems interms of safety.A fundamental requirement of any GC algorithm is to be correct, i.e., safeand live, and ideally complete (recall Section 2.1 on terminology). If the GCalgorithm ful�lls this requirement then it ensures referential integrity, and re-claims garbage. In addition, safety, liveness, and completeness must be ensuredwithout degrading signi�cantly applications performance. In other words, notonly the overall cost of GC must be as small as possible but also, interactiveapplications must not be disrupted by long continuous pauses that would beannoying to the user.Ideally, a GC algorithm would be complete, thus it would eventually reclaim allunreachable data. Reference-counting algorithms, for example, are incomplete,since they do not reclaim cycles of garbage. The only known provably completealgorithms are based on global tracing, are synchronous, and require coherentdata (recall Chapter 2). This does not scale, interferes with applications coher-ence needs, causes extra I/O, and does not have good performance. Apparently,the problem is hopeless. However, as we will show in this chapter, it is possible66



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 67to do some useful work without performing a global trace and therefore to avoidits drawbacks.4.1 Problems and Outline of SolutionsIn this section we describe the speci�c problems the GC algorithm has to solve.We also outline the corresponding solutions. They concern scalability, coherenceinterference, extra I/O, and performance.A common thread to our solutions is that GC is opportunistic, i.e., it does notcause events that mutators would eventually cause; the collector waits for themto happen and then takes advantage of it. This will become clear afterwards.4.1.1 ScalabilityWe claim that perfect completeness is not feasible in a large-scale system. Thus,we propose an approximate solution that is not provably complete, but whichwe believe adequate for all real-life situations because it takes advantage oflocality (as will be explained in Section 4.7).Our solution combines partitioned tracing (within bunches) with reference-listing (across bunch boundaries). Each bunch replica is collected independentlyof other bunches and of other replicas of the same bunch; incoming cross-bunchpointers are members of the GC-root. A bunch replica is collected in the pro-cess where it is currently cached with a tracing algorithm. The intra-bunchcollector is the system component that identi�es and reclaims garbage inside abunch. The cross-bunch collector is the system component that manages thecross-bunch reference-lists; it does not reclaim objects, it simply updates thementioned lists.This algorithm is not complete, since it does not reclaim cross-bunch cyclesof garbage. Apparently, the only way of reclaiming such cycles is to performa global trace, which is not scalable, and would generate a huge amount ofextra I/O. The problem of reclaiming cross-bunch cycles of garbage is addressedbelow, in Section 4.1.3.4.1.2 Coherence InterferenceThe problem of coherence interference is illustrated by the following examples.Imagine the intra-bunch collector scanning an object replica to �nd its internalpointers, and follow them to continue the traversal of the pointer graph. Then,the question is: does the collector need a coherent replica of the object beingscanned? If the answer is yes, as it happens with existing GC algorithms (recallChapter 2) it is clear that the collector will be interfering with applicationscoherence needs.Now, suppose that the intra-bunch collector implements a copy algorithm.Then, when patching a pointer inside an object replica (to re
ect the new



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 68location of a reachable descendent that has already been moved) should thecollector require exclusive write-access to modify the object replica? If exclu-sive write-access is needed, read-access to all other replicas of the object beingpatched would have to be invalidated, therefore interfering with the coherenceneeds of applications.Another example of the coherence interference problem is related to safety.Imagine an object z in bunch D that is pointed from several replicas of an objecty (in bunch C) which are not necessarily coherent. Then, if the collector, at somepoint in time, forces every replica of y to be coherent, in order to conclude aboutz's reachability, once again, it will be interfering with applications coherenceneeds.As stated in Chapter 2, GC algorithms found in the literature do not handle thecoherence interference problem. They implicitly assume that either there areno replicas or all replicas are kept coherent at all times. The adoption of suchsolutions in a cached distributed shared store, such as Larchant, would incurinto unacceptable costs due to communication and synchronization overhead.To avoid the coherence interference problem, the collection of a bunch replicamust make progress even if the objects it contains are not coherent (in the pro-cess where the intra-bunch collection is taking place). We achieve this goal bymaking our GC algorithm orthogonal to coherence. Thus, the garbage collec-tor can work with objects that are incoherent for applications' purposes, whilebeing safe and live.The fundamental observation that guided our design is that GC coherence needsare less strict than applications' [55]. This enables GC to be performed withoutinterfering with applications' coherence needs and requiring very little synchro-nization or communication. More details on this in Section 4.4.2.4.1.3 Extra I/OGC based on global memory tracing incur into extra I/O. This is due to thefact that such collectors traverse the pointer graph even when the correspondingobjects are not cached in main memory.In contrast, in Larchant (as mentioned in Section 4.1.1) a bunch replica is col-lected in a process where it is currently cached by application request. There-fore, the collection of a bunch does not cause extra I/O.However, a di�culty arises when reclaiming cross-bunch cycles of garbage be-cause the only known provably complete algorithms are based on global tracingand employ a global synchronization. This causes a large amount of extra I/O.Our solution to reclaim cross-bunch cycles of garbage, without incurring intoextra I/O, consists of extending the tracing performed by the intra-bunch col-lector to include several bunches at once. Bunches are grouped and collectedas if they were a single bunch. Thus, memory partitions change dynamicallyand seamlessly, and independently in each process, in order to reclaim cycles ofunreachable objects.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 69The signi�cance of group collection is that any arbitrary subset of the store canbe collected, in a single process, independently of the rest of the memory. Thechoice of a group to be collected is heuristic, and should maximize the amountof garbage reclaimed and minimize the cost. In Section 4.7 we describe theheuristic used in Larchant. It takes advantage of locality, therefore avoidingextra I/O.4.1.4 PerformanceThere are two fundamental di�culties concerning GC performance. First, en-suring that GC pause times remain su�ciently small, in order to be unnoticedbu the user, independently of bunch size, proportion of reachable objects, andnumber of bunch replicas. Second, keeping track of cross-bunch references with-out instrumenting every pointer assignment with a write-barrier, to �nd out ifa new cross-bunch pointer has been created. (Recall that when a bunch replicais collected, the incoming cross-bunch pointers are members of the GC-root.)To solve the �rst problem, the intra-bunch collector runs concurrently withmutators, and is orthogonal to coherence. To solve the second problem, keepingtrack of cross-bunch pointers without instrumenting every pointer assignment,the cross-bunch collector runs asynchronously w.r.t. applications and certainGC operations are safely delayed.Hence, in Larchant both the intra-bunch and the cross-bunch collector executeconcurrently and asynchronously w.r.t. applications. This functioning moderaises important issues in terms of safety that will be addressed intuitively inSections 4.4 and 4.5, and formally in Section 4.10.4.1.5 GC AlgorithmsThe intra-bunch collector uses a tracing algorithm. Now, the question is whattype of tracing: mark-and-sweep or copy. As mentioned in Chapter 2 bothalgorithms have their pros and cons. In particular, collection time depends ofthe heap size and the proportion of reachable objects, respectively.We believe that some applications will bene�t from a copy collector, while forothers a mark-and-sweep algorithm is the most appropriate. Such a choicedepends on the application programming language, memory usage, speci�c ap-plication requirements in terms of GC pause time, etc. Note that even for asingle application, the best GC algorithm may vary with time: we could imaginean application in which the collector would be a mark-and-sweep until memorygets too fragmented, and then changing automatically to a copy algorithm. Thebottom line is that there is no universal solution.For this reason, we decided to support both mark-and-sweep and copy algo-rithms. It is up to the application programmer to chose the most appropriateGC algorithm.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 704.2 General OverviewThe main aspects of GC in Larchant can be summarized as follows:� Each process collects independently and asynchronously from other pro-cesses.� A bunch is collected independently and asynchronously from the rest ofthe store, with a tracing algorithm (intra-bunch collector) that runs con-currently with mutators; GC between bunches (cross-bunch collector) isbased on reference-listing.� To reclaim cycles of garbage, bunches are dynamically grouped and col-lected at the same time in some process; groups are formed with an heuris-tic that avoids extra I/O.� The GC algorithm is orthogonal to coherence, i.e., each bunch replicais collected independently and no coherence operation is needed for GCpurposes.� The reference-listing algorithm is asynchronous w.r.t. applications, andGC speci�c messages are exchanged asynchronously in the background(we assume causal delivery).To enable a bunch to be collected independently from the rest of the memory, abunch keeps track of cross-bunch pointers. An outgoing pointer is described bya stub and a incoming pointer by a scion (see Figure 4.1).1 Each bunch replicahas its own replica of stubs and scions. The number of cross-bunch pointers tosome object is safely approximated by the number of scions to that object.By considering a bunch's scions as its GC-root, a bunch can be collected in-dependently of others. An object y in bunch C pointed by a scion will notbe reclaimed; y is said protected. The result of collecting a bunch is a set ofreachable objects and a new set of stubs. Objects not in the reachable set arereclaimed.By comparing the sets of stubs before and after an intra-bunch collection, thecross-bunch collector discovers which cross-bunch pointers were created andwhich stubs no longer exist. In other words, stubs that were not in the stubset before the collection but are in the (new) stub set after the collection cor-respond to cross-bunch pointers that were created by the mutator. Thus, thecorresponding scions must be created. Stubs that were in the stub set beforethe collection but are not in the (new) stub set after the collection correspondto cross-bunch pointers that no longer exist. Thus, the corresponding scionsmay be deleted. In Section 4.5 we describe when and how scions are createdand deleted.1The names stub and scion are inspired by the similar structures found in the SSP (stub-scion pair) Chain message-passing system [108]. In contrast to SSP Chains, Larchant's stubsand scions are not indirections participating in the mutator computation, but simply auxiliarydata structures.
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Figure 4.1: Two bunches containing objects, stubs, and scions.Safety is ensured by ordering constructive events (creation of scions) alwaysbefore destructive events (deletion of scions or garbage reclamation) that maydepend on them, and the use of causal delivery. This a fundamental aspect ofour distributed GC algorithm.Finally, note that in Larchant the root of persistence is simply a special scionthat is never deleted. Every reachable object can be reached (directly or tran-sitively) from this special scion.4.3 GC ModelIn this section we present the GC model, i.e., we describe the operations thatmanipulate the stubs and scions, and the operations that characterize a tracingintra-bunch collection. Then, based on this set of operations, in the rest of thischapter we describe in detail the intra-bunch and cross-bunch algorithms, andprove their correctness.4.3.1 Stubs and ScionsAn outgoing cross-bunch pointer is described by a stub, and an incoming cross-bunch pointer by a scion (see Figure 4.1). Thus, for each cross-bunch pointerthere is a stub in the source bunch and a scion in the target bunch. Each bunchreplica has its own replica of stubs and scions. Note that stubs and scions aresimply auxiliary data structures; they are not seen by applications code.A cross-bunch pointer from object x 2 B to object y 2 C, is noted Bx!Cy. Apointer Bx!Cy observed by process i is noted (Bx)i ! Cy.A stub describing Bx!Cy is noted stub(Bx;Cy). The scion for the same cross-bunch pointer is noted scion(Bx;Cy). The cross-bunch collector manipulatesstubs and scions according to the reference-listing algorithm (see Section 4.5).
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Figure 4.2: Bunch replicas with outOwnerPtrs and inOwnerPtrs. The dashedline indicates that z is not cached in j.The creation of stub(Bx;Cy), executed in process i, is noted <create.stub(Bx,Cy)>i. Note that there is no operation for deleting a stub. As mentioned in theprevious section, a stub is implicitly deleted by replacing a set of stubs with anew one resulting from an intra-bunch collection.The creation and deletion of a scion involves two bunches: the source andthe target of the corresponding cross-bunch pointer. The operation of creat-ing scion(Bx;Cy) is done with a message, thus it is constituted of two events:<send.create.scion(Bx, Cy)>i issued at the source process i (caching the sourceobject x) and <deliver.create.scion(Bx, Cy)>j at the receiving process j (cachingthe target object y).2 These two operations are atomic in the process where theyare executed. Similarly, the operation of deleting scion(Bx;Cy) is constitutedby <send.delete.scion(Bx, Cy)>i and <deliver.delete.scion(Bx, Cy)>j.There is a special type of stubs and scions called, outOwnerPtr and inOwnerPtr,respectively. These special stubs and scions are used only between replicas ofthe same bunch. Each bunch replica has its own set of outOwnerPtrs andinOwnerPtrs.There is a pair outOwnerPtr-inOwnerPtr for each object that is replicatedor that is directly accessible from a replicated object, as illustrated by Fig-ure 4.2: objects yj (replicated) and zj (directly accessible from a replicatedobject); object x is not accessible by following a pointer in process j, thus thereis no outOwnerPtr-inOwnerPtr associated to x. Note that a pair outOwnerPtr-inOwnerPtr points always to the owner of the concerned object (possibly throughsome indirection).The inOwnerPtr for object y, owned by process i, replicated in process j, is notedinOwnerPtr(y, j!i). The corresponding outOwnerPtr is noted outOwnerPtr(y,j!i).These special stubs and scions are needed to ensure the safety of the intra-bunchcollector, as will be explained in Sections 4.3.3 and 4.4. Basically, inOwnerPtrsare part of the GC-root when collecting a bunch replica.2If the process owning the source and target objects is the same, the message becomes asimple procedure call; we assume instantaneous delivery.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 734.3.2 Tracing a BunchAn intra-bunch collection of bunch replica Bi executed at process i is notedGCi(B). We do not assume that tracing a bunch is atomic.An intra-bunch tracing collector uses the scan operation. For some objectx, scan determines what other objects y, z, ..., are pointed to by x. A scanoperation executed in process i on object replica xi is noted scani(x). Whenan object is scanned, for each one of its outgoing cross-bunch pointers, thecorresponding stub is created.Note that an object can be scanned even if its enclosing bunch is not beingcollected. (The circumstances in which this happens will become clear after-wards.)A mark-and-sweep collector marks reachable objects. The operation of markingobject replica xi in process i is noted <mark(x)>i.A copy collector moves objects (to compact memory and reduce fragmentation)and patches pointers with the new addresses. The operation of moving a reach-able object x to a new address @x', is done with a message, thus it is constitutedby two events: <send.move(x, @x')>i and <deliver.move(x, @x')>j, where i is thesending process and j the receiver. (If i equals j, the message becomes a simpleprocedure call.) A patch operation executed in process i, concerning yi pointingto x that has been moved to @x', is noted <patch(y, @x')>i. (In Section 4.4.2we explain how every replica of a same object is moved to the same address.)Unreachable objects are reclaimed. A reclaim operation executed in processi concerning object replica xi is noted <reclaim(x)>i. In a mark-and-sweepcollector this is implemented by adding the unreachable object's memory spaceto a free list (during the sweep phase). In a copy collector, all unreachableobjects are reclaimed at once when the 
ip is performed.The nth intra-bunch collection of a bunch replica Bi, scans reachable objects inBi, therefore creates stubs for each outgoing pointer. These stubs are insertedin a new set of stubs noted stubsn(Bi). The set of stubs before the nth GCi(B)is noted stubsn�1(Bi).Finally, a GC-dirty object (de�ned in Section 3.3.4) remains GC-dirty untilscanned. Thus, when an object is GC-cleaned, the stubs corresponding to itsoutgoing cross-bunch pointers are created. A GC-dirty bunch remains GC-dirtyas long as it contains a GC-dirty object.4.3.3 Union RuleThe union rule is common to the intra-bunch and cross-bunch collection al-gorithms. It ensures safety in presence of replication. The cross-bunch GCalgorithm respects this rule through the use of stubs and scions. The intra-bunch GC algorithm respects this rule through the use of inOwnerPtrs andoutOwnerPtrs.
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Figure 4.3: Example illustrating the need of union rule (single bunch). Thedashed line indicates that z is not cached in j.We motivate the need for the union rule with two examples. The �rst oneconsiders a single replicated bunch. The second example considers two di�erentbunches with cross-bunch pointers.Suppose a bunch C containing objects y and z. Bunch C is cached in processes iand j. Initially yi points to zi; then, y is propagated to j (Figure 4.3-(a) illustratesthis situation). From now on, the mutator in j can access z by following thepointer in yj. Now, imagine that due to mutator activity in i, zi becomesunreachable (e.g., mutator executes <y := 0>i) as shown in Figure 4.3-(b).Then, if GCi(C) runs without considering the set of inOwnerPtrs as membersof the GC-root, zi is unsafely reclaimed. This shows that zi may be reclaimedonly after it becomes unreachable in all processes caching a replica of bunch C.The second example is similar to the previous one with the following di�erence:z is allocated in bunch D cached in process k (see Figure 4.4). Initially bothreplicas of y point to z. Now, imagine that due to mutator activity in i, zbecomes unreachable from yi (e.g., mutator executes <y := 0>i). In this case,object z is still accessible from yj. Obviously, object z may be reclaimed onlyafter it becomes unreachable from all replicas of the source object y.In short, a target object can be reclaimed only if it is not reachable from theunion of all replicas of its source objects (independently of their location, eitherin the same or in a di�erent bunch). We call this the union rule.The intra-bunch GC algorithm enforces the union rule by considering everyinOwnerPtr as member of the GC-root. An object will be reclaimed only when
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zFigure 4.4: Example illustrating the need of union rule (two bunches).it becomes unreachable, not only from any object locally cached, but also nolonger protected by any inOwnerPtr.The cross-bunch GC algorithm enforces the union rule by considering every stubfrom all replicas as members of the GC-root. Thus, the last scion pointing toan object can be safely deleted only after the corresponding outgoing pointershave disappeared in all replicas of the source object.In Sections 4.4 and 4.5 we will explain with more detail how the union rule isenforced by the intra-bunch and cross-bunch algorithms, respectively.4.4 Intra-Bunch GCIn this section we describe the intra-bunch GC algorithm. Both mark-and-sweepand copy collectors are addressed. We �rst consider there is no replication, i.e.,we describe the collection of a single bunch cached only in a single process.Then, we present the collection of a bunch replicated in multiple processes.4.4.1 GC without ReplicationAn intra-bunch collection for a non-replicated bunch proceeds as follows. TheGC-root is the bunch's set of scions. Any object pointed at directly from ascion is reachable, therefore it is marked (or moved in the case of copy GC).Every marked (or moved) object is scanned for pointers. If such an object pointsto another object inside the same bunch, the intra-bunch collector transitivelymarks (or moves) the pointed-to object. If it points outside the enclosing bunch,the collector creates a stub in the stub set with the highest index. Thus, theresult of collecting a bunch is a set of reachable objects (those that were markedor moved) and a new set of stubs. Objects not in the reachable set are garbage.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 76The intra-bunch collector (both mark-and-sweep and copy algorithms are con-sidered) is based on the algorithm from Nettles and O'Toole (replication-basedtechnique, described in Section 2.2.3.1) and runs concurrently with the mutator.Once the intra-bunch collector starts running, any object modi�cation done bythe mutator is detected (see how in Section 5.4.3) and the object's address isregistered in a log, called GC-log. When the collector 
ips, every object in theGC-log is scanned again (and moved again, in the case of a copy collector).3The GC �nishes when every reachable object has been marked (or moved andpatched) and the collector has 
ipped. (Note that, with the mark-and-sweepcollector, the sweep phase is also done concurrently with the mutator, after the
ip.)Any tracing algorithm could be used for the intra-bunch GC. However, whenusing a concurrent copy algorithm, the replication-based technique helps toavoid disruptiveness as will be made clear in Section 4.4.2.3.4.4.2 GC with ReplicationThe general algorithm described in the previous section applies equally to theintra-bunch collection of a replicated bunch. The main additional issues in thiscase are: (i) to ensure safety in presence of replication (via the union rule), and(ii) to avoid coherence interference, i.e., the collector must be able to collecta bunch replica containing incoherent objects; in other words, no coherenceoperations should be issued on behalf of GC.Consider a bunch replicated in multiple processes. Each process runs concur-rently to the mutator an intra-bunch collector thread for the bunch. This raisesthe following questions:1. Must these collectors synchronize with each other?2. Does scanning need coherent data?3. Is it necessary to synchronize the 
ip?4. When using a copy GC algorithm:(a) Is it necessary to synchronize the collectors to decide where to movean object?(b) Is it necessary to perform some coherence operation before or afterpatching an object's internal pointers?A \yes" answer to any of these questions would impact e�ciency. In the restof this section we will show that, conditions exist where the answers are all\no". As a consequence, the intra-bunch GC algorithm does not compete with3In the case of a mark-and-sweep collector, the 
ip is the instant when the mark phase is�nished and the sweep can start. With a copy collector, the 
ip consists of exchanging theroles of from-space and to-space. In both cases, mutators are halted for the duration of the
ip.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 77applications for coherent data, there is no synchronization between collectorsand mutators or between di�erent collectors, and GC speci�c messages areasynchronous and exchanged in the background. The price to pay for thesefeatures is some degree of conservativeness, and the need for causal delivery[16, 100] of some messages.4.4.2.1 Union RuleAs mentioned in Section 4.3.3, the intra-bunch GC algorithm enforces the unionrule by considering every inOwnerPtr as member of the GC-root. (Recall that apair outOwnerPtr-inOwnerPtr always point to the owner of the correspondingobject.)A pair outOwnerPtr-inOwnerPtr is created when there is a propagate opera-tion that will enable the access (by a remote process) to a locally owned object,for the �rst time (otherwise the pair already exists). A pair outOwnerPtr-inOwnerPtr is updated whenever the owner of an object changes in orderto point always to the corresponding object's owner. A pair outOwnerPtr-inOwnerPtr is deleted as the result of a garbage collection of the bunch replicaholding the outOwnerPtr. These are the only operations on inOwnerPtrs andoutOwnerPtrs. In the rest of this section we explain their creation and deletionwith more detail.Before a <send.propagate(y, i;j)>i is issued, the following operations are exe-cuted in process i: (i) create inOwnerPtr(y, j!i) (if it does not exist yet), and(ii) for each object directly reachable from yi, create the corresponding inOwn-erPtr (if it does not exist yet). Before the corresponding <deliver.propagate(x,i;j)>j is executed, perform the following operations in process j: (i) createoutOwnerPtr(y, j!i) (if it does not exist yet), and (ii) for each object directlyreachable from yj, create the corresponding outOwnerPtr (if it does not existyet). (Note that if the process i from which an object y is propagated is not theowner of an object x that is directly reachable from y, there will be a chain ofpairs outOwnerPtr-inOwnerPtr for x passing through i in direction of x's owner.However, this aspect is not relevant for this discussion.)When a bunch replica Bj is collected, a new set of outOwnerPtrs is generated(just like with stubs for cross-bunch pointers). By comparing the old set withthe new set of outOwnerPtrs, the cross-bunch collector discovers which oneshave disappeared. (A disappearing outOwnerPtr results from the fact thatthe corresponding object replica is no longer reachable locally.) For each disap-peared outOwnerPtr, the collector sends a delete message to the process holdingthe corresponding inOwnerPtr.When a locally owned object y in bunch C is no longer protected by any in-OwnerPtr, this means that y is no longer reachable in any replica of C cached inprocesses which do not own y. Thus, y can be reclaimed if it becomes unreach-able locally (in the owner process). In other words, the union rule is evaluatedat the owner process and consists of ensuring that an object will not be re-claimed at its owner process while there is at least one inOwnerPtr protecting



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 78that object.4.4.2.2 ScanThe scanning of an incoherent object replica yj evidently does not take intoaccount pointer writes occurring at some other process (e.g., at the object'sowner). However, this is not a problem. In fact, scanning an out-of-date replicasimply results in making a more conservative decision about the pointed objectsreachability. Thus, objects reachable from an incoherent replica yj will not bereclaimed; this is ensured by the union rule previously described.The worse that can happen is that the intra-bunch collector in process j failsto reclaim some objects (pointed from yj) that are in fact unreachable becausethey are no longer pointed from the most up-to-date replica yi (in y's owner).These objects will be reclaimed later (according to the union rule) either aftera coherent replica of y becomes available in process j, or after yj has becomeunreachable.4.4.2.3 Move and PatchIn this section, we study the move and patch operations of an intra-bunch copycollection with respect to coherence. The �rst issue is to avoid two processesmoving (their local replicas of) the same object to two di�erent locations con-currently. One obvious solution to this problem would be: the process thatwants to move an object would acquire the object's ownership before movingit. As at any moment there is a single owner for each object, the situationin which two processes move their local replicas to di�erent addresses wouldnot arise. However, this solution is clearly undesirable, since it interferes withapplications coherence needs.A simple solution that does not interfere with applications coherence needs is asfollows. The owner process of x decides where to move it; non-owner processeswill move their replicas of x to the same address after receiving a move messagefrom the owner. Therefore a reachable object x in bunch B is moved as follows.(i) Process i, the owner of x, issues a <send.move(x, @x')>i to processes cachinga pointer to x (these processes are those for which a inOwnerPtr exists in i)including to itself; (ii) A process j executing <deliver.move(x, @x')>j, moves itsreplica xj to the new location and patches pointers accordingly.Note that move messages are exchanged in the background, i.e., mutators donot depend on such messages, because they do not access to-space objects. Infact, mutators can freely access a from-space object for which a move is beingexecuted. Thus, move messages do not disrupt mutators.It's worthy to note that if the intra-bunch collector uses some other copy algo-rithm instead, such as Baker's (recall Section 2.2.3.1) for instance, the mutatorcould be disrupted. In Baker's algorithm, any object in from-space that is ac-cessed by the mutator must �rst be moved to to-space. Thus, if a mutator inprocess j, tries to access its replica of object x, owned by process i, the mutator



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 79would have to block while the collector in process j waits for the new addressof x in to-space.The second important issue of the copy algorithm, is the following: must theintra-bunch collector acquire the ownership (or some other lock for coherencepurposes) of an object in order to patch one of its pointers with the target's newlocation?4 Surprisingly, the answer is no, because this operation is visible onlyat the process where it occurred. Each process patches independently, thus nocoherence operation is required.4.4.2.4 FlipThe intra-bunch collector may 
ip independently, with no synchronization, fromthe collectors of other replicas of the same bunch.In the case of a copy collector, a 
ip may occur before all the move messages con-cerning reachable objects not locally owned have already been delivered. Thus,collectors in di�erent processes may 
ip at distinct times. Therefore, the GCpause time experienced by a mutator does not depend on any synchronizationwith other processes (see Chapter 6 for performance results).When a collector 
ips before having received all the move messages for notlocally owned objects, those objects remain in from-space. They will be movedlater when the corresponding move messages are delivered. (In fact, such movescan be delayed until the next local garbage collection.)The price to pay for this lack of synchronization when 
ipping is the following.First, the semi-space from where non-locally owned objects were not moved cannot be immediately freed; this can happen only after every reachable objecthas been moved. Second, the same object may be referenced via two distinctaddresses in di�erent processes: the old address in from-space (processes thathave not yet moved the object) and its new address in to-space (processes thathave already moved it). This implies that pointers contained in a propagate ora ownership message might need to be swizzled.In this case, a 
ip di�ers slightly from the de�nition given in Section 2.2.2.2. Infact, instead of changing the roles of from-space and to-space, the 
ip extendsthe from-space with the to-space. This results in delaying to free the originalfrom-space.When 
ipping, those objects that are reachable but were not moved to to-space (because the corresponding move message has not been delivered yet) arescanned and patched.Given that collectors may 
ip independently, move messages must be deliveredin causal order w.r.t. to propagate and ownership messages. Causality preventsa process from receiving a propagate (or a ownership) message with a to-space4It's worthy to note that the patch operation implies writing into an object and on someDSM coherence protocols (e.g., entry-consistency [14]) this requires the previous acquisitionof an exclusive write-lock.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 80address (from a process where the collector has already 
ipped) before thecorresponding move message has been delivered.4.5 Cross-Bunch GCIn Larchant, the cross-bunch collector is based on the reference-listing algorithm(recall Section 2.3.1.3). The fundamental issues are: keeping track of cross-bunch pointers, in order to update the reference-lists, without slowing downapplications signi�cantly, and ensuring safety in presence of replication.As mentioned in Section 4.1.4, instrumenting every pointer assignment with awrite-barrier to synchronously create the corresponding stub-scion pair, wouldhave poor performance.The advantage of making the cross-bunch collector asynchronous to mutators,comes from the substantial performance gains since the mutator is not halted,it might avoid work, and enables message batching.In this section we explain how cross-bunch reference-listing can be made asyn-chronous to mutators. We �rst consider there are no replicated bunches. Then,we extend this result to consider replication.4.5.1 GC without ReplicationThe basic idea behind the reference-listing algorithm is the following. Thecollection of a bunch generates a new set of stubs. By comparing the old andnew sets of stubs (before and after an intra-bunch collection) the cross-bunchcollector discovers which cross-bunch pointers no longer exist and thereforewhich scions should be deleted.Without loss of generality, consider the prototypical example illustrated byFigure 4.5 (special case of Figure 3.2 since there is no replication). Objectsx and y are located in bunches B and C, respectively. Bunches B and C arecached in process i; bunch D is cached in process k. Initially x is nil andy points to object z located in bunch D. Now, the mutator within process i,running concurrently to the cross-bunch collector, executes <x := y>i, then <y:= 0>i, such that at the end x points to z and y is nil.With a cross-bunch collector asynchronous to mutators (pointer assignmentsare not instrumented) we must answer the following question: for how longcan the creation of scion(Bx;Dz) be safely delayed? (Note that with a syn-chronous distributed reference-listing algorithm the cross-bunch collector cre-ates the stub-scion pair corresponding to Bx!Dz at the instant the mutator ini executes <x := y>i.)Consider Figure 4.6 which shows the execution of the prototypical exampleof Figure 4.5. Event <send.create.scion(Bx, Dz)>i is caused by <x := y>iand occurs some time after the latter. Event <send.delete.scion(Cy, Dz)>i iscaused by scani(y) that follows <y := 0>i, and occurs after GCi(C). Clearly,
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Figure 4.5: Prototypical example of mutator execution (non-replicated case)illustrating the creation and destruction of cross-bunch pointers.<send.create.scion(Bx, Dz)>i must not be delayed so much that <deliver.delete-.scion(Cy, Dz)>k happens before <deliver.create.scion(Bx, Dz)>k. Otherwise,z could be unsafely reclaimed by GCk(D). Thus, assuming FIFO communica-tion, <send.create.scion(Bx, Dz)>i must be issued before <send.delete.scion(Cy,Dz)>i. This is explained in more detail now.We examine how late a create message may safely be delayed; we call prompt-ness the corresponding safety condition. By de�nition, at the time of the as-signment <x := y>i, y is reachable and z is reachable via y. As long as D is notcollected, it is not necessary to execute <deliver.create.scion(Bx, Dz)>k. There-fore, scion(Bx;Dz) does not have to be created at the instant of <x := y>i. Wecan state the promptness condition thus:
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Figure 4.6: Timeline of example illustrated by Figure 4.5.<deliver.create.scion(Bx, Dz)>k before z could otherwise be reclaimed (4.1)This condition can be implemented with the following (unrealistic) algorithm:before GCk(D), scan every object in all other bunches, looking for referencesinto D, and create any new stub-scion pairs as needed. This algorithm canbe improved by scanning only the GC-dirty objects, since a new reference canonly appear by assignment. Even this improved version cannot realistically beimplemented, because it would mean synchronous communication with everyprocess that might be caching a GC-dirty object. However this algorithm doescontain a very interesting idea: taking advantage of the scan operations doneby the intra-bunch collection to detect new outgoing cross-bunch pointers.Now, observe that the only pointer that is positively known to point to z isthe one from y. So, assuming messages are delivered in the order sent, thepromptness condition becomes:<send.create.scion(Bx, Dz)>i before <send.delete.scion(Cy, Dz)>i (4.2)Recall that we are currently assuming that there is no replication. Thus,<send.delete.scion(Cy, Dz)>i might be sent either because y is assigned to, orbecause it became unreachable (no longer pointed from another bunch); but itwill not be sent until the enclosing bunch C is collected. On the other hand, todetect the cross-bunch pointer Bx!Dz, object x (which is GC-dirty) must bescanned. This will happen when bunch B is collected. In short, this suggeststhat an algorithm based only on the GC-dirty information available at processi can be safe.Thus, promptness is ensured as follows. When the intra-bunch collector runs,it scans at least all (locally cached) GC-dirty objects, therefore creating thecorresponding stubs. Then, all create messages resulting from the appearing



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 83stubs generated by an intra-bunch collector run, are sent by the cross-bunchcollector before any deletes (for the disappeared stubs) resulting from the sameintra-bunch collection run. (Note that this takes into account the condition 4.2.)We prove the correctness of this algorithm in Section 4.10.4.5.2 GC with ReplicationIn this section we extend the reference-listing algorithm to cope with replication.The main issues are the safety and asynchrony of the cross-bunch collector inpresence of multiple replicas, which are not necessarily coherent.4.5.2.1 Union RuleWe now explain how the cross-bunch collector is ensured to be safe in presence ofreplication. The safety problem of the reference-listing algorithm is illustratedby the following example.Suppose that object y is replicated in multiple processes such that pointerCy!Dz has many images: (Cy)p1 ! Dz, : : :, (Cy)pn ! Dz observed by pro-cesses p1; : : : ; pn, respectively. Then, scanning only the owner's replica of anobject y alone, is not safe. Thus, the question is in what circumstances can thecross-bunch collector delete scion(Cy;Dz), therefore allowing z to be reclaimed.Given that there are multiple replicas of y, not necessarily all coherent, theanswer is: scion(Cy;Dz) can be deleted only after z has become unreachablefrom all replicas of y. As already mentioned (recall Section 4.3.3) we call thisthe union rule: a scion pointing to a target object z can be safely deleted onlyafter the corresponding stubs have disappeared in all replicas of the sourceobject.This rule is implemented by the owner of the source object. The owner eval-uates the union of the stubs of all replicas (of the source object); then, ifthe result is an empty set, it may issue a <send.delete.scion> for the corre-sponding scion. In other words, a process caching a replica yi informs theowner of y, process j, of yi's stubs by a union message: events <send.union(y,i;j)>i and <deliver.union(y, i;j)>j. Then, the owner process j performs theunion of all stubs for all y's replicas. If the resulting set is empty, it performs<send.delete.scion(Cy, Dz)>j.Many DSM coherence protocols impose that only the owner of an object ycan write it (e.g., entry-consistency [14]). In this case, a non-owner replica yicannot cause an object unreachable from yi to become reachable, because to doso requires writing y in process i. Thus, the set of stubs at a non-owner processis monotonically decreasing. Therefore, the union rule can be implementedcheaply, using asynchronous FIFO communication.
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Figure 4.7: Prototypical example of mutator execution (replicated case) illus-trating the creation and destruction of cross-bunch pointers. Objects are shownin bold, on their owner process.4.5.2.2 PromptnessIn this section we study how long the creation of a stub can be safely delayed,extending the promptness condition to the replicated case.Without loss of generality, consider the prototypical example illustrated in Fig-ure 4.7 (replicated case of Figure 3.2). Objects x and y are located in bunchesB and C, respectively. Bunch C is cached by processes i and j. Object x isowned by i, y is owned by j, and z is owned by k. Initially xi is null and bothreplicas of y point to object z located in bunch D. Then, the mutators withinprocesses i and j execute the operations <x := y>i, <y := 0>i, and <y := 0>j,such that in the end x points to z and y is null. (Note that instead of <y :=0>i, a propagate of y from j to i, would have the same e�ect: both replicas ofy no longer pointing to z.)As in the non-replicated case we want to render the cross-bunch collector asyn-
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CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 86chronous to mutators. So, once again, we must answer the question: for howlong can the creation of scion(Bx;Dz) be safely delayed?This issue is illustrated in Figure 4.8: suppose that the creation of scion(Bx;Dz)(due to <x := y>i) is delayed in such a way that <deliver.delete.scion(Cy, Dz)>kis executed �rst. Then, z could be unsafely reclaimed by GCk(D), because thereis no scion protecting z (note that z is still referenced from x).We can use the same unrealistic algorithm described for the non-replicated case(recall Section 4.5.1): before GCk(D), scan every object in all other bunches,looking for references into D, and create any new scions as needed. However,this algorithm is even more di�cult to implement than in the non-replicatedcase because it implies synchronizing every process that might be caching aGC-dirty object replica.Safety clearly depends on the relative delivery order of create and delete eventsat process k. The promptness condition is therefore: (i) the create messagemust be sent from process i before the delete message is sent from process j,i.e., create and delete messages must be sent in a safe order, and (ii) the createmessage must be delivered at process k before the delete message, i.e., createand delete messages must be delivered in a safe order.Now, consider the situation illustrated by Figure 4.9, which extends Figure 4.8with the union rule. To ensure the promptness condition, all create messagesresulting from an intra-bunch collector run must be sent before any union mes-sage in the same run, and create and delete messages are delivered in causalorder [16].To conclude, the create operation may be safely issued during all the promptnesstime period indicated in Figure 4.9 (at the latest before the union message isissued). Furthermore, causal delivery is necessary to ensure safety.4.6 Interaction of Intra-Bunch and Cross-Bunch GCIn this section we describe the interaction between the intra-bunch and cross-bunch collectors. The basic aspect is that between any two intra-bunch collec-tions in a process (not necessarily of the same bunch) the cross-bunch collectormust run. The cross-bunch collector issues the messages for creating the scionscorresponding to new stubs generated by an intra-bunch collection. These arevital for safety.Let us give an example to illustrate this. Suppose that bunches B, C and D areall cached in process i. Objects x and y are allocated in B; t in C; z in D. Now,the mutator modi�es x and y by creating pointers By!Dz and Bx!Ct. Thus,x and y are GC-dirty. This situation is illustrated in Figure 4.10 (no scionsprotecting t and z for the moment). Then, when GCi(D) runs, the intra-bunchcollector must scan all GC-dirty objects in i because they may contain pointersto objects in D (this is the case of y). As x and y are scanned, z is reachable,and the corresponding stubs are created: stub(By;Dz) and stub(Bx;Ct). Notethat we are collecting only bunch D, thus t reachability is not considered. Now,
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Figure 4.10: Example showing the need of cross-bunch collection between eachpair of intra-bunch collections.suppose that GCi(C) runs after GCi(D) has �nished, and before the cross-bunchcollector runs in i. Objects x and y are no longer GC-dirty; thus they will notbe scanned. Because scion(Bx;Ct) does not exist yet, t is unsafely reclaimed.The execution of the cross-bunch collector after GCi(D) and before GCi(C) pre-vents this problem because it creates the scions corresponding to stub(By;Dz)and stub(Bx;Ct). It compares the stub sets before and after GCi(D) and createsscion(By;Dz) and scion(Bx;Ct).Figure 4.11 illustrates the concurrent execution of: intra-bunch collections ofa bunch replica Bi, cross-bunch collections, and mutator, in process i. Intra-bunch collections are noted intra; cross-bunch collections are noted cross; themutator execution is noted mutator; stubsi(Bi) is noted stubs(i).By computing the set di�erence stubsi(Bi)-stubsi�1(Bi), the cross-bunch collec-tor discovers the new stubs, corresponding to new outgoing cross-bunch point-ers. The cross-bunch collector then sends the messages to create the corre-sponding scions. By computing the set di�erence stubsi�1(Bi)-stubsi(Bi), thecross-bunch collector discovers the disappeared stubs. Then, the cross-bunchcollector sends the messages to delete the corresponding scions.When a stub is created, it is inserted in the most recent set of stubs. Forexample, when ith intra-bunch collection runs, the most recent set of stubs isstubsi(Bi). Thus, new stubs are inserted in this set.A new empty set of stubs is created at the beginning of each cross-bunch collec-tion. Stubs created either concurrently with or after the cross-bunch collectorare inserted in this new set. The reason for this is the following. Imagine thata stub is created while the cross-bunch collector is comparing stubsi(Bi) andstubsi�1(Bi). If the new stub is inserted in stubsi(Bi), the corresponding scionwill never be created because the next cross-bunch collector would not considerit as a new stub when comparing stubsi(Bi) and stubsi+1(Bi). Thus, the newstub, created while the cross-bunch collector runs, is inserted in stubsi+1(Bi).
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Figure 4.12: Reclaiming a cross-bunch cycle of garbage. When collecting thegroup of bunches B and C, shaded scions are not members of the GC-root.Thus, objects x, y, and z are reclaimed.Finally, observe that a set of stubs can be destroyed after the cross-bunchcollector has compared it with its successor.4.7 Reclaiming Cross-Bunch Cycles of GarbageThe intra-bunch GC algorithm is complete w.r.t. the collected bunch, i.e., itreclaims all garbage that is entirely within the bunch. However, it is incompletew.r.t. other bunches, since it does not reclaim a cycle of garbage that crossesthe bunch boundary (e.g., cross-bunch cycle in Figure 4.12: objects x, y, andz). In this section we describe our GC algorithm to reclaim such cycles anddiscuss its completeness.4.7.1 GC AlgorithmNote that the same tracing algorithm that collects a single bunch (recall Sec-tion 4.4) can collect any group of bunches. The only di�erence is that to tracea group: (i) scions for cross-bunch pointers internal to the group are not con-sidered as members of the GC-root, and (ii) tracing continues across bunchboundaries internal to the group.This algorithm reclaims a cross-bunch cycle unreachable from bunches outsidethe group, i.e., it is complete w.r.t. to the group being collected. Thus, inFigure 4.12, a group collection including bunches B and C would not considerthe shaded scions as members of the GC-root. The cross-bunch garbage cycleconstituted by objects x, y and z would therefore be reclaimed and the corre-sponding scions deleted.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 904.7.2 DiscussionThe signi�cance of group collection is that any arbitrary subset of the storecan be collected, in a single process, independently of the rest of the memory.The choice of the group to be collected is heuristic, and aims at maximizing theamount of garbage reclaimed while minimizing the cost.Larchant uses a locality-based heuristic. A group contains all the bunchescurrently cached in the process. This heuristic avoids extra I/O costs. (Recallthat this was one of the problems presented in Section 4.1.) However, it doesnot enable the reclamation of cross-bunch cycles enclosed in bunches that residepartially on disk. Also, cycles of garbage where some bunches, but not all, arereplicated in multiple processes, are not reclaimed.This garbage might be reclaimed with a more aggressive grouping heuristic. Forexample, the intra-bunch collector could force bunches to be cached in a processat the same time, even if applications do not do so naturally. This extra I/Ocost needs to be balanced against the expected gain. We intend to experimentwith the locality-based heuristic over a wide number of applications, and todo some simulation studies. Then, if experimental results mandate it, morecomplex heuristics will be the topic of future research. A full study of the mostappropriate heuristic and its cost is out of the scope of this document.4.8 Summary of GC OperationsIn this section we summarize all the operations of the Larchant model and theirimplications in terms of GC. This description (see Table 4.1) consolidates thepresentation of the GC algorithms done so far, and facilitates the understandingof the next sections in which we formally address their correctness.4.9 Correctness of Intra-Bunch GCGiven that the algorithms used by the intra-bunch collector are based on thewell known mark-and-sweep and copy techniques, their correctness can be for-mally proved with an approach similar to that found in the literature [40, 42].Thus, from the theoretical point of view, there is no particular di�culty or nov-elty in proving the safety and liveness of the intra-bunch collector. We simplypresent the invariants that must hold.On the contrary, there is no previous work regarding the proof of safety andliveness of an asynchronous cross-bunch collector in presence of replication.Thus, its correctness is formally proved in Section 4.10.4.9.1 Safety and LivenessConceptually, both the mark-and-sweep and copy intra-bunch collectors can bedescribed in terms of the tricolor algorithm introduced in Section 2.2.3.1, as
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model operations description GC implicationsmutator <x := y>i assignment operation performed modi�es the pointer graph.by process i, such that xis made to point to the objectpointed from ycoherence <send.propagate(x, i;j)>i put the contents of xi in create the correspondingthe message inOwnerPtrs;GC-clean xi and sendmessages to create thecorresponding scions(see Section 4.10.2.2).<deliver.propagate(x, i;j)>j copy the object's contents from create the correspondingthe message into xj outOwnerPtrs.intra GC <mark(x)>i mark object xi in process i color xi gray.scani(x) scan xi in process i color xi black andcreate corresponding stubs.<send.move(x, @x')>i i sends new address of x to process i moves xi toprocesses caching a pointer to x to-space and communicatesx's new address to otherprocesses.<deliver.move(x, @x')>j j receives new address of x process j moves xj toto-space.<patch(y, @x')>i on i patch y with new on i reconstruct theaddress of x pointer graph in to-space.cross GC <send.create.scion(Bx, Cy)>i i sends message to create results fromscion(Bx;Cy) GC-cleaning xi.<deliver.create.scion(Bx, Cy)>j j receives message to create create scion(Bx;Cy) in j.scion(Bx;Cy)<send.delete.scion(Bx, Cy)>i i sends message to delete results from GCi(B).scion(Bx;Cy)<deliver.delete.scion(Bx, Cy)>j j receives message to delete delete scion(Bx;Cy) in j.scion(Bx;Cy)<send.union(y, i;j)>i i sends union message to j results from GCi(C).<deliver.union(y, i;j)>j j receives union message from i apply union rule in j.Table 4.1: Summary of operations in the Larchant model.
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(a) mark-and-sweepFigure 4.13: Intra-bunch GC represented as a tricolor algorithm. The \read"transition represents an assignment operation in which the object appears inthe right-hand side; the \write" transition represents an assignment operationin which the object appears in the left-hand side.illustrated in Figure 4.13. The fourth color, gray-log, models the fact that amutator may modify an object that has already been scanned.5The di�erence between schemes (a) and (b) in Figure 4.13 is due to the factthat with the copy algorithm, when an object that has already been moved iswritten by the mutator, it is necessary to move it again to the same addressin to-space (recall the replication-based technique in Section 2.2.3.1). Thisdi�erence is irrelevant from the point of view of correctness. In fact, scheme(b) also describes the mark-and-sweep algorithm if we accept to \re-mark" anobject (the move operation between colors gray-log and gray would be replacedby a \re-mark") and to (unnecessarily) change an object's color from gray togray-log when it is written even if not yet scanned.Given the replication technique of the copy collector, there are two replicas thatmust be considered: the object in from-space and its replica in to-space. Thus,each color identi�es the merged state of both from-space and to-space replicasof an object as explained now.The colors have the following meaning:� mark-and-sweep algorithm:{ white: object not yet marked;{ gray: object already marked but not yet scanned;5Recall that the object's address is inserted in the GC-log if the mutator modi�es it afterhaving been scanned; this is the rational for the name gray-log.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 93{ black: object already marked and scanned;{ gray-log: object written after being marked and scanned.� copy algorithm:{ white: object in from-space, not yet moved;{ gray: object in from-space already moved, and object in to-space notyet scanned;{ black: object in from-space already moved, and object in to-spacealready scanned;{ gray-log: object in from-space written after it has been moved andafter object in to-space has been scanned.Before an intra-bunch collection starts, every object is white. When an objectis reached by the intra-bunch collector while traversing the pointer graph, thecollector colors it gray. (This coloring consists of setting a mark bit associatedto the object in case of a mark-and-sweep collector, or of moving the objectto to-space in case of a copy collector.) A gray object becomes black afterhaving been scanned (and patched in case of a copy collector). If a black objectis written by the mutator, it becomes gray-log. With the mark-and-sweepalgorithm, a gray-log object becomes black after having been scanned. Withthe copy algorithm, a gray-log object becomes gray after having been moved.The invariant that the intra-bunch collector must ensure is the following: blackobjects may not point to white objects. In the case of a copy collector, an-other invariant must be ensured: the mutator only accesses from-space objects.These invariants are typical of the corresponding basic GC algorithms with theincremental/concurrent functioning mode (recall Section 2.2.3.1).It's worthy to note that the tricolor algorithm applies not only to the collectionof a non-replicated bunch but also to the collection of a replicated one. Theonly di�erence resides in the move operation (when using a copy collector) asexplained now. When the process where the intra-bunch collector is runningowns the object to be moved (being \grayed") the collector proceeds as in thenon-replicated case, i.e., sends a move message, including to itself; thus it movesits object replica to to-space. If the process does not own the object, then it willreceive the object's address in to-space when the corresponding move messageis delivered (sent by the owner). Then, it moves the object to to-space. (Notethat the collector does not have to block while waiting for the move message aswill be explained in Section 5.4.2; in addition, it can 
ip even without havingreceived such messages, as explained in Section 4.4.2.4.)4.10 Correctness of the Cross-Bunch GCIn this section we prove the correctness of the cross-bunch GC algorithm. We�rst use a simpli�ed model of the cached distributed shared store, withoutreplication. Then, we extend the proof to the case where objects are replicated.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 944.10.1 Cross-Bunch GC without ReplicationIn this section, we describe rigorously the cross-bunch GC algorithm withoutreplication. We present the invariants that must hold, and prove the algorithmis safe and live.Given that for the time being we consider there is no replication, no coherenceevents appear. Thus, we introduce the concept of holder. The holder is theequivalent of owner in the replicated case: at any point in time, an object iscached by a single process which we call its holder. The model does not specifyhow or when the holder process may change.We de�ne the propagate operation in the non-replicated case as follows. Whenobject x held by process i is propagated to j by operations <send.propagate(x,i;j)>i and <deliver.propagate(x, i;j)>j, it is thereafter held by j and not by i;we say that x migrates from i to j. (Note that when an object x migrates, allthe stubs corresponding to its outgoing pointers, and the scions pointing to x,are also migrated.)4.10.1.1 SafetyThe cross-bunch GC algorithm must satisfy the following obvious safety invari-ant:Safety Invariant 1 No reachable object is reclaimed.Since we are considering only cross-bunch pointers, the above invariant is equiv-alent to:Safety Invariant 2 (8 B, 8 x 2 B: 9 Bx!Dz)) (9 E, 9 t 2 E: 9 scion(Et;Dz))This reads \if any object points to z, then some scion protects z." Note that thisis weaker than the more intuitive \if x points to z, then scion(Bx;Dz) exists";indeed, the scion that protects z does not need to match the pointer.Given that an object may be reclaimed only when its enclosing bunch is col-lected, scion(Et;Dz) is only needed at the time of GCk(D), i.e., when D is col-lected in some process k. In other words, Safety Invariant 2 is only evaluatedat the time of GCk(D). Under this assumption, Safety Invariant 2 is equivalentto:Safety Invariant 3 (8 B, 8 x 2 B: 9 Bx!Dz)) (9 E, 9 t 2 E: 9 scion(Et;Dz)at the time of GCk(D) for the process k holding D)This reads \at the time D is collected in process k, if any object points to z,then some scion protects z." The scion is needed only at the time when thetarget bunch D is collected.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 954.10.1.2 AlgorithmLet us return to the prototypical example illustrated in Figure 4.5, and observethat the initial situation satis�es Safety Invariant 2. At the time of <x := y>i,object z is reachable (from y) and is protected by some scion, say scion(Et;Dz)(presumably, but not necessarily, E=C and t=y). As long as that scion continuesto exist, it is safe to delay the creation of scion(Bx;Dz).The following rules and algorithm ensure the correctness of the cross-bunchcollector (intuitively presented in Section 4.5.1) as will be formally proved inthe next sections:Comprehensive Scanning RuleWhen an intra-bunch collection takes place at process i, every GC-dirtyobject y held by i must be GC-cleaned.6GC-Clean Migration RuleAn object can be migrated from process i only if every object held by i isGC-clean, and the messages to create the corresponding scions have beensent.Cross-Bunch Collection AlgorithmAt process i, between each pair of intra-bunch collections, execute thesesteps in the following order:1. For all new cross-bunch stubs, perform the corresponding <send-.create.scion>i.2. For all disappearing cross-bunch stubs, perform the corresponding<send.delete.scion>i.The Comprehensive Scanning Rule means that when an intra-bunch collectiontakes place in process i every GC-dirty object (locally held) must be scanned,therefore creating the corresponding stubs.The GC-Clean Migration Rule means that an object cannot migrate from pro-cess i without having scanned all GC-dirty objects in i, thus after having createdthe corresponding stubs, and sent the messages to create their scions.The cross-bunch collector runs between each pair of intra-bunch collections andcompares the set of stubs before and after collection (recall Section 4.6). TheCross-Bunch Collection Algorithm ensures that for each intra-bunch collectorrun, all messages to create scions are sent before any message to delete a scion.To understand the role of the Comprehensive Scanning Rule, consider Fig-ure 4.5 after the mutator has executed <x := y>i and <y := 0>i. Then,suppose that GCi(C) runs without ful�lling the Comprehensive Scanning Rule,i.e., without GC-cleaning x. According to the Cross-Bunch Collection Algo-rithm, <send.delete.scion(Cy, Dz)>i will be sent. Thus, scion(Cy;Dz) is deleted.6Recall that when an object is GC-cleaned the corresponding stubs are created (as describedin Section 4.3.2).



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 96Then, if D is collected, object z is unsafely reclaimed. The ComprehensiveScanning Rule prevents the above scenario as it forces x to be GC-cleaned, thusstub(Bx;Dz) to be created, when GCi(C) runs; then, according to the Cross-Bunch Collection Algorithm, <send.create.scion(Bx, Dz)>i is performed before<send.delete.scion(Cy, Dz)>i. Since we assumed causal delivery, scion(Bx;Dz)is created before scion(Cy;Dz) is deleted. Consequently, z is not reclaimed byGCk(D).It is also interesting to understand the role of the GC-Clean Migration Rule.Consider Figure 4.5 after the mutator has executed <x := y>i and before <y:= 0>i. Now, suppose that object y migrates to some other process j withoutful�lling the GC-Clean Migration Rule. At this moment, the only scion thatis known to protect z is scion(Cy;Dz). Suppose that the mutator at j executes<y := 0>j, GCj(C) runs, and <send.delete.scion(Cy, Dz)>j is performed. Then,scion(Cy;Dz) no longer exists and z may be unsafely reclaimed by GCk(D).The GC-Clean Migration Rule prevents the above scenario as it forces x to beGC-cleaned, thus stub(Bx;Dz) to be created, and <send.create.scion(Bx, Dz)>ito be performed, all before object y gets propagated to j. Therefore, z is notunsafely reclaimed because scion(Bx;Dz) is created before deleting scion(Cy;Dz)(assuming causal delivery).4.10.1.3 Proof of SafetyTo prove the safety of the cross-bunch collection algorithm we start by provingthe following lemma.Lemma 1 Let x1; : : : ; xn located respectively in bunches B1; : : : ;Bn all held byprocess p, be the set of all protected objects pointing to z 2 D held by process k.Then, 8i; 1 � i � n:� xi is GC-clean ^ 9 scion(Bixi;Dz), or� 9j; 1 � j � n, xi is GC-dirty ^ 9 scion(Bjxj;Dz)This lemma says that as long as there is an object pointing to z, held by someprocess p, there exists at least a scion protecting z.Proof of Lemma 1:We prove this lemma by induction over the size of the set containing objectspointing to z, for a single process.Base case:Initially a single protected object x1 points to z: x1 2 B1 held by process p, andscion(B1x1;Dz) exists. Let x2 2 B2, also held by p, initially not pointing to z.Perform <x2 := x1>p (now x2 also points to z) therefore x2 is GC-dirty.If x1 is not assigned to thereafter, the lemma remains trivially true since x2 isGC-dirty and scion(B1x1;Dz) exists.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 97Therefore consider that x1 is changed by an assignment such as <x1 := 0>p.(The actual value of the right-hand side does not matter for the proof, exceptthat when the right-hand side is a pointer to z it is as if the assignment didnot take place.) Hence, x1 is GC-dirty. Until an intra-bunch collection takesplace at p, no <send.create.scion>p or <send.delete.scion>p is performed, andthe lemma remains trivially true since x2 is GC-dirty and scion(B1x1;Dz) exists.When an intra-bunch collection does execute in process p, by the Comprehen-sive Scanning Rule, both x2 (containing the new pointer) and x1 (previouslycontaining the pointer with a scion) are GC-cleaned because both are GC-dirty, therefore stub(B1x1;Dz) disappears (not in the new set of stubs) andstub(B2x2;Dz) is created.According to the Cross-Bunch Collection Algorithm, <send.create.scion(B2x2,-Dz)>p precedes <send.delete.scion(B1x1,Dz)>p. We assumed that messagesare delivered in causal order, hence <deliver.create.scion(B2x2,Dz)>k precedes<deliver.delete.scion(B1x1,Dz)>k. Thus, at any moment, there exists at least ascion protecting z: either scion(B1x1;Dz), or scion(B2x2;Dz), or both.Induction case:Assume a set of objects x1; : : : ; xj located respectively in bunches B1; : : : ;Bjall held by process p, pointing to z with the corresponding scions already cre-ated. Thus, object xl, 1 � l � j, points to z: xl 2 Bl held by process p, andscion(Blxl;Dz) exists.Let xj+1 2 Bj+1, also held by p, initially not pointing to z. Perform <xj+1 :=xl>p (now xj+1 also points to z) therefore xj+1 is GC-dirty.If xl is not assigned to thereafter, the lemma remains trivially true since xj+1is GC-dirty and scion(Blxl;Dz) exists.Therefore consider that xl is changed by an assignment such as <xl := 0>p.(The actual value of the right-hand side does not matter for the proof, exceptthat when the right-hand side is a pointer to z it is as if the assignment did nottake place.) Hence, xl is GC-dirty. Until an intra-bunch collection takes placeat p, no <send.create.scion>p or <send.delete.scion>p is performed, and thelemma remains trivially true since xj+1 is GC-dirty and scion(Blxl;Dz) exists.When an intra-bunch collection does execute in process p, by the Compre-hensive Scanning Rule, both xj+1 (containing the new pointer) and xl (previ-ously containing the pointer with a scion) are GC-cleaned because both areGC-dirty, therefore stub(Blxl;Dz) disappears (not in the new set of stubs) andstub(Bj+1xj+1;Dz) is created.According to the Cross-Bunch Collection Algorithm, event <send.create.scion-(Bj+1xj+1,Dz)>p precedes<send.delete.scion(Blxl,Dz)>p. We assumed that mes-sages are delivered in causal order, hence <deliver.create.scion(Bj+1xj+1,Dz)>kprecedes <deliver.delete.scion(Blxl,Dz)>k. Thus, at any moment, there existsat least a scion protecting z: either scion(Blxl;Dz), or scion(Bj+1xj+1;Dz), orboth.This terminates the induction over the size of the set containing objects pointingto z, for a single process. 2



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 98We now prove the following theorem.Theorem 1 Let x1; : : : ; xn, located respectively in bunches B1; : : : ;Bn, held byprocesses p1; : : : ; pn, be the set of all protected objects pointing to z 2 D heldby process k. Then, for each process p 2 fp1; : : : ; png, there exists an objectxm 2 Bm held by p pointing to z and scion(Bmxm;Dz) exists at k.This theorem implies Safety Invariant 2. The latter states that, whatever num-ber of cross-bunch pointers point to z 2 D, at least one scion protects z. Theo-rem 1 is stronger since it says that for each process containing a pointer to z, ascion from that process protects z. It does not say whether this scion e�ectivelycorresponds to an existing pointer to z.Proof of Theorem 1:We prove this theorem by induction over the size of the set containing processeswith pointers to z.Base case:Let p1, holding x1 2 B1, be the only process with a pointer to z. Let process p2initially not holding any object pointing to z.The only way for process p2 to gain a pointer to z is because process p1 holdingx1 pointing to z, performs the operation <send.propagate(x1, p1 ; p2)>p1 .According to Lemma 1, either scion(B1x1;Dz) exists and x1 is GC-clean, orsome other scion protecting z exists (scion(B1xm;Dz), xm 2 B1) and x1 is GC-dirty.In the �rst case, the theorem remains trivially true since scion(B1x1;Dz) existsat the instant <send.propagate(x1, p1 ; p2)>p1 is performed.In the second case, by the GC-Clean Migration Rule, process p1 must GC-cleanevery GC-dirty object in p1 and send the messages to create the correspond-ing scions. Thus, x1 is scanned, stub(B1x1;Dz) is created, and <send.create-.scion(B1x1,Dz)>p1 is performed. Therefore,<send.create.scion(B1x1,Dz)>p1 pre-cedes <send.propagate(x1, p1 ; p2)>p1 .Since we assumed that messages are delivered in causal order, <deliver.create-.scion(B1x1,Dz)>k happens before any other message sent (after the propagate)by p2 is delivered at k; in particular, a possible <deliver.delete.scion(B1x1,Dz)>ksent by p2 will be delivered at k after scion(B1x1;Dz) has been created. Thus,at all times, there exist at least a scion protecting z: either scion(B1x1;Dz) orscion(B1xm;Dz).Induction case:Let p1; : : : ; ph; 1 � h � n be the only processes pointing to z via the objectsheld x1; : : : ; xh contained in bunches B1; : : : ;Bh. Let process ph+1 initially notholding any object pointing to z.The only way for process ph+1 to gain a pointer to z is because some pro-cess pl 2 fp1; : : : ; phg holding an object xl 2 Bl, pointing to z, performs theoperation <send.propagate(xl, pl ; ph+1)>pl . According to Lemma 1, either



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 99scion(Blxl;Dz) exists and xl is GC-clean, or some other scion protecting z exists(scion(Blxm;Dz), xm 2 Bl) and xl is GC-dirty.In the �rst case, the theorem remains trivially true as scion(Blxl;Dz) exists atthe instant <send.propagate(xl, pl ; ph+1)>pl is performed.In the second case, by the GC-Clean Migration Rule, process pl must GC-cleanevery GC-dirty object in pl and send the messages to create the correspond-ing scions. Thus, xl is scanned, stub(Blxl;Dz) is created, and <send.create-.scion(Blxl,Dz)>pl is performed. Therefore, <send.create.scion(Blxl,Dz)>pl pre-cedes <send.propagate(xl, pl ; ph+1)>pl .Since we assumed that messages are delivered in causal order, <deliver.create-.scion(Blxl,Dz)>k happens before any other message sent (after the propagate)by ph+1 is delivered at k; in particular, a possible<deliver.delete.scion(Blxl,Dz)>ksent by ph+1 will be delivered at k after scion(Blxl;Dz) has been created. Thus,at all times at least one scion from p protects z. 24.10.1.4 LivenessWe assume that (i) messages for creation and deletion of scions are eventuallydelivered (in causal order), (ii) every bunch is eventually collected, and (iii)intra-bunch collection is complete w.r.t. the collected bunch.Our GC algorithm is clearly not complete because it does not reclaim cross-bunch cycles of garbage. Thus, we only consider the existence of acyclic cross-bunch garbage.We will not present here the full proof of liveness given its triviality and conse-quent lack of interest. We simply show the conditions that must hold and howthey are ensured.The obvious liveness condition is:Liveness Condition 1 An object not reachable is eventually reclaimed.Given that we are considering cross-bunch collection, Liveness Condition 1 isequivalent to:Liveness Condition 2 An object not protected by any scion is eventually re-claimed.This condition is obviously ensured by the assumptions that every bunch iseventually collected, and intra-bunch collection is complete w.r.t. the collectedbunch.Note that, for liveness we must ensure that if an object is no longer reachablefrom any incoming cross-bunch pointer, eventually no scion protects it. Thus,the following liveness condition must hold:Liveness Condition 3 An object no longer reachable is eventually not pro-tected.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 100This condition is obviously ensured because: (i) we assumed that every bunch iseventually collected and intra-bunch collection is complete w.r.t. the collectedbunch, therefore eventually there will be no stubs for disappearing outgoingpointers, and (ii) we assumed that messages for deletion of scions are eventuallydelivered. Therefore, a scion representing a incoming cross-bunch pointer nolonger existing, will be eventually deleted.4.10.2 Cross-Bunch GC with ReplicationIn this section, we describe rigorously the cross-bunch GC algorithm with repli-cation. We present the invariants that must hold, and prove the algorithm issafe and live. (Recall that in our coherence model, Section 3.3.5, we assumethat all data is cached by every process.)4.10.2.1 SafetyThe safety invariants are the same as in the non-replicated case (see Sec-tion 4.10.1.1). Thus, we do not repeat them here.4.10.2.2 AlgorithmLet us return to the prototypical example illustrated in Figure 4.7, and observethat the initial situation satis�es Safety Invariant 2. At the time of <x := y>i,object z is reachable (from both replicas of y) and is protected by some scion,say scion(Et;Dz) (presumably, but not necessarily, E=Cj and t=yj). As long asthat scion continues to exist, it is safe to delay the creation of scion(Bx;Dz).The following rules and algorithm ensure the correctness of the cross-bunchcollector (intuitively presented Section 4.5.2) as will be formally proved in thenext sections:Comprehensive Scanning RuleWhen an intra-bunch collection takes place at process i, every GC-dirtyobject yi cached by i must be GC-cleaned.GC-Clean Propagation RuleAn object y can be propagated from its owner process i only if yi is GC-clean, and the messages to create the scions corresponding to yi's outgoingcross-bunch pointers have been sent.Cross-Bunch Collection AlgorithmAt process i, between each pair of intra-bunch collections, execute thesesteps in the following order:1. For all new cross-bunch stubs, perform the corresponding <send-.create.scion>i.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 1012. For all disappearing cross-bunch stubs: (i) process i, not owner ofan object y, whose outgoing pointer no longer exists (correspondsto the disappeared stub) sends a union message to the owner ofy, (ii) process i, owner of an object y, issues the corresponding<send.delete.scion>i if the union of all stubs (for all replicas of thesource object pointing to y) is empty.The Comprehensive Scanning Rule means that when an intra-bunch collectiontakes place in process i every GC-dirty object (locally cached) must be scanned,therefore creating the corresponding stubs.The GC-Clean Propagation Rule means that an object y cannot be propagatedfrom its owner process i without having GC-cleaned it, thus after having createdthe corresponding stubs, and sent the messages to create their scions.The cross-bunch collector runs between each pair of intra-bunch collections andcompares the set of stubs before and after collection (recall Section 4.6). TheCross-Bunch Collection Algorithm ensures that for each intra-bunch collectorrun, all messages to create scions are sent before any union or delete messages. Itis always the owner process of an object y that applies the union rule (concerningy's stubs), i.e., the owner checks if the union of all stubs for all replicas of y isempty.To understand the role of the Comprehensive Scanning Rule, consider Fig-ure 4.7 after mutators have executed <x := y>i, <y := 0>i, and <y := 0>j.Then, suppose that GCi(C) runs without ful�lling the Comprehensive ScanningRule, followed by the cross-bunch collector that sends a union message to j(owner of y) indicating that stub(Cy;Dz) has disappeared in process i. Accord-ing to the Cross-Bunch Collection Algorithm, <send.delete.scion(Cy, Dz)>j willbe executed. Thus, scion(Cy;Dz) is deleted in k. Then, if D is collected, objectz is unsafely reclaimed. The Comprehensive Scanning Rule prevents the abovescenario as it forces xi to be GC-cleaned when GCi(C) runs, thus stub(Bx;Dz)to be created in process i; then, according to the Cross-Bunch Collection Algo-rithm, <send.create.scion(Bx, Dz)>i is performed before j applies the union ruleand executes <send.delete.scion(Cy, Dz)>j. Since we assumed causal delivery,scion(Bx;Dz) is created before scion(Cy;Dz) is deleted. Consequently, z is notreclaimed by GCk(D).It is also interesting to understand the role of the GC-Clean Propagation Rule.Consider Figure 4.7 after the mutator has executed <x := y>i and before <y:= 0>i. Now, suppose that object xi is propagated to some process w (in theabsence of the GC-Clean Propagation Rule) and then xi is assigned in sucha way that it no longer points to z. At this moment, the only scion thatprotects z is scion(Cy;Dz). Suppose that both replicas of y are modi�ed by themutators in processes i and j such that they no longer point to z. Hence, bythe Cross-Bunch Collection Algorithm, scion(Cy;Dz) is deleted. Thus, z may beunsafely reclaimed by GCk(D) (xw still points to z). The GC-Clean PropagationRule prevents the above scenario as it forces <send.create.scion(Bx, Dz)>i to beperformed before xi is propagated to w.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 102Note that the GC-Clean Propagation Rule is weaker than its non-replicatedcounterpart (GC-Clean Migration Rule). While the latter requires every locallyheld GC-dirty object to be GC-cleaned before the migration, the former requiresonly the object being propagated to be GC-cleaned. This is due to the fact thatwhen an object is propagated (replicated case) a replica of the object and itsstubs remain in the owner process. Thus, they are still \seen" by the cross-bunch collector in that process. On the contrary, in the non-replicated case,when an object is migrated its stubs go along. Thus, they will not be \seen"by the cross-bunch collector in the source process.4.10.2.3 Proof of SafetyTo prove the safety of the cross-bunch collection algorithm, we start by provingthe following Lemma.Lemma 2 Let x1; : : : ; xn be the set of all protected objects, located in bunch B,pointing to z 2 D owned by k. Let p1; : : : ; pm be the set of all processes cachinga replica of xi. Then, 8i; 1 � i � n:� xi is GC-clean ^ 9 scion(Bxi;Dz), or� 9j; 1 � j � n, xi is GC-dirty ^ 9 scion(Bxj ;Dz)This lemma says that, as long as there is a replica of some object x located inB, pointing to z, cached in some process, there exists a scion protecting z.Proof of Lemma 2:We prove this lemma by induction (i) over the size of the set containing objectspointing to z, and (ii) over the size of the set containing processes cachingreplicas of the objects pointing to z.Base case:Initially there is a single object x1 2 B pointing to z, x1 is owned by process p1,scion(Bx1;Dz) exists, x2 2 B does not point to z and is also owned by p1, andneither x1 nor x2 are cached in p2. This initial situation obviously veri�es thelemma as x1 is GC-clean and scion(Bx1;Dz) exists.Now, perform <x2 := x1>p1 ; thus, x2 points to z and is GC-dirty. If x1 is notassigned to thereafter, the lemma remains trivially true as x1 is GC-clean andscion(Bx1;Dz) exists.Therefore, consider that x1 is changed by an assignment such as <x1 := 0>p1(the actual value of the right-hand side does not matter for the proof, ex-cept that when the right-hand side is a pointer to z it is as if the assign-ment did not take place.) Hence, x1 is GC-dirty. Until an intra-bunch collec-tion or a propagate operation takes place at p1, no <send.create.scion>p1 or<send.delete.scion>p1 is performed, and the lemma remains trivially true sincex2 is GC-dirty and scion(Bx1;Dz) exists. We examine these two cases now:intra-bunch collection and propagate operation in p1.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 103When an intra-bunch collection does execute in process p1, by the Compre-hensive Scanning Rule, both x2 (containing the new pointer) and x1 (previ-ously containing the pointer with a scion) are GC-cleaned because both areGC-dirty, therefore stub(Bx1;Dz) disappears (not in the new set of stubs) andstub(Bx2;Dz) is created.According to the Cross-Bunch Collection Algorithm, event <send.create.scion-(Bx2,Dz)>p1 precedes <send.delete.scion(Bx1,Dz)>p1 . We assumed that mes-sages are delivered in causal order, hence <deliver.create.scion(Bx2,Dz)>k pre-cedes <deliver.delete.scion(Bx1,Dz)>k. Thus, at any moment, there exists atleast a scion protecting z: either scion(Bx1;Dz), or scion(Bx2;Dz), or both.Therefore, the lemma remains true when an intra-bunch collection occurs inp1.Now, we consider a propagate operation. Before a <send.propagate(x2, p1 ;p2)>p1 takes place, according to the GC-Clean Propagation Rule, x2 is GC-cleaned. Therefore x2 is scanned, stub(Bx2;Dz) is created and <send.create-.scion(Bx2,Dz)>p1 is performed. Therefore, the lemma remains true as x2 isGC-clean and scion(Bx2;Dz) exists.Induction case:Let p1; : : : ; ph; 1 � h � m be the only processes caching objects x1; : : : ; xj ; 1 �j � n, all 2 B, all pointing to z 2 D owned by k. The scions for the pointersfrom x1; : : : ; xj to z do exist. Object xj is owned by pw, 1 � w � m.Let object xj+1 owned by pw, initially not pointing to z, and process ph+1initially not caching any object pointing to z.Now, perform <xj+1 := xj>pw ; thus, xj+1 points to z and is GC-dirty. If xj isnot assigned to thereafter, the lemma remains trivially true as xj is GC-cleanand scion(Bxj ;Dz) exists.Therefore, consider that xj is changed by an assignment such as <xj := 0>pw(the actual value of the right-hand side does not matter for the proof, ex-cept that when the right-hand side is a pointer to z it is as if the assign-ment did not take place.) Hence, xj is GC-dirty. Until an intra-bunch collec-tion or a propagate operation takes place at pw, no <send.create.scion>pw or<send.delete.scion>pw is performed, and the lemma remains trivially true sincexj+1 is GC-dirty and scion(Bxj ;Dz) exists. We examine these two cases now:intra-bunch collection and propagate operation in pw.When an intra-bunch collection does execute in process pw, by the Compre-hensive Scanning Rule, both xj+1 (containing the new pointer) and xj (pre-viously containing the pointer with a scion) are GC-cleaned because both areGC-dirty, therefore stub(Bxj;Dz) disappears (not in the new set of stubs) andstub(Bxj+1;Dz) is created.According to the Cross-Bunch Collection Algorithm, event <send.create.scion-(Bxj+1,Dz)>p1 precedes <send.delete.scion(Bxj ,Dz)>p1 . We assumed that mes-sages are delivered in causal order, hence <deliver.create.scion(Bxj+1,Dz)>k pre-cedes <deliver.delete.scion(Bxj ,Dz)>k. Thus, at any moment, there exists atleast a scion protecting z: either scion(Bxj ;Dz), or scion(Bxj+1;Dz), or both.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 104Therefore, the lemma remains true when an intra-bunch collection occurs inpw.Now, we consider a propagate operation. Before a <send.propagate(xj+1, pw ;ph+1)>pw takes place, according to the GC-Clean Propagation Rule, xj+1 isGC-cleaned. Therefore xj+1 is scanned, stub(Bxj+1;Dz) is created and <send-.create.scion(Bxj+1,Dz)>pw is performed. Therefore, the lemma remains true asxj+1 is GC-clean and scion(Bxj+1;Dz) exists.This terminates the induction over the size of the set containing objects pointingto z, and over the size of the set containing processes caching replicas of theobjects pointing to z. 2We now prove the following Theorem.Theorem 2 Let x1; : : : ; xn be the set of all protected objects pointing to z 2 Downed by process k, located respectively in bunches B1; : : : ;Bn. Let p1; : : : ; pm bethe set of all processes caching a replica of all bunches mentioned above. Then,8i; 1 � i � n, scion(Bixi;Dz) exists at k.This Theorem implies Safety Invariant 2. Whereas the latter states that, what-ever number of cross-bunch pointers point to z 2 D, at least one scion protectsz, Theorem 2 says that at least one scion per bunch containing a pointer toz, protects z. It does not say whether this scion e�ectively corresponds to anexisting pointer to z.Proof of Theorem 2:We prove this theorem by induction (i) over the size of the set containing objectspointing to z in a single process, and (ii) over the size of the set of processescaching replicas of objects pointing to z.Base case:Assume that initially x1 2 B1 and x2 2 B2 are both owned by p1, only x1 pointsto z 2 D owned by k, scion(B1x1;Dz) exists, and process p2 does not cache anyobject pointing to z. This initial situation obviously veri�es the theorem asscion(B1x1;Dz) exists.Perform <x2 := x1>p1 (now x2 also points to z); therefore x2 is GC-dirty. If x1 isnot assigned to thereafter, the theorem remains trivially true as scion(B1x1;Dz)exists.Therefore, consider an assignment such as <x1 := 0>p1 (the actual value ofthe right-hand side does not matter for the proof, except that when the right-hand side is a pointer to z it is as if the assignment did not take place.) Untilan intra-bunch collection or a propagate operation takes place at p1, no <send-.create.scion>p1 or <send.delete.scion>p1 is performed, and the theorem remainstrivially true.In the �rst case, i.e., when an intra-bunch collection takes place at p1, byLemma 1 we have that at any moment, there exists at least a scion protectingz: either scion(B1x1;Dz), or scion(B2x2;Dz), or both.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 105In the second case, i.e., before <send.propagate(x2, p1 ; p2)>p1 is performed,by Lemma 2 we have that scion(B2x2;Dz) exists.Induction case:Let objects x1; : : : ; xj , located in bunches B1; : : : ;Bj, all pointing to z, all ownedby ph; 1 � h � m.Initially, xj+1 2 Bj+1, owned by ph does not point to z, scion(Bjxj;Dz) exists,and process ph+1 does not cache any object pointing to z. This initial situationobviously veri�es the theorem as scion(Bjxj;Dz) exists.Perform <xj+1 := xj>ph (now xj+1 also points to z), therefore xj+1 is GC-dirty. If xj is not assigned to thereafter, the theorem remains trivially true asscion(Bjxj;Dz) exists.Therefore, consider an assignment such as <xj := 0>ph (the actual value ofthe right-hand side does not matter for the proof, except that when the right-hand side is a pointer to z it is as if the assignment did not take place.) Untilan intra-bunch collection or a propagate operation takes place at ph, no <send-.create.scion>ph or<send.delete.scion>ph is performed, and the theorem remainstrivially true.In the �rst case, i.e., when an intra-bunch collection takes place at ph, byLemma 1 we have that at any moment, there exists at least a scion protectingz: either scion(Bjxj;Dz), or scion(Bj+1xj+1;Dz), or both.In the second case, i.e., when event <send.propagate(xj+1, ph ; ph+1)>phhappens, by Lemma 2 we have that scion(Bj+1xj+1;Dz) exists. 24.10.2.4 LivenessJust as for the non-replicated case, we simply show the liveness conditions thatmust hold and how they are ensured. The proof of liveness is equally trivial,thus not interesting.The liveness conditions are the same as in the non-replicated case (recall Sec-tion 4.10.1.4). Therefore, we do not repeat them here.We add another assumption to those made for the non-replicated case: weassume that union messages are eventually delivered.Liveness Condition 3 is obviously ensured because: (i) we assumed that everybunch is eventually collected and intra-bunch collection is complete w.r.t. thecollected bunch, therefore eventually there will be no stubs for disappearingoutgoing pointers, (ii) we assumed that union messages are eventually delivered,and (iii) messages for deleting scions are eventually delivered. Therefore, ascion representing a incoming cross-bunch pointer no longer existing, will beeventually deleted.



CHAPTER 4. GARBAGE COLLECTION IN LARCHANT 1064.11 SummaryIn this chapter we described the GC algorithm designed for Larchant. Weshowed how GC is made scalable and asynchronous to applications, how thecoherence interference problem is solved, and formally proved its correctness.Our GC combines partitioned tracing with reference-listing. A bunch replicais collected independently from the rest of the memory, and concurrently withmutators. The reference-listing algorithm runs asynchronously to applicationsand manages sets of stubs and scions (describing cross-bunch pointers). Weassume causal delivery.Cycles of garbage are reclaimed by collecting groups of bunches at the sametime. Such groups are formed according to a very simple heuristic that doesnot introduce extra I/O cost: a group contains all the bunches currently cachedin the process.Both mark-and-sweep and copy collectors can be used for intra-bunch collec-tion. With replicated objects, both algorithms are capable of making progresswithout requiring coherent data, therefore no coherence operation is needed forGC purposes.The union rule is a fundamental aspect of both intra-bunch and cross-bunchcollection; it ensures safety in presence of replicated objects which are notnecessarily coherent. Basically, the union rule says that a target object canbe reclaimed only if it is not reachable from any replica of its source objects(independently of their location, either in the same or in a di�erent bunch).Our GC algorithm is widely applicable given its asynchrony to applications,and the minimum assumptions we made concerning objects coherence.



Chapter 5Implementation of GC inLarchantThe overall goal of this chapter is to present the most important aspects con-cerning the implementation of the GC algorithm in Larchant. We describeboth mark-and-sweep and copy intra-bunch collectors, and the reference-listingcross-bunch collector.First, we give a high-level view of the architecture of Larchant. Then, wedescribe the prototype implementation, without getting into much detail. Adetailed analysis would necessitate an exhaustive study of the source code,which is out of the scope of this document.Then, we describe the coherence protocol we implemented: entry-consistency[14]. It follows the intra-bunch collector (mark-and-sweep and copy algorithms)and the cross-bunch collector. We focus on their interaction with entry-consis-tency. This description shows how the general solutions presented in Chapter 4are applied to the particular algorithms implemented in the prototype.Then we make some considerations concerning the impact of the size of thecoherence granule on the collection algorithm. We �nish this chapter with thedescription of the programming restrictions imposed by GC when using theC++ language.5.1 ArchitectureIn this section we describe the Larchant architecture. We give a high-level viewof its major components. The goal of this description is to present the maincharacteristics of the prototype in which the garbage collector is integrated.5.1.1 BasicsApplications share a single 64-bit address space spanning every site in the net-work, including secondary storage. Objects are identi�ed by their virtual ad-107
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Figure 5.1: Larchant architecture.dress, and are replicated via a DSM mechanism with the entry-consistencyprotocol.Applications explicitly start, commit, and abort transactions. We use a verysimple transaction model [13]: single-process transactions, two-phase locking.Each transaction updates a cached image of the store in virtual memory. Thestore goes from one stable state to another by means of a commit operation.Since transactions are single-process, only one process (among those sharinga bunch at the same time) commits a transaction; we call that process theprincipal. The principal of a bunch is the process that initiated the transactionenclosing that bunch. The other processes sharing the same bunch at the sametime are called associates. The store is updated with the cached image held bythe principal.The overall architecture of Larchant is illustrated in Figure 5.1. On each sitethere is a Unix process called Cache Manager (CM). Its main task is to serveapplications requests, and manage a local cache of bunches.The Object Repository (OBR) process manages the stable store. (As explainedafterwards, there can be several OBRs for increased performance and reliabil-
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Figure 5.2: High-level view of an application process.ity.) Its mains task is to store (committed) data on disk and serve requestsissued by CMs.We now describe the most important structural aspects of the Larchant archi-tecture. This concerns applications, cache management, object storage, root ofpersistence, address space management, and garbage collection.5.1.2 ApplicationsFigure 5.2 gives an high-level view of the internal organization of an applicationprocess. An application process is composed of the application code, one ormore Bunch Managers, and a Bunch Manager eXecutive (BMX), all linkedtogether. We now explain the functionality of bunch managers and BMX.The concept of bunch manager [53] is key to the 
exible support of multiple datamanagement policies in Larchant. (Recall that objects are allocated in bunches;thus, a bunch can be seen as a container for objects.) Such policies can be, forexample, the binding protocol (what kind of mechanism can be used to remotelyaccess a bunch, RPC or DSM) [107], a coherence engine that implements anoptimized coherence protocol for the bunch, the most appropriate GC algorithmfor the bunch, etc.To support such a variety of policies, each bunch has an associated user-levelobject, called its bunch manager. The bunch manager implements the poli-cies most appropriate to the objects allocated inside the corresponding bunch.Bunch managers can be improved, modi�ed, or developed by experienced ap-plication programmers.An application programmer links the application code with the bunch managerlibraries he thinks are most appropriate for managing its data. For example,if an application only uses objects that are known to be never shared, theapplication programmer will use a very simple bunch manager, that lacks acoherence engine, to allocate the application objects. A more realistic exampleis that of an application that generates a large amount of objects whose majority



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 110remains reachable for a very short period of time. In this case, the applicationprogrammer will use a bunch manager providing a garbage collector based onthe copy algorithm. In fact, a copy algorithm is the most appropriate for thissituation (as mentioned in Chapter 2).The BMX is a library that is linked with each application running on top ofLarchant. It allows the application code to interact with the rest of the system(the local CM, more exactly) via bunch managers. BMX provides basic supportfor the specialized policies implemented by bunch managers. In particular, itimplements the minimal generic mechanisms of coherence management andgarbage collection that are used by bunch managers. For example, the BMXstarts a group garbage collection, including every bunch cached by the process,by up-calling the corresponding GC methods provided by the bunch managers.5.1.3 Cache ManagerOn each client site there is a CM process. It serves applications requests per-formed through their BMX library, manages the slices of the shared 64-bitaddress space which are reserved for the creation of new bunches by local ap-plications, and collects cached bunches when they are not being used locally.We describe brie
y each one of these functions now.A fundamental request served by CMs is that of getting a bunch not yet mappedin a process, for application access. In other words, a CM serves bunch faultsas explained now. When an application accesses an object in a bunch not yetmapped in the process, a bunch fault is automatically generated in the bindingmethod of corresponding bunch manager (recall the binding policy mentionedin the previous section). The bunch manager issues a request, for the faultedbunch, to the BMX. Then, the BMX forwards the request to the local CMthat looks for the bunch in its cache. Then, there are the following possibleevolutions:� The CM �nds the bunch in its cache.It returns immediately the bunch contents to the BMX that forwards it tothe bunch manager. The bunch manager maps the bunch in the processand the application resumes.� The faulted bunch is not in CM's cache.The CM asks the bunch to the OBR, which can reply either with thebunch contents or with the identi�cation of the principal's CM. (Theprincipal's CM is the CM on the site where the principal executes.)1In the �rst case, we proceed as in the previous item. In the second case,the CM sends a request to the principal's CM, asking for the bunch.This CM forwards the request to the principal's BMX which upcalls the1Recall the de�nitions of principal and associate given in Section 5.1.1: the principal ofa bunch is the process that initiated a transaction enclosing that bunch; the other processessharing the same bunch at the same time are called associates.



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 111binding method of the corresponding bunch manager. The reply from thebunch manager depends of the binding policy: it allows the sharing of thebunch via DSM or RPC. Here we only address the DSM case: the bunchmanager replies with the bunch contents to the principal's BMX, whichforwards it to the principal's CM, which also forwards the reply to theCM serving the bunch fault. Now, we proceed as in the previous item.Note that, in the above description, when we say that the bunch contents aresent to the application, this does not mean that all the bunch is sent at once.In fact, this is done lazily, i.e., we only send those objects (and some systeminformation) that are e�ectively needed to allow the application to proceed.Another important request served by CMs is that of obtaining a coherent replicaof an object. When an application needs a coherent replica of an object whoseenclosing bunch has already been mapped in the process, the mutator (throughthe BMX library) sends a request to the local CM. This forwards the requestto the CM in the site where the owner process is running.2 Then, this CMforwards the request to the owner. The reply with the object contents 
ows inthe opposite direction.Each CM manages the slices of the 64-bit address space reserved for the localapplications usage. New bunches created by local applications are allocated inthe mentioned slices. When local slices are exhausted, the CM gets more usinga procedure described in Section 5.1.6.Each CM can also collect the bunches kept in its cache. For this purpose, theCM launches a process where the bunches to be collected are mapped. Thegarbage collection algorithm used is the one implemented by the correspondingbunch manager. The bunches that are candidates for being collected by theCM are those that are not being used by any local application. (More detailson this in Section 5.1.7).5.1.4 Object RepositoryThe main task of the OBR is to store (committed) data on disk and serverequests issued by CMs. Figure 5.1 shows only one OBR process, howeverthere can be several for increased performance and reliability. Note that theexistence of several OBRs may lead to the need of a two-phase commit protocol[13]. We do not address this issue because it is out of the scope of this document.Recall that if a bunch is requested by a CM, and that bunch is already cached insome application process, the OBR returns the identi�cation of the principal'sCM. For this purpose, the OBR keeps for each bunch the identi�cation of itsprincipal's CM.The OBR can garbage collect any bunch of the store: it launches a processwhere the bunches to be collected are mapped and invokes the corresponding2Note the di�erence between principal and owner: the former relates to a bunch while thelatter relates to a coherence granule inside a bunch, i.e., an object. The owner of an objectin a bunch B is not necessarily B's principal.



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 112methods of their managers. More details on this in Section 5.1.7.5.1.5 Persistent RootIn Larchant there is a special persistent object called global-root which is thepersistent root of the Larchant store. The global-root object holds referencesto other objects which can be associated with human-readable names, also keptin the global-root object. It provides an interface similar to a name service asit o�ers methods to insert and remove references, to obtain a reference to anobject given its human readable name, etc.The global-root object is like any other object in the system and can be repli-cated all over the network. It is allocated in a bunch whose manager implementsa coherence protocol that ensures a single-writer multiple-reader sharing pol-icy. Note that for security reasons, the global-root object is inside a bunch thatcan be accessed for writing only by privileged processes, in particular CMs (seebunch protection in Section 5.2.2).5.1.6 Address Space ManagementLarchant supports a single 64-bit address space spanning every site in the net-work, including secondary storage. Objects are identi�ed by their 64-bit virtualaddress.In order to ensure that bunches have non-overlapping addresses, there is aspecial persistent object called Global Address Space Manager (GASM) whichmanages a free list of 64-bit address slices.Each CM holds one (or more) slice(s) for local applications usage, i.e., wherelocal applications allocate new bunches. Each time a CM needs more addressspace, it accesses a coherent replica of the GASM object, and invokes a methodto reserve a slice. A slice is freed by a CM, and returned to the GASM as a freeslice, when the bunches allocated inside it become empty, i.e, no longer containany reachable object.The GASM object is just like any other object in the system. It is referencedfrom the global-root object, and can be replicated all over the network. Itis allocated inside a bunch whose manager implements a coherence protocolthat ensures a single-writer multiple-reader sharing policy. Note that for secu-rity reasons, the GASM object is inside a bunch that can be accessed only byprivileged processes, in particular CMs (see bunch protection in Section 5.2.2).5.1.7 Garbage CollectionEach bunch is collected by a speci�c GC algorithm which is implemented bythe corresponding bunch manager. A bunch can be collected in the applicationprocess, or in a process launched by a CM or by the OBR. Note that in the lasttwo cases, the process in which the collector runs does not contain a mutator.This is equivalent to run the collector in GC-only mode.



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 113The GC of a bunch being used by an application, can be started either by thebunch manager or by the process's BMX. In the �rst case, the goal is to collecta single bunch. The collection starts because the bunch manager detected thatthe bunch size has reached some threshold, or because the application explicitlyrequired so.In the second case (collection started by the BMX) the goal is to collect everybunch in the process at the same time, in order to reclaim cross-bunch cycles.This collection starts when the amount of memory allocated by the bunchesmapped in the process reaches some threshold, or when the application requiresit explicitly through a bunch manager.The CM collects the bunches kept in its cache. A goal of this GC is to reclaimcross-bunch cycles in the group of bunches cached by the CM. Another goalis to collect those bunches whose size has increased considerably since theywere cached, and were not collected while being used by applications. Thesebunches are suspected to contain a large amount of unreachable objects. Thus,the bunches that are candidates for being collected by the CM are those thatare not being used by any local application, and those that are suspected tohave a large amount of unreachable objects.The OBR collects bunches that are not being cached by any CM. The goal isto collect large groups of bunches in order to reclaim a maximum amount ofcross-bunch cycles.In summary, a GC started by the BMX reclaims small-scale cross-bunch cy-cles; a GC launched by a CM reclaims medium-scale cross-bunch cycles; a GClaunched by the OBR reclaims large-scale cross-bunch cycles. We do not gointo more details concerning when such collections are launched or, in the caseof the OBR, which heuristics can be used to form groups of bunches in orderto maximize the amount of cycles reclaimed.5.2 Prototype ImplementationWe implemented a prototype of Larchant, which is as simple as possible, yetsu�ciently complete to test the GC algorithms and to execute distributed ap-plications with persistent objects. In this section we present the main aspectsof the prototype.Larchant is programmed in C++. The total size of the system is about 45000lines. In fact, many of these lines correspond to comments and to probingmethods. The latter monitor the system internal data structures and checkinternal invariants. These monitoring code is used only for debugging.Thus, the core of Larchant (including the mark-and-sweep collector, the copycollector, the DSM mechanism with the entry-consistency protocol, the OBR,the CM, and the global-root and GASM objects) comprises about 35000 linesof C++ code.The prototype runs on a network of DEC Alpha workstations connected by



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 114FDDI. The host operating system is OSF/1 which o�ers a 64-bit address space.3We take advantage of this large address space by mapping objects at �xedaddresses, therefore avoiding the cost of swizzling [128].In the rest of this section we describe the most relevant high-level aspects con-cerning application processes, their threads and ports, and the internal structureof bunches and objects.5.2.1 Processes, Threads, and PortsThe current prototype implements a simpli�ed version of the Larchant architec-ture previously described. There is a single Unix process per site that includessome application program, linked with the BMX library and the CM code (re-call Figure 5.1). The OBR runs in a separated process.Within each application process there are the following threads, each one witha particular functionality and using one or more communication ports (seeFigure 5.3):� Collector Thread.It executes the code of the intra-bunch and cross-bunch collectors; usesport bmxUdpSend to send messages related to GC; in particular, the movemessages of a copy collector as described in Section 4.4.2.3.� Executive Thread.It executes the code of the BMX library; it uses the ports bmxTcpRecvand bmxUdpRecv on which it waits for messages requesting a bunch (TCPprotocol) or a coherence operation (UDP protocol) as described in Sec-tion 5.1.3.� Mutator thread.A mutator contains one or more threads that execute the code of theapplication program. They use (through the BMX library, thus transpar-ently to the application code) the ports bmxTcpSend and bmxUdpSend tosend requests for bunches (TCP protocol) or for coherent objects (UDPprotocol), and receive the corresponding replies.� Manager Thread.It executes the code of the CM; waits for messages on ports cmTcpRecvand cmUdpRecv requesting a bunch (TCP protocol) or a coherence oper-ation (UDP protocol); sends messages to local application processes or toremote CMs requesting bunches (cmTcpSend) or a coherence operation(cmUdpSend).3In fact, the implementation of the Alpha microprocessor we use supports a 43-bit virtualaddress space with a page size of 8 Kbytes [113].
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Figure 5.3: Sketch of Larchant implementation. The ports whose name enclosesTcp use the TCP protocol; those whose name encloses Udp use UDP. A portmarked R means that there is a thread mostly waiting on it in order to serverequests; a port marked S means that a thread uses it to send messages.Suppose that a mutator of some application process i, needs to access a bunchB, which is not yet locally mapped. (Recall the mechanism described in Sec-tion 5.1.3). Then, the mutator thread requests the faulted bunch, throughthe BMX library, to the local CM (by sending a message from bmxTcpSend tocmTcpRecv).4If the faulted bunch is not locally cached, the CM requests it to the OBR bysending a message from port cmTcpSend to obrTcp. If the local CM requests thefaulted bunch to the principal's CM, it sends a message from port cmTcpSendto principal's cmTcpRecv. This CM will forward the request from cmTcpSendto bmxTcpRecv. The reply will 
ow in the opposite direction.When a mutator needs a coherent replica of some object (located inside a bunchthat has already been mapped in the enclosing process) it uses the bmxUdpSendport (through the BMX library) to send a request message to the local CM(port cmUdpRecv). This forwards the request to the CM local to the object'sowner (from cmUdpSend to cmUdpRecv) according to the coherence protocol(see Section 5.3). The latter CM forwards the request to the object's owner (toport bmxUdpRecv). The reply 
ows in the opposite direction with the object'scontents.4In the current release, the mutator and the CM run within the same Unix process. Thus,the message exchange is just a procedure call.



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 116Finally, the bmxUdpRecv port also receives move messages from the intra-bunchcopy collector thread of another process caching a replica of the same bunch(recall Section 4.4.2.3).5.2.2 Bunches and ObjectsA bunch contains a unlimited number of segments. A segment is a set ofcontiguous virtual memory pages; it has a �xed (but arbitrary) size. Segmentsin a bunch do not need to be contiguous.Each segment is backed by a Unix �le. All �les backing segments in a bunchhave the same owner and protections. Special objects like the global-root andthe GASM are allocated in bunches owned by the administrator of the Larchantstore; therefore, they can be accessed only by privileged processes like the OBRand CMs (recall Sections 5.1.5 and 5.1.6).A segment can be mapped using Unix V shared memory, memory mapped �les,or by reading the �le into an anonymous memory mapped region. The memorymapped �le mechanism is primarily intended to be used within a local areanetwork since it can take advantage of existing distributed �le systems (such asNFS [117]).Due to garbage collection, some segments in a bunch may become empty, i.e.,with no reachable objects inside. In this case, the virtual memory space occu-pied by such a segment is freed to the corresponding CM. The CM adds thatmemory space to its list of free address space slices, for future utilization.Each object has a header which contains system-speci�c information such as itssize, its state (if it is mapped, for example), a pointer to the bunch managercorresponding to the enclosing bunch, etc. Note that accessing this informationdoes not cost any extra swapping. In fact, when Larchant needs to access it,the corresponding object is already in main memory due to application needs.On the contrary, GC speci�c information such as the color of an object might beaccessed by the collector when the corresponding object is swapped out. Thus,to avoid extra swapping costs, the color of each object is stored in a bitmapseparated from the corresponding object.5.3 Coherence EngineThe Larchant prototype supports a single bunch manager type, which coherenceengine implements the entry-consistency protocol [14], described in Section 3.4.We recall here only the most important aspects.Every shared object has a owner, which is either the process currently holdingthe object's write token, or the process that last held the write token. (Therecan either be several read tokens, or one exclusive write token associated witha shared object.)A write token can only be obtained from the object's owner. In the currentprototype a read token is also obtained from the object's owner; in the future,
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Figure 5.4: State-machine for the entry-consistency protocol.we intend to optimize this by allowing a read token to be obtained from anyprocess already holding a read token.The acquisition of a write token for an object implies the invalidation of everyreadable replica of that object in other processes. Each process receiving aninvalidation message acknowledges it via a reply.Figure 5.4 illustrates the state-machine that represents the entry-consistencyprotocol just described. The acquisition of a write token or of a read tokenis made by operations acquire-write and acquire-read, respectively. When theobject's owner is remote, acquire-write designates the execution of send.acquire-write, deliver.acquire-write, and the corresponding reply. (The same reasoningapplies to the operation acquire-read.)In Figure 5.4, the character * identi�es those requests (read or write) that arenot immediately satis�ed, i.e, they will be served once the concerned objectis released. For example, when an object is in state owner-read, a request fora write token (deliver.acquire-write) will be served only after the object's statebecomes owner; until then, the requesting thread remains blocked.5.4 Intra-Bunch Garbage CollectorOur bunch manager implements two GC algorithms: mark-and-sweep and copy.Both algorithms can be executed concurrently with the mutator, or in GC-only



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 118mode, i.e., the mutator is halted while the collector runs. When running inconcurrent mode, both algorithms are based on the replication technique fromNettles and O'Toole [91] (recall Section 2.2.3.1).In this section we present the most important implementation aspect of bothintra-bunch GC algorithms: their state-machines.The state-machine shows the states, i.e., the colors of each object (recall thetricolor algorithm described in Section 4.9) and the transitions between states.It also shows how the GC algorithm interacts with entry-consistency.The C++ code of the collectors resulted from a simple mapping (almost au-tomatic) of the corresponding state-machine into: (i) a variable (stored in abitmap) associated to each object de�ning its color, (ii) a few C++ switch in-structions that for each initial color sets the new color of the concerned object,depending of the transition, as de�ned by the state-machine.We terminate this section with a description of how GC-dirty objects are de-tected by taking advantage of the entry-consistency protocol.5.4.1 Mark-and-SweepThe mark-and-sweep algorithm in presence of the entry-consistency protocol isdescribed by the state-chart5 [60] of Figure 5.5. It results from the combinationof the state-machines of Figures 4.13-(a) and 5.4. Some aspects of the state-chart deserve special attention:� A reachable object can be made black by the collector no matter theobject coherence state, except when it is being written (write state). Inthis case, after being scanned, the object goes from gray to gray-log whichmeans that the object will have to be scanned again.� G and H are auxiliary states used only for clarity. For example, when goingfrom coherence state invalid to write due to an acquire-write operation, theobject GC state H or G is maintained. This means that from black orgray-log (state H) the object color goes to gray-log (state H); the othercolors, white and gray (state G) do not change. Similarly, the transitionfrom coherence state not-owner to write implies that the object's colorgoes from black or gray-log to gray-log (auxiliary state H is kept); in thesame coherence transition, a white object remains white, a gray objectremains gray.� The only coherence state transitions that may imply a color change arethose that end in the write state: from owner to write, from invalid towrite, and from not-owner to write. The color change is always from blackto gray-log. Any other coherence state transition does not in
uence anobject's color.5A state-chart is a visual formalism similar to, but more powerful than a state-machine.It extends the latter with the notions of depth, orthogonality, and broadcast communicationleading to more concise speci�cations.
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Figure 5.5: State-chart of an object located in a bunch which manager supportsthe entry-consistency protocol and the mark-and-sweep GC algorithm.From the state-chart it is clear that only when an object is acquired for writing,and the intra-bunch collector is running, it is necessary to perform a GC oper-ation: possibly changing the object's color from black to gray-log. In addition,it is clear that the GC algorithm never requires a coherence operation (e.g.,acquiring a read or a write token). Thus, there is no coherence interference.5.4.2 CopyIn this section we describe the state-machine of the copy collector. We payspecial attention to the interaction between the GC algorithm and the entry-consistency protocol.Given the replication technique, the state-machine describing the colors and
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CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 122from-space object (that can even be invalid) and continues tracing; theobject color remains unchanged. Later, when the object's new address isdelivered the object will be moved. In the current implementation, newaddress messages are batched and sent by the owner process into a singlemessage.� The only coherence state transitions that may imply a color change arethose that end in the write state: from owner to write, from invalid towrite, and from not-owner to write. The color change is always from grayto gray-log. Any other coherence state transition does not in
uence anobject's color.From the state-chart it is clear that only when an object is acquired for writing,and the intra-bunch collector is running, it is necessary to perform a GC oper-ation: possibly changing the object's color from gray to gray-log. In addition,it is clear that the GC algorithm never requires a coherence operation (e.g.,acquiring a read or a write token). Thus, there is no coherence interference.5.4.3 Detection of GC-dirty ObjectsAs discussed in Chapter 4, the collector must know which objects are GC-dirty.There are numerous ways to implement the detection of GC-dirty objects (orbunches).A compiler may insert a write-barrier instrumenting every pointer write, thatsets a GC-dirty bit associated with the object [127]; collecting a bunch resetsthe GC-dirty bits of its objects.If the coherence protocol only allows the owner of an object to modify it, thenwe may instead conservatively assume that any object the current process owns,is GC-dirty.Another alternative, assuming objects are protected by locks, is to set the bitwhen taking a write lock; in this case, the scan resets the GC-dirty bit onlyif the lock has been released [54]. This is the alternative we implemented inLarchant as it takes advantage of the entry-consistency protocol.To modify an object x, the entry-consistency protocol requires that the processwhere the mutator is running, holds the write token of x. So, when the mutatorperforms acquire-write of x, and before the acquisition completes, x's address isinserted in a list of GC-dirty objects.Once a GC-dirty object has been scanned, and its write token is not being held,it becomes GC-clean and is removed from the list of GC-dirty objects. Notethat during the 
ip, the intra-bunch collector scans every object whose writetoken is being held. Thus, after being scanned such an object remains GC-dirty.
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Figure 5.8: Timeline showing a possible problem with the asynchronous cre-ation of scions in presence of the entry-consistency protocol: the stub-scion pairdescribing Bx!Dz is created too late (for safety purposes).5.5 Cross-Bunch Garbage CollectorIn this section we present the most important implementation aspect of thecross-bunch collector: how the promptness condition is ful�lled (recall Sec-tion 4.5) in presence of the entry-consistency protocol: (i) all create messagesresulting from an intra-bunch collector run must be sent before any union ordelete message in the same run, and (ii) create and delete messages must bedelivered in causal order.Figure 5.8 illustrates the prototypical situation of Figure 4.8, restricted to thecase of the entry-consistency protocol, and with the di�erence that <y := 0>iis not executed. This di�erence is not relevant and makes our description moreclear. In fact, when <y := 0>j is executed, Cy!Dz is immediately \deleted"everywhere (including from yi); indeed, j holds the only valid replica of y.An interesting aspect is that the cross-bunch collector in j cannot take advantageof this implicit information (that Cy!Dz no longer exists once <y := 0>j isexecuted) because this could lead to the premature deletion of scion(Cy;Dz), asexplained now.Consider Figure 5.8: object x is owned by process i, and object y is ownedby process j. After the execution of <y := 0>j, the GCj(C) runs enabling thedetection that Cy!Dz no longer exists; as process j is the owner of y, thismeans that no other replica of y points to z. Thus, apparently, scion(Cy;Dz)could be deleted at once. Consequently, <send.delete.scion(Cy, Dz)>j couldbe performed before <send.create.scion(Bx, Dz)>i. Then, z could be unsafelyreclaimed by GCk(D) (note that Bx!Dz still exists). Therefore, in spite of theknowledge an object's owner has concerning the object's outgoing pointers, theunion message (and the corresponding union rule) is still needed.Figure 5.9 extends Figure 5.8 with the union rule: process j, the owner of y, canperform <send.delete.scion(Cy, Dz)>j only after having made the union of ally's stubs, and the resulting set is empty. Note that we add the propagation of yfrom j to i; otherwise, the new set of stubs generated by GCi(C) would containstub(Cy;Dz) and by the union rule, scion(Cy;Dz) would not be deleted.
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Figure 5.9: Figure 5.8 extended with the union message. Event<send.create.scion(Bx, Dz)>i can be delayed at most until<send.union(y, i;j)>iis sent. Note that the union message carries the causal dependency (shown inbold lines) between the create and delete messages through the use of piggy-backing.According to the Cross-Bunch Collection Algorithm described in Section 4.10.2.2,before sending the union message, the cross-bunch collector in process i issues<send.create.scion(Bx, Dz)>i. This ensures condition (i) (presented at the be-ginning of this section).Note that there is still the need for causal delivery. As we do not have a commu-nication protocol that ensures causality, we implement it using the technique ofpiggy-backing: every <send.create.scion> not yet acknowledged is piggy-backedon both the union and on the <send.delete.scion> messages, as illustrated inFigure 5.9. Another possibility would be to delay the sending of the unionmessage until every <send.create.scion> has been acknowledged. However, thismay delay inde�nitely the union message therefore compromising the livenessof the GC algorithm.5.6 GC and Coherence GranularityIn this section we make some considerations concerning how the GC algorithmsare a�ected by the size of the granule of coherence. Recall Section 3.3.1: byde�nition, an object is the granule of coherence.Basically, the GC algorithms are exactly the same independently of the numberof application objects inside a coherence granule. An important aspect is thefollowing. When a coherence granule encloses several application objects, anyGC operation done on the granule must be applied to every application object



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 125inside the granule. For example, when a granule is propagated, by the GC-Clean Propagation Rule (recall Section 4.10.2.2) the granule contents must beGC-clean; this implies that every application object enclosed in the granulemust be GC-clean.Another important aspect concerns the detection of GC-dirty objects. If anacquire-write is performed on a granule that contains several application objects,then every application object in the granule becomes GC-dirty.If a coherence granule contains every object in the bunch, the copy intra-bunchalgorithm can be optimized: since at any moment every application objectis owned by one process, all move messages 
ow from the owner. Thus, thecollector running in the owner process never receives the addresses of objectsin to-space.If the granule of coherence includes every object in a bunch, the union rule iseasier to implement because every union message sent by a process goes to thesame target: the owner of every object in the bunch.Finally, note that with a large coherence granule, such as an entire bunch,serious performance problems may arise due to false sharing.5.7 Programming RestrictionsIn this section we describe the C++ programming restrictions due to the currentimplementation of GC in Larchant. These are related to the need of knowingwhere pointers are stored: in the stacks (which is part of the GC-root) andinside objects.We �rst consider the mark-and-sweep algorithm. The collector adopts a con-servative approach (recall Section 2.2.4) concerning pointers in the stack. Inother words, any properly aligned bit pattern that could be the address of anobject is actually considered to be a pointer to that object. Such objects areconsidered reachable, therefore marked and scanned.Concerning pointers inside objects there are two possible approaches. The �rstis conservative, i.e., just like with pointers in the stack, the collector treatsanything that might be a pointer as a pointer. This approach requires noprogramming language restriction.The second approach requires the exact knowledge of pointers location insideobjects. For this purpose, the programmer must insert a macro in each class inorder to inform Larchant about pointers location. In the future we intend toeliminate this restriction by integrating in Larchant a tool that automaticallyanalyses object �les (i.e., *.o �les) and discovers where pointers are [62].Concerning pointers in the stack, the copy collector adopts a conservative ap-proach. Thus, a bit pattern in the stack whose value corresponds to a validobject address is considered as a pointer and will be patched. This is the causeof a strong C++ programming restriction: the application programmer mustensure that in the stack there are no non-pointer bit patterns whose value cor-



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 126respond to objects addresses. Otherwise, the value will be corrupted whenpatched by the collector.At �rst glance, it seems that the above restriction could be avoided simplyby not moving to to-space objects that are directly pointed from the stack.However, this is would be very costly in terms of communication and synchro-nization, for the following reason. Remember that an object's new address into-space is chosen by its owner (recall Section 4.4.2.3). Not moving an object isequivalent, in terms of the GC algorithm, to implicitly decide what is going tobe its new address. Thus, there would be a con
ict between an object's ownerthat decides to move an object, and some other process with a replica of thesame object that decides not to move it, because locally it is directly reachablefrom the stack. In other words, the former decides that the object is moved toto-space while the latter decides that its address does not change. Therefore,deciding if an object should be moved or not, which depends if it is pointedfrom the stack in some process, would incur into a high communication andsynchronization cost because every process caching a replica of the concernedobject would have to agree on the same decision.Note that if there is run-time type information enabling the di�erentiation ofpointers from other types of variables, such as in Smalltalk [67], the above C++programming restriction no longer holds. Also note that if the copy collector isused on bunches that are not being concurrently accessed by mutators, there isno programming restriction because there is no stack holding pointers to objectsin the bunch being collected. This is the case when the collection of a bunch isstarted by initiative of either the CM or the OBR (recall Section 5.1.7).The copy collector needs to know where pointers are allocated inside objects.For this purpose the application programmer must use a macro just as with themark-and-sweep collector (second approach).Finally, both collectors allow the existence of pointers to the interior of objects.5.8 SummaryIn this chapter we gave a general overview of the Larchant architecture and de-scribed our prototype. This is as simple as possible, yet su�ciently complete totest the GC algorithms and to execute distributed applications with persistentobjects.We presented the state-machines for the intra-bunch garbage collectors we im-plemented: mark-and-sweep and copy algorithms. The programming of thecollectors resulted from a simple mapping (almost automatic) of the state-machines to C++. The collectors can be executed either concurrently withmutators or in GC-only mode.We also described how the promptness condition of the cross-bunch collector isensured in presence of the entry-consistency protocol by using the union ruleand the piggy-backing technique (for causality).



CHAPTER 5. IMPLEMENTATION OF GC IN LARCHANT 127Finally, we made some considerations concerning application programming re-strictions due to garbage collection. These restrictions are mostly imposed bythe copy collector given its need for patching pointers.



Chapter 6Performance of GCAlgorithmsIn this chapter we study the performance of the GC algorithms described inthe previous chapters. This study has two goals. First, to prove the feasibilityof the GC algorithms. Second, to prove that our goals of good performance(non-disruptiveness, in particular), scalability, and coherence orthogonality arein fact achieved.The performance results we present in this chapter are aimed at validating thedesign decisions regarding the GC algorithms. In particular, we show that:� GC is non-disruptive.� GC is scalable.� There is no coherence interference due to GC.� An asynchronous cross-bunch collector has better performance than asynchronous one.The most important performance aspect concerning the intra-bunch collectoris the GC pause time, because this is the time interval during which a mutatoris halted. The GC pause time must be as small as possible in order to avoiddisruption of applications. Scalability and coherence orthogonality means thatGC pause time remains acceptable whatever the bunch size and the number ofsites caching a bunch being collected.Concerning the cross-bunch collector, the most important performance aspectis related to its asynchrony w.r.t. applications. We measure the performanceadvantage of the asynchronous creation of stub-scion pairs, and the overheadof the GC-Clean Propagation Rule when a coherent replica is acquired (recallSection 4.10.2.2).There is no standard (or widely accepted) benchmark for GC. This is an im-portant aspect that makes GC performance study a di�cult issue and preventsa fair comparison with other algorithms and systems [4]. In addition, there is128



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 129a lack of knowledge on the behavior of real distributed applications with per-sistent objects, e.g., amount of garbage, rate of object creation, rate of garbagegeneration, etc. Such data, possibly gathered in the form of trace �les, wouldbe extremely valuable for GC performance evaluation, simulation, tuning, andoptimization.Given the lack of such traces and of a widely accepted GC benchmark, wedecided to study the performance of our GC algorithms mainly with syntheticmicro-benchmarks. These benchmarks have the non-negligible advantage ofbeing easy to implement. Note that these synthetic micro-benchmarks are notassumed to model the behavior of real applications. They simply enable thestudy of the GC algorithms relative to important parameters such as bunch sizeand percentage of unreachable objects, for example. They are relevant in thesense that they allow us to understand how the collector works and to simulateworse-case situations (e.g., maximum object creation rate).In this chapter we start by presenting the environment in which the performanceresults were obtained, and the benchmarks that were used. Then, we show theGC pause time of the intra-bunch GC algorithms: �rst without replicationrelative to the percentage of unreachable objects and bunch sizes, then withreplication relative to the distribution of owned objects and number of bunchreplicas. We �nish this chapter with some GC performance results obtainedwith two small macro-benchmarks. The �rst, called TX1 [52], simulates acooperative text editor. The second, called OO7 [26], is a comprehensive testof object-oriented database performance.6.1 BasicsWe ran our benchmarks on a network of DEC Alpha workstations. Each has64 Mb of main memory, 1 Gb of disk, an 8 Kb data cache, a 512 Kb secondarycache, and a 150 MHz clock. They are connected by FDDI.The micro-benchmarks for the intra-bunch collector were performed with anapplication that keeps creating objects inside a single bunch, i.e., �lls up a bunchwith objects, and inserts some of them in a list (with a periodic distribution);objects in the list are reachable, objects not in the list are garbage. Everyobject has the same size, 128 bytes.In the rest of this chapter we present the following performance results concern-ing the intra-bunch collector. We show the GC pause time of both mark-and-sweep and copy intra-bunch collectors in both GC-only and concurrent modes.First we consider the collection of a single non-replicated bunch; we vary thebunch size and the percentage of unreachable objects. Then we consider thecase where the bunch being collected is replicated on several sites and vary thebunch size, the percentage of unreachable objects, and the percentage of ownedobjects on each site.Concerning the cross-bunch collector, we study the performance advantage ofthe asynchronous (versus synchronous) creation of stub-scion pairs. We show



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 130how long it takes to create a local stub, a local scion, and a remote scion.6.2 Mark-and-Sweep without ReplicationIn this section we study the performance of the mark-and-sweep algorithm whenapplied to a single non-replicated bunch. We study the GC pause time of theintra-bunch collector in two functioning modes: GC-only and concurrent. Weshow how GC pause time varies with the bunch size and the percentage ofunreachable objects.6.2.1 GC Pause Time in GC-only ModeWith the GC-only mode, the application is halted while the collector marksand scans all reachable objects, and sweeps all the bunch.In Figures 6.1 and 6.2 we show the GC pause time of the intra-bunch collectorrelative to the percentage of unreachable objects, for several bunch sizes. Thesegraphs con�rm the classic results: (i) GC pause times are disruptive, (ii) GCpause time increases with bunch size, and (iii) GC pause time increases as thepercentage of unreachable object decreases.Disruption is due to the GC-only functioning mode of the intra-bunch collector.Obviously, GC pause time increases with the bunch size because there are moreobjects to scan and mark, and more memory to sweep.Smaller percentage of unreachable objects means that there are more reachableobjects to mark and scan; thus, the GC pause time increases.To summarize, the mark-and-sweep algorithm in GC-only mode is extremelydisruptive, and does not scale to large bunch sizes and arbitrary number ofreachable objects.6.2.2 GC Pause Time in Concurrent ModeWith the concurrent functioning mode, GC adds no pauses on top of time-slicing. The application is halted only while the collector 
ips.1In Figure 6.3 we show the GC pause time of the intra-bunch collector relativeto the percentage of unreachable objects for several bunch sizes. Note that withthe concurrent functioning mode, GC pauses are caused only by 
ipping andhence are very short.From Figure 6.3 it is clear that the mark-and-sweep intra-bunch collector ismuch less disruptive when running in concurrent mode than in GC-only mode:in fact, GC pause time is always under 60 milliseconds.1Recall that, in the case of a mark-and-sweep collector, the 
ip is the instant when themark phase is �nished and the sweep can start.
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Figure 6.1: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.
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Figure 6.2: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.
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Figure 6.3: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.GC pause time is independent of bunch size. This is due to the fact that themajority of the GC work is done concurrently to the mutator.GC pause time is not independent of the percentage of unreachable objects.This behavior is explained as follows. When 
ipping, the collector sweeps acertain amount of memory until it reclaims 1024 objects (a con�gurable pa-rameter). This threshold ensures that once the mutator is resumed, objectallocation will not catch up the GC sweeping, i.e., the mutator does not yieldthe processor to the collector to allow it to reclaim unreachable objects, andhence obtain free space for new objects. Thus, for smaller percentages of un-reachable objects, the memory that must be swept is larger; consequently, theGC pause time increases with decreasing percentage of unreachable objects.Note that GC pause time can be made smaller if the number of objects tobe reclaimed while 
ipping decreases (i.e., less than 1024); however, in thiscase, if the mutator allocates objects at the maximum rate (as is the case ofour benchmark) it will have to yield its processor to the collector because thesweeping phase is not fast enough. Another possibility, instead of the thresholdmentioned above, would be to sweep the memory during the 
ipping for a max-imum pre-de�ned time interval (su�ciently small to be non-disruptive). Thissolution would ensure that GC pause times would always be non-disruptive.The price to pay would be (possibly) the mutator yielding the processor to thecollector, to allow the latter to sweep.To summarize, the mark-and-sweep algorithm in concurrent functioning modeis not disruptive, and it scales well with bunch size.



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 1336.3 Copy without ReplicationIn this section we study the performance of the copy algorithm when applied toa single non-replicated bunch. We study the GC pause time of the intra-bunchcollector in two functioning modes: GC-only and concurrent. We show how theGC pause time varies with bunch size and with the percentage of unreachableobjects.6.3.1 GC Pause Time in GC-only ModeWith the GC-only mode, the application is halted while the collector moves,scans, and patches all reachable objects.In Figures 6.4 and 6.5 we show the GC pause time of the intra-bunch collectorrelative to the percentage of unreachable objects, for several bunch sizes. Thesegraphs con�rm the classic results: (i) GC pause times are disruptive, (ii) GCpause time increases with bunch size, and (iii) GC pause time increases as thepercentage of unreachable objects decreases.Disruption is due to the GC-only functioning mode of the intra-bunch collector.Obviously, GC pause time increases with bunch size because there are morereachable objects to move and scan.A smaller percentage of unreachable objects means that there are more reach-able objects to move and scan; hence, GC pause time increases.The copy collector provides better (i.e., smaller) GC pause times than themark-and-sweep collector (see Figures 6.1 and 6.2). This di�erence becomesmore signi�cant as bunch size and percentage of unreachable objects increase.This is due to the fact that the copy collector only \sees" the reachable objects,while the mark-and-sweep algorithm \sees" them all.To summarize, although its performance is better than mark-and-sweep, thecopy algorithm in GC-only mode remains disruptive, and it does not scale wellto large bunch sizes and arbitrary number of reachable objects.6.3.2 GC Pause Time in Concurrent ModeIn Figure 6.6 we show the GC pause time of the intra-bunch collector relativeto the percentage of unreachable objects, for several bunch sizes. Note that inthe concurrent mode, the GC pause time corresponds to the 
ip time which isthe only time interval during which the mutator is halted.From Figure 6.6 it is clear that the copy intra-bunch collector is not disruptivewhen running in concurrent mode.GC pause time is independent of bunch size and of percentage of unreachableobjects. This is due to the fact that the majority of the GC work is doneconcurrently to the mutator. When 
ipping, the collector simply has to re-scanand move again those objects that were modi�ed by the mutator after havingbeen scanned and moved (recall Section 4.4).
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Figure 6.4: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.
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Figure 6.5: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.
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Figure 6.6: GC pause time of the intra-bunch collector relative to the percentageof unreachable objects, for several bunch sizes.To summarize, the copy algorithm in concurrent mode is not disruptive, and itscales well to large bunch sizes and arbitrary number of reachable objects. TheGC pause time is smaller with the copy collector than with the mark-and-sweep.6.4 GC Pause Time with ReplicationIn this section we study the performance of both mark-and-sweep and copy algo-rithms when applied to a single replicated bunch. We study the GC pause timeof the intra-bunch collector in two functioning modes: GC-only and concurrent.We show how the GC pause time varies with the bunch size, number of bunchreplicas, distribution of objects ownership among the sites, and percentage ofunreachable objects.We ran the benchmark used in the non-replicated case (recall Section 6.1) onseveral sites all sharing the same bunch. We varied the number of sites from 2 to6 (the maximum available in our laboratory) and ran the intra-bunch collectorin both GC-only and concurrent modes.6.4.1 Mark-and-Sweep in GC-only and Concurrent ModesThe values of GC pause time that were obtained for each site, in both function-ing modes, are the same as in the non-replicated case (see Figures 6.1 and 6.2for GC-only mode, and Figure 6.3 for concurrent mode).These results con�rm our expectations that our GC algorithm is orthogonalto coherence. In fact, given that the collector does not need coherent objects,there is no communication between sites on behalf of GC. Each site collectsindependently from any other site.



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 136time to create a local stub 0.022 millisecondstime to create a local scion 0.022 millisecondstime to create a remote scion 1.2 millisecondsTable 6.1: Time it takes to create (synchronously) stubs and scions.6.4.2 Copy in GC-only and Concurrent ModesThe values of GC pause time that were obtained for each site, in both function-ing modes, are the same as in the non-replicated case (see Figures 6.4 and 6.5for GC-only mode, and Figure 6.6 for concurrent mode).These results con�rm our expectations that our GC algorithm is orthogonal tocoherence. In fact, given that the collector does not need coherent objects, theonly messages between sites on behalf of GC are exchanged in the background(these correspond to move operations; recall Section 4.4.2.3).6.5 Cross-Bunch GCIn this section we study the most important performance aspect of the cross-bunch collector, i.e., we show the time it takes to create a stub, and to create ascion. We quantify the advantage of asynchronous, versus synchronous, execu-tion of the cross-bunch collector. We also measure the overhead of the GC-CleanPropagation Rule when a coherent replica is acquired.If the cross-bunch collector runs synchronously, every assignment operation isinstrumented in order to detect if a new cross-bunch pointer has appeared. Inthat case, the corresponding local stub and (possibly remote) scion are syn-chronously created. Creating a remote scion implies sending a message to theremote site, and to wait an acknowledgement. During all this time, the mutatoris halted. In Table 6.1, we show the time it takes to create synchronously: astub, a local scion, and a remote scion.The advantage of making the cross-bunch collector asynchronous to mutators,comes from the substantial performance gains since the mutator is not halted,it might avoid work, and enables message batching. To quantify this advantagewe ran the following benchmark: with an object containing 16 pointers, weperformed an assignment operation for each one in order to create 16 cross-bunch pointers (all pointing to the same target bunch). We measured the timethe assignment operations take and the corresponding creation of stub-scionpairs, in both synchronous and asynchronous modes. We show these values inTable 6.2.In the synchronous case, the cross-bunch pointer is detected when the corre-sponding assignment operation is executed, and the stub-scion pair is imme-diately created. With the asynchronous mode, assignment operations are notinstrumented; the object is scanned while the intra-bunch collector executes,



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 137synchronous 24 millisecondsasynchronous 1.6 millisecondsTable 6.2: Time it takes to create 16 cross-bunch pointers and the correspondingstub-scion pairs.the stubs are created locally, and the creation of remote scions is batched in asingle message. (There is a single message to acknowledge the creation of allscions.) This batching is the reason for the di�erence of performance.From these values, the advantage of running the cross-bunch collector asyn-chronously to applications is clear. If the creation of a stub-scion pair was donesynchronously with the appearance of the corresponding cross-bunch pointer(due to an assignment operation) the performance of the mutator would bepenalized accordingly.The GC-Clean Propagation Rule described in Section 4.10.2.2 says that anobject y can be propagated from its owner process i only if yi is GC-clean,and the messages to create the scions corresponding to yi's outgoing cross-bunch pointers have been sent. Thus, this rule introduces an overhead to theacquisition of a coherent replica.We measured this overhead by acquiring a coherent replica of an object (with16 outgoing cross-bunch pointers inside) with and without performing the GC-Clean Propagation Rule. The results that we obtained are the following: ac-quiring a coherent replica of the object without executing the above rule takes1,25 milliseconds; when executing the above rule, the acquisition of a coherentreplica takes 1,65 milliseconds. Thus, there is an overhead of 400 microseconds(i.e, 32%) due to the GC-Clean Propagation Rule: these are spent on scanningthe object and creating the corresponding stubs (350 microseconds) and send-ing a message to create the corresponding scions (it's a single message as allthe cross-bunch pointers point to the same target bunch: 30 microseconds forbuilding the message bu�er and 20 microseconds to send it).6.6 Macro-BenchmarksIn addition to the synthetic micro-benchmarks, we ran two macro-benchmarks.The �rst one, called TX1, simulates a cooperative text editor. A TX1 doc-ument is a hierarchical structure containing objects for sections, subsections,paragraphs, and lines. The simulator creates objects, assigns pointers, readsand writes lines of text, all randomly.We measured the GC pause times of the intra-bunch mark-and-sweep collectorwith TX1 running concurrently on one, two, and three sites, with a 4 Mbytesbunch and various amounts of garbage. GC pause times are never greaterthan 40 milliseconds. The same benchmark for the intra-bunch copy collector,presents GC pause times which are never greater than 5 milliseconds.



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 138In addition, the total GC overhead for both collectors, lays between 10% and20%, with a mean value of 14%. This value was obtained by running TX1�rst with GC and then without it, and comparing the total execution time.The values obtained with several replicas do not di�er signi�cantly from thenon-replicated case.We have also ported the well-known OO7 benchmark, widely used by the object-oriented database community. Our main goal was to test the reliability of theLarchant prototype. The standard OO7 benchmark runs on a single site.The mean GC pause time with the concurrent mark-and-sweep intra-bunchcollector is 1 second. This value is bigger than the GC pause times obtainedwith the synthetic benchmark for the following reason: with OO7, 99% ofobjects are reachable, thus while 
ipping all the memory must be swept. If thenumber of objects to be reclaimed while 
ipping is made smaller (currently, thevalue is 1024) than the GC pause times become similar to those obtained withthe synthetic benchmark.For the OO7, the GC pause times with the concurrent copy intra-bunch collectorare all less than 5 milliseconds.6.7 SummaryThe performance results presented in this chapter show that our implementa-tion of the GC algorithms is non-disruptive, is orthogonal to coherence, and isscalable.The concurrent functioning mode ensures that applications are not disruptedby long pauses, which would be annoying to the user. This is due to thefact that the majority of the GC work is done concurrently to the mutator;thus, GC pause time is independent of the bunch size, and of the percentageof unreachable objects. This aspect is clearly observed by comparing the GCpause times of the intra-bunch collectors, for both mark-and-sweep and copyalgorithms, in GC-only and concurrent modes.We also showed that GC pause times are independent of the number of replicas.This is due to the fact that the collector does not need coherent data to makeprogress.The copy collector in concurrent mode scales to large bunch sizes. Both thecopy and mark-and-sweep collectors scale to large number of replicas. Thisscalability comes from the fact that a bunch is collected independently fromthe rest of the memory, and from coherence orthogonality.In general, the copy collector provides smaller GC pause times than the mark-and-sweep collector. However, the copy algorithm requires precise knowledgeof pointer locations, which might be impracticable with some programminglanguages.We did not show any performance results concerning group collection becausewe have strong reasons indicating that they are similar to the collection of abunch whose size is equal to the sum of the sizes of the bunches in the group.



CHAPTER 6. PERFORMANCE OF GC ALGORITHMS 139We showed how much we gain by executing the cross-bunch collector asyn-chronously to the mutator, instead of doing it synchronously. The mutatorfreely assigns pointers without being slowed down by the creation of stub-scionpairs.We tested and measured the intra-bunch collector with two macro-benchmarks:a simulator of a cooperative text editor (TX1) and a standard comprehensivetest of object-oriented database performance (OO7). For both benchmarks, GCpause time is non-disruptive. However, OO7 poses some problems to the mark-and-sweep algorithm because almost every object is reachable. Thus, when
ipping, the intra-bunch collector cannot reclaim the 1024 objects required.It is important to stress the lack of widely accepted benchmarks for measur-ing GC performance. In particular, our version of the OO7 benchmark is notindicated for measuring GC because every object used in the benchmark is cre-ated when the application starts running, and there are almost no unreachableobjects. In other words, the pointer graph remains mostly unchanged. Webelieve that this behavior is typical of databases which are optimized towardssearching for relevant data (through indexing, for example) with modest up-dates and minimal cooperative read/write interaction. This is not the kind ofapplications we are interested in (recall Sections 3.1 and 3.2). However, notethat even for such database systems, our fundamental GC design aspects arestill valid: independent collection of bunches, and orthogonality to coherence.Finally, note that the source code of the current prototype is far from beingoptimized. We can achieve better results with some more e�ort. For example,we could scan the stack concurrently to the mutator instead of doing it onlywhile 
ipping.



Chapter 7ConclusionThe basic motivation for the work described in this document is to make datasharing simple and e�cient (recall Chapter 1). This is an important issuebecause an essential part of tomorrow's computing will be workers and organi-zations carrying out cooperative tasks interacting via shared data.Larchant is a Cached Distributed Shared Store based on the model of a SharedAddress Space with Persistence By Reachability. To provide the illusion of ashared address space across the network, although site memories are disjoint,Larchant implements a distributed shared memory mechanism. Data is repli-cated in multiple sites for performance and availability. Reachability is accessedby tracing the pointer graph, starting from the persistent root, and reclaimingunreachable data. This is the task of Garbage Gollection (GC).GC automatically ensures referential integrity, therefore improving programreliability and programming productivity. In addition, it may compact memorythus reducing fragmentation and improving locality.If in a centralized short-lived program GC might be considered as an expensiveluxury, in contrast, in a cached distributed shared store such as Larchant, thenightmare of manual memory-management increases as the number of objects,pointers and users scales up. Then GC becomes indispensable.In the rest of this chapter we summarize the most important issues concerningdistributed GC in a persistent shared store, for which we proposed innova-tive solutions. We analyze the achievements in the light of the GC algorithmcharacteristics and performance results. We conclude this chapter with someperspectives for future research.7.1 GC Issues and SolutionsWe addressed the following fundamental issues faced by GC in a large-scaledistributed shared store: correctness, completeness, performance, scalability,and interference with applications' coherence needs. A common thread to oursolutions, described in detail in Chapter 4, is that GC is opportunistic, i.e., it140



CHAPTER 7. CONCLUSION 141does not cause events that mutators would eventually cause; the collector waitsfor them to happen and then takes advantage of them.Our GC algorithm combines partitioned tracing (within one or more bunches)with reference-listing (across bunch group boundaries). Each bunch replicais collected independently of other bunches and of other replicas of the samebunch. A bunch replica is collected in the process where it is currently cached,with a tracing algorithm: either mark-and-sweep or copy.Concerning performance, applications overhead due to GC must be minimized.In particular, interactive applications should not be disrupted by the collector.Our solution is to perform GC concurrently and asynchronously w.r.t. muta-tors. The intra-bunch collector runs concurrently to mutators and performsmost of its work without adding pauses on top of time-slicing. The mutator ishalted only when the collector 
ips; thus, GC pauses are non-disruptive. Thecross-bunch collector runs asynchronously w.r.t. mutators, by safely delayingthe creation of stub-scion pairs describing cross-bunch pointers. The advantageof making the cross-bunch collector asynchronous to mutators, comes from thesubstantial performance gains since the mutator is not halted, it might avoidwork, and enables message batching.Scalability means that the GC algorithm must be capable of collecting a hugepointer graph without incurring into high performance costs due to computa-tion, I/O, and distributed synchronization. In particular, the collection of thewhole graph in a single phase would clearly not be scalable. In addition, weclaimed that perfect completeness is not feasible in a large-scale system. Thus,we proposed an approximate solution that is not provably complete, but whichwe believe adequate for most real-life situations because it takes advantage oflocality.As already mentioned, each bunch is collected independently from the rest ofthe memory. This solution is not complete, since it does not reclaim cross-bunch cycles of garbage. Apparently, the only way of reclaiming such cyclesis to perform a global trace, which is not scalable, and would generate a hugeamount of extra I/O. Our solution to reclaim cross-bunch cycles of garbage,without incurring into extra I/O, consists of extending the tracing performedby the intra-bunch collector to include several bunches at once. Bunches aregrouped and collected as if they were a single bunch. Thus, groups of buncheschange dynamically and seamlessly, and independently in each process, in orderto reclaim cycles of unreachable objects.Groups are formed according to a locality-based heuristic: a group containsall the bunches currently cached in the process. This heuristic avoids extraI/O costs. However, it does not enable the reclamation of cross-bunch cy-cles enclosed in bunches that reside partially on disk. Also, cycles of garbagewhere some bunches, but not all, are replicated in multiple processes, are notreclaimed. This garbage might be reclaimed with a more aggressive groupingheuristic. However, the extra I/O cost involved needs to be balanced againstthe expected gain.To prevent coherence interference, the GC algorithm must not compete with



CHAPTER 7. CONCLUSION 142applications for holding coherent data replicas. Such competition would inter-fere with applications' coherence needs. For example, if the collector on somesite were to require coherent access to some object, that would prevent an appli-cation running at another site from writing into another replica (of that object)at the same time. To avoid the coherence interference problem, the collection ofa bunch replica makes progress even if the objects it contains are not known tobe coherent in the process where the intra-bunch collection is taking place. Inother words, our GC algorithm is orthogonal to coherence. Thus, the garbagecollector can work with objects that are incoherent for applications' purposes,while remaining safe and live. This minimizes the assumptions underlying GCand ensures wide applicability of the algorithms.We designed our GC algorithm for the Larchant model (presented in Chap-ter 3). This model is that of a cached distributed shared store with persis-tence by reachability. The model is general and we made minimal assumptions.Therefore, the GC algorithm is widely applicable.In Chapter 4, we described the GC algorithm, �rst intuitively, then rigorously,and proved formally its safety and liveness. A fundamental aspect of safety isthe union rule: a target object can be reclaimed only if it is not reachable fromthe union of all replicas of its source objects (independently of their location,whether in the same or in a di�erent bunch). We showed how the creation ofscions can be safely delayed by respecting the promptness condition: deliver amessage to create a scion before the corresponding object could otherwise bereclaimed. For safety, causal delivery is needed.We implemented a prototype of Larchant and showed how the intra-bunchcollector is speci�ed with a state-machine formalism (both mark-and-sweep andcopy algorithms). Then, the programming of the collectors resulted from asimple (almost automatic) mapping of the state-machines to C++.We measured the performance of the most important aspects of the GC algo-rithms: mark-and-sweep and copy intra-bunch collectors (in both GC-only andconcurrent functioning modes) and of the cross-bunch collector. The resultscon�rm our expectations in terms of performance, scalability, and coherenceorthogonality.7.2 AchievementsOur goals for the GC algorithm in Larchant were (recall Chapter 1): correct-ness, scalability, orthogonality to coherence, and good performance. The GCalgorithm ful�lls these goals. It is correct, we proved its safety and livenessformally. It is scalable, orthogonal to coherence, and has good performance;from the performance results obtained with our prototype (recall Chapter 6)we clearly see that GC pause times are independent from: the size of a bunch,the percentage of reachable objects, the number of replicas, and ownership dis-tribution.



CHAPTER 7. CONCLUSION 1437.3 Future WorkAn obvious task for future work is to improve the current prototype. Thisimplies an engineering e�ort in order to increase the robustness and the usabilityof Larchant. The development of other bunch managers, possibly with di�erentcoherence protocols and GC algorithms, is another important aspect.In the future we intend to study how the GC algorithms interact with a check-point mechanism that will be integrated in Larchant. This research is part ofthe more general issue of fault-tolerance. The GC algorithm must be capable ofdealing with site crashes and unreliable communication, i.e., GC must remainsafe and live under adverse conditions. In particular, we intend to make theGC algorithm safe even if the communication medium does not ensure causalcommunication, by using the SSP Chain mechanism [108]. This issue of fault-tolerance is fundamental for large geographically sparse networks or for mobilecomputing.Another direction for future research is related to the benchmarking of GCalgorithms. As stated in Chapter 6, there is no standard (or widely accepted)benchmark for GC. In addition, there is insu�cient knowledge concerning thebehavior of real distributed applications with persistent objects (e.g., amountof garbage, rate of object creation, rate of garbage generation, etc). These twoaspects prevent the fair comparison of GC algorithms and makes di�cult theiroptimization and tuning. Thus, a very interesting direction for future researchconsists of tracing real distributed applications in order to model their memorybehavior. Once such data is available, di�erent GC algorithms can be designedaccordingly, compared fairly, and optimized.The garbage collection of distributed (cross-bunch) cycles of garbage wouldbene�t enormously from the study of applications' memory behavior mentionedabove. In fact, it would be extremely helpful to characterize such cycles inreal applications: size, geographical distribution, creation rate, typical mutatoroperations that generate them, etc. The di�culty with such tracing is that realdistribution applications with persistent objects are not easily available.The completeness of our GC algorithms is a very important issue for futureresearch. We believe that the locality-based heuristic for grouping bunchesis well suited for the majority of applications. However, a practical study isneeded. Then, if experimental results mandate it, more complex heuristics willbe developed and their cost carefully evaluated either through simulation orintegration within the current prototype.Finally, note that we proved the correctness of our GC algorithm, but we did notprove formally the correctness of its implementation. This is also an interestingaspect for future work: from the speci�cation of the GC algorithm (proved tobe correct) generate automatically the corresponding source code.
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