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RESUMO

A evolucdoda Computacaddaseadam Clusters,impulsionadapelo avangotecno-
l6gico e pelo custorelatvamentebaixo do hardware de PCs,tem levadoao suigimento
demaquinagaralelasie portecadavez maior, chegandoa ordemdascentenag mesmo
milharesde nésde processamentdJm dosprincipaisproblemasaimplantacdaleclus-
tersdesseporteé o gerenciamentde E/S,poissolu¢cdesentralizadasiearmazenamento
de arquvos, comoo NFS, rapidamentesetornamo gargalo dessgpartedo sistema.Ao
longo dos ultimos anos,diversassolu¢cdegparaesseproblematém sido propostastanto
pelautilizacdode tecnologiasespecializadade armazenamente comunicagdocomo
RAID e fibra 6tica, como peladistribuicdo dasfuncionalidadeglo servidorde arquivos
entre varias maquinas,objetivando a paralelizacdale suasoperacoes. Seguindo essa
ultimalinha, o projetoNFSP(NFSParalléle) € umapropostade sistemade arquivosdis-
tribuidoqueestende NFS padrdode formaa aumentao desempenhdasoperagcfesle
leiturade dadospeladistribuicdodo servigoemvariosndsdo cluster Comessaaborda-
gem,o NFSPobjetiva aliar desempenhe escalabilidad@aosbeneficiosdo NFS,comoa
estabilidadele suaimplementacéae familiaridadedeusuariose administradoresomsua
semanticaleusoe seusprocedimentodeconfiguraca@ gerenciamentoA propostaaqui
apresentadazshamadade dNFSR é umaextensdoao NFSPcom o objetivo principal de
proporcionamelhordesempenhaaplicacéesjueexploremtantoaleituracomoaescrita
dedadosumavezqueessailtima caracteristicadoé contempladgelomodelooriginal.
A baseparao funcionamentalo sistemaé um modelode gerenciamentalistribuido de
meta-dadosgue permitemelhor escalabilidades reduzo custocomputacionakobreo
meta-servidooriginal do NFSR e tambémum mecanismaelaxadode manutencaale
coeréncidbaseademLRC (Lazy ReleaseConsisteng), o qualpermitea distribuicdodo
servicosemacarretaem operacde®nerosagle sincronizacaale dados. Um prototipo
do modelodNFSPfoi implementadae avaliado com uma sériede testes,bendcimarks
e aplicacdes.Os resultadosobtidoscompraram que o modelopodeseraplicadocomo
sistemade arquivos paraum cluster efetvamenteproporcionandanelhordesempenho
asaplicacde® ao mesmatempomantendaim elevadonivel de compatibilidadecomas
ferramentag procedimentosabituaisde administracéae um cluster emespeciab uso
de clientesNFS padrdedlisponileis em praticamenteéodosos sistemasperacionaisla
atualidade.

Palavras-chave: Sistemasle arquivos, NFS, gerenciamentde meta-dadosl.azy Rele-
aseConsistenyg, computacadaseadameclusters.






A Proposalfor Distrib uting the File Server on Clusters

ABSTRACT

Theevolution of ClusterComputing boostedy theadwancesn technologyandrela-
tively low costof PChardware,hasled to the constructiorof eachtime largerandlarger
parallelmachinesfeaturinghundredsor even thousand®f computenodes. One of the
main problemswith suchlarge clustersis the managemenof 1/0, sincecentralisedile
storagesolutionslike NFSrapidly becomethe bottleneckof this partof the system.Over
thelastyears,mary solutionsto this problemhave beenproposedbpothin thedirections
of makinguseof specialisedhardwarefor storageandcommunicationsuchasRAID and
fibre optics,aswell asby distributing the functionalitiesof thefile serer over anumber
of machinessothatits operationgmay be parallelised.Following this secondrend,the
NFSPprojectis a proposalfor a distributedfile systemwhich extendsstandardNFSin
orderto improve the performanceof readoperationgy distributing its functionsamong
several nodesof the cluster By following this approachNFSPaimsat joining perfor
manceand scalability with the benefitsof NFS, like implementationstability and both
usersand administratordamiliarity with its semanticeand managemenpractices. The
proposalpresentedn this thesis,referredto as dNFSR is an extensionof NFSP with
the main goal of providing betterperformanceo applicationsexploring both readand
write operationssincethelastoneis nottackledby the original model. The basisfor the
proposedsystemis a distributed metadatananagementodel, which allows for better
scalabilityandreduceghe computationatoston the original NFSPmetaserer, andalso
a relaxed mechanisnfor maintainingmetadatacoerencebasedon LRC (Lazy Release
Consisteng), which enablesthe distribution of the servicewithout incurring in costly
datasinchronizatioroperationsA prototypeof the dNFSPmodelhasbeenimplemented
andevaluatedby meansof a seriesof teds, benchmark@ndapplications.The obtained
resultsconfirm that the model can be usedas a clusterfile system,effectively provid-
ing better performanceo applicationsand at the sametime keepinga high degree of
compatibility with standardools and procedureshat clusteradministratorsare usedto,
especiallythe useof standardunmodifiedNFS clientswhich areavailableon practically
all of today’s operatingsystems.

Keywords: File systemsNFS, metadatananagement,azy Release€Consisteny, cluster
computing.
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1 INTRODUCAO

A sub-areada Computacda@hamadacomumentede ComputacaddBaseadaem Clus-
ters! éumatendénciajuevemsedesemolvendoapassosargosnastltimasduasdécadas.
Tendotido seugrandeimpulsono inicio dosanos90 (BERKELEY, 1995; STERLING
etal., 1995),é umaareaque acompanhaliretamenteo desemolvimentotecnologicode
pontaemequipamentodeprocessamenteomunicaca@ armazenamentdedadosge na
gual muito seteminvestido,tantoem ambientes/oltadosa pesquisa desemolvimento
guantonaindustriae no comércio.

As razbesparatanto interessena Computacadaseadaem Clustersvém principal-
mentede umacaracteristicanarcantele grandepartedosclusterasmplantadosio mundo
inteiro: 0 usode componente&de prateleira”,ou seja,equipamentoamplamentelispo-
niveis comercialmentgarao grandepublico, comoos computadore®C, e de software
delivre utilizacéoe distribuicdo,comoo sistemaoperacionalGNU/Linux (LINUX, 2005;
FREESOFTWARE FOUNDATION, 2005;OPENSOURCEINITIATIVE, 2005). Essa
caracteristicdraz dois grandesbeneficioamediatos: 0 usode tecnologiaatual, pois 0s
componentede hardwarepodemserfacilmentesubstituidogor outrosmaisatualizados,
de melhor desempenhe/ou capacidadee umasignificatva reducéode custos,ja que
nenhuméaecnologiaespecializadé ervolvida e o softwareé gratuito.

1.1 O Modelo Beownulf de ComputacdoBaseadaem Clusters

A abordagemde prateleira’recémcomentad#oi utilizadaprimeiramentg@elaequipe
de ThomasSterling e Donald Becker, pesquisadoredo NASAs Goddad SpaceFlight
Center nosEstadodJnidos,emum sistemacujo nometransformou-s@raticamentem
sinbnimode computacagaralelade baixo custo: o clusterBeowulf (STERLING et al.,
1995;SAVARESE;STERLING,1999;STERLINGetal.,1999;STERLING,2002).Be-
owulf € o herdi de um antigo poemainglés, no qual é narradaa histériade como ele
libertou o povo dosDanesdo morstro Grendel;aidéiade Sterlinge Becker como clus-
ter Beowulf eralibertar os pesquisadores cientistasda areade ProcessamentBaralelo
e Distribuido do usode umaclasserestritade maquinagparalelasque os forcava a um
ciclo dedesemolvimentodemoradce muitasvezesonerosdinanceiramente.

Tambémfrequenterantereferenciadgor ComputacidBaseadaem Agregadosou Computacada-
seadaem Aglomerndos ou ainda, com a expressaccompletaem inglés, Cluster Computing Clusteed
Computingou ClusterbasedComputing Na linguaportuguesaasdivergénciasicam por contado termo
cluster, normalmentearaduzidoparaagregadoou aglomeirado. Ao longo destetexto, opta-sepelo usoda
palarra ndotraduzidacluster semo usodo estilo italico, por entende-sequeé um termoja estabelecido
entrea comunidadede paralelisno no Brasil e, por isso, identificamais prontamenrg ao leitor o tipo de
maquinaparalelado qualseegafalando.
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Em 1994, Sterlinge suaequipeforam desafiadopelaNASA como projetode cons-
truir umamaquingparalelacom10 Gigabytesleespacalearmazenamen®desempenho
de 1l GFLOPSdepico, cujo custo,porém,ndodeveriaultrapassaum orcamentale cerca
deUS$50.000,00Diversosgruposde pesquisamericanospaépocagstavaminvestindo
em magquinagparalelascom nos fracamenteacopladosformadaspor redesde estacdes
de trabalho,utilizando software de programacdaomo PVM (GEIST et al., 1994)e o
recémsuigido padraoMPIl (MPI FORUM, 1994). A outraopcdo,maistradicional,seria
acompradeumamaquinaMPP. Em ambososcasosp orcamentseriaultrapassadem
até 10 vezeso valor maximoestipuladodevido aoscustosdasmaquinase dossistemas
operacionaigomerciais.

O grupovoltou-se entéo paraaja estabelecidaovaclassedecomputadorepessoais,
0sPCs.Comprocessadoresomoo 486 DX4 e o Pentium ja seriapossiel construirum
computadoparalelobaseadmessdipo de maquinagqueseaproximasselo desempenho
necessarioA Unicapecaquefaltava parao nascimentalo primeiro clusterBeowulf veio
poucotempodepois,como langcamentalaversédol.0do Linux.

O primeiro clusterBeowulf eracompostode 16 néscom processadore486 e rede
Ethernetl0 Mb/s. Essamaquinaeracapazde atingir 42 MFLOPS de desempenhale
pico. Emboraaindalongedos1 GFLOPSsolicitadospelaNASA, essedesempenh{a
eracomparael aodemaquinagaralelasomerciaisdlaépocacomoa Paragone a CM-5.
Apenas3 anosdepois,com 32 ndsde processamentasandgrocessadoreBentiumPro,
o0 desempenhdamaquinaultrapassows?2 GFLOPS e poucosmesesadianteosclusters
passaramfigurarnalista TOP500(TOP500,2005),queperiodicamenteelacionadesde
1993,0s500computadoremaispoderososio mundo.

Percebe-segom essebreve relato,o0 tamanhodo impactoquea abordagenda Com-
putacdoBaseadam Clustersteve na areade ProcessamentBaraleloe Distribuido; em
um intervalo de apenas! anos,os clusterspassaranao nivel de prototipo experimental
paraconcorrenteslasmaquinasie maior podercomputacionatio mundo. Desdeentéo,
afacilidadede construcaee manutencaale clustersdo tipo Beowulf vemdespertando
interessale gruposde pesquisalo mundointeiro, permitindoque praticamenteualquer
instituicdotenhaa disponibilidadede umamaquinaparalelaparao desemolvimerto de
suaspesquisag execuzdode aplicacdesEssafacilidade aliadaaorapidoprogressdec-
nologico,levou a construcaale clusterscadavez maiores guehoje chegamfacilmentea
casadosmilharesdends,e consequentementgiginamnovos problemas.

1.2 Escalabilidadedos Sistemasde Ar quivos

Um dos principaisproblemascom a construcaale clustersde centenau mesmo
milharesde nésde processamentéo gerenciamentde Entrada/Saidayu E/S. Em apli-
cacoegjuemanipulamgrandes/olumesde dadoscomoprevisdometeoroldgicasimula-
¢Oesquimicase fisicas,processamentde imagensgntreoutras,é comumanecessidade
detrocade dadosentreos ndsde processamente destescom um sistemade arquivos,
demodoqueainformacéosejaarmazenadde formapermanent@araposteriorrecupe-
racdo(ex. analisedos resultadoscalculados). Nessesasos,0 desempenhalo sistema
dearquvostorna-seum ponto-chae parao desempenhdaaplicagdacomoum todo. O
guefrequentementecorreé queatecnologiaempreyadano sub-sistemale E/S (discos
rigidos, controladorasgabos)ndoacompanha tecnologiados processadoregm con-
sequénciagssapartedo clustertorna-seo gargalo do desempenhde muitasaplicacdes
(SCHIKUTA; STOCKINGER,1999).
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Figural.l: Exemplode limitacdode desempenhcausad@elo usode um servidorde
arquivoscentralizado

Em clustersdo tipo Beowulf, o problemaé aindaagravadodevido ao software nao-
especializadmormalmenteemprggado. Na maioriadoscasosp sistemade arquivos de
um clusterBeowulf é baseadao NetworkFile Systemou NFS (SANDBERG et al.,
1985). O NFS é o padréode facto parao compartilhamentale arquvos em redesuUnix,
estandmormalmentalisponi\el parausoimediatoem sistemagiessdipo e seusderiva-
dos,comoo GNU/Linux. Assim,o NFSfoi aescolhanaturalparao mundodosclusters,
tantoparaarmazenamentgosarquivosde usuariogjuantoparacompartilhamentgyelos
ndsde processamentale softwarede sistemacomobibliotecasde programacaocompi-
ladoresdepuradoresntreoutros.

Emborao NFS cumpraperfeitamentesuatarefa de prover acessacompartilhadcao
sistemalearquivosemumaredede propdsitogeral,suacaracteristicaentralizadagomo
apresentademmaisdetalhesho préximo capitulo,torna-sefacilmenteo gargalo do sis-
temadearquivosemum cluster Em outraspalasras,trata-sede um problemade escala-
bilidade

Parailustrar a situacdoa Figural.1 mostrao resultadode umaexperiénciacomum
pequengrogramajue,executadeemum cluster fazcomquecadand de processamento
crie, simultaneamenteom os demais,um arquivo de 64 Mbytesem um sistemade ar-
guivos NFS. O experimentofoi executadano clusterLabTeC,umamaquinacom 20 nos
bi-processadodisponibilizadano Instituto de InforméaticadaUFRGS. A cunailustrao
desempenhobtidoemtermosdevazaoglobalnaescritade dadosmedidaemMbytes/s,
a medidaque seaumentao namerode clientes. A linha tracejadandica o desempenho
ideal. Percebe-séacilmenteque,a partir de um nimeroaindapequenale clientes(entre
5 e 6), avazaomaximade escritano sistemade arquivos é atingida,saturanda capaci-
dadedo servidoremum pontomuito aquémdo desempenhimeal. Pode-s¢er umaidéia,
assim,do impactocausadgor um servidorde arquivos centralizadano desempenhde
umaaplicacadaqueusecentena®u milharesdends.

Essetipo de problemade escalabilidad@aoé exclusivo dosclustersBeawnulf, e nem

2Cadan6 apresentalois processadoreBentiumlll de 1 GHz, 1 Gbytede memdriaRAM, um disco
rigido SCSIde 18 Gbytese duasplacasde rede Ethernet1000 Mb/s, umadelasconectadaa um switch
3Comcom portas10/100. O clusterfoi implantadono ambitode um corvénio entreo Instituto e a Dell
Computersdo Brasil.
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mesmodos clustersem geral. Na verdade,qualqguermaquinaparalelacom um grande
nuamerode ndspodeserafetadadevido asmesmagazdes.A diferenca,principalmente
no casode maquinagaralelascomerciais € que osfabricantega incluemno projetoda
maquinaum sub-sistemale E/S capazde suportaradequadament& caiga impostape-
las aplicacdesou tipos de aplicacbegprevistas. Assim, praticamentgéodasas maquinas
paralelascomerciaisapresentanum sistemade arquivos proprio, cuidadosamentpro-
jetadoparandao restringirdemasadamete o desempenhao sistema. Como mostrado
no Capitulo2, essassolucfeautilizam, em geral,algumtipo de tecnologiaavancadade
comunicaca® armazenamenta@omofibra 6ticae arraysde discosdo tipo RAID (PAT-
TERSON;GIBSON;KATZ, 1988).

A mesmaabordagementretantonemsempreé validaparaum ambientede clusters,
principalmenteparaa classeBeowulf. Tecnologiasmais eficientesde comunicagcace
armazenament@ramportadae mesmodeserolvidasparaa arquiteturadosPCs.A se-
gundametadedosanos90 marcouo suigimentode placasiSA e PCl paratecnologiasle
comunicaca@omoFastEthernef{(INSTITUTE OFELECTRICAL AND ELECTRONIC
ENGINEERS,1995),Myrinet (BODEN et al., 1995),SCI (INSTITUTE OF ELECTRI-
CAL AND ELECTRONIC ENGINEERS,1992;HELLWAGNER; REINEFELD,1999),
Gigabit Ethernet(INSTITUTE OF ELECTRICAL AND ELECTRONIC ENGINEERS,
1998) e Quadrics(QSNET HIGH PERFORMANCEINTERCONNECT 2003), todas
muito utilizadasem clustersno mundointeiro. Controladorasle discosSCSle RAID
paraPCsforamtambéndeserolvidasporempresasomoCompagHP, IBM e Dell. No
entanto,a barreiraparaa utilizacdode tais componentegm clustersquasesemprerecai
no orgamento.Por exemplo, o custoaproximadode implantacaade tecnologiaMyrinet
emum cluster atualmenteficaemtornode US$1.00000 por n6 deprocessamento,que
equivaleaocustodeum PC completd. Muitos gruposde pesquisanesseaso preferem
instalaro dobrode nésaoinvésde investirnumatecnologiacomoMyrinet, e utilizar co-
nexdesde redemenosonerosasomoa FastEthernet,arcandocom umacapacidadele
comunicaca@ntrenésnominimo 10 vezesmaislenta.

Ao invésdeinvestiremtecnologiasvancadasjue,apesadedisponileis,apresentam
custoelevadoe atémesmacortrariama “filosofia” Beowulf, diversosgruposde pesquisa
partiramparaoutradiregcdonabuscade solu¢géegarao problemada E/S em clusters:a
distribuicdodo sistemade arquvos.

Desdeos primeirosprojetosde maquinagaralelasvirtuais sobreredesde estacoes,
comoo NOW de Berkeley, protétiposde sistemasde arquivos distribuidosvém sendo
projetadose implementadosA idéiaprincipal é distribuir asfuncionalidadeslo sistema
de arquivos entrevariasmaquinasde umaredeou de um cluster de modoque,atuando
em paralelo,essasnaquinasconsigam realizarastarefas normaisde um sistemade ar-
guivosemmenostempo.Outrasvantagensliretassdoa melhorianaescalabilidadepela
disponibilizacaale um nimeromaiorde pontosde acess@o sistemade arquios, e tam-
bémum melhoraproveitamentade recursospois 0 espacemdiscoeventualmentado
utilizadodosndsdo clusterpodeagorafazerpartedo espacaylobal de armazenamento.
Atualmente projetosgqueseguemessaabordagencomecanaatingirum nivel deestabili-
dadee maturidadesuficienteparaseuusoemclustersdeproducdo E o caso por exemplo
desistemagomoo PVFS(CARNSetal.,2000)eo Lustre(CLUSTERFILE SYSTEMS,
INC., 2002).0 Capitulo2 apresentsaissistema® suascaracteristicasmmaisdetalhes.

3Dadosdejaneirode 2005
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1.3 NFSP: Utilizando NFS Eficientementeem Clusters

Dentreosprojetosde sistemaslearquivosdistribuidosdaatualidadeg possiel iden-
tificar um certonumerodeiniciativasquevisam,entreoutrosobjetivos, manterum nivel
de compatibilidadecom o softwaretradicionalmentempreadonaimplantacéale clus-
ters.Nessecaso,emespeciaparaosclustersBeowulf, variosprojetosbaseianmsuaabor
dagemsolre extensbeso protocoloNFS padrédo A justificativa parasistemasiesseipo
€ que,sendobaseadosmmétodosprotocolose implementacfef existentesp projeto
tendea diminuir o impactode introducdode umanova tecnologia,e tambémpodetirar
proveito da maturidadede médulosde software ja bemestabelecidosomoé o casodo
NFS.Um dosprojetosquesegueesseaaciocinioé 0o NFSP— NFSParalléle.

O NFSPé um projetooriginadono Laboratoire Informatiqueet Distribution, ou ID
(“idéia”, emfrancés)vinculadoao IMA G — Institut d’Informatiqueet Mathématiques
Apliquéesde Grenoble na Franca— e que vem sendodeserolvido desde2001 por
alunosde doutoradoDEA (etapado sistemaeducacionafrancéssemelhanté especia-
lizac&o)e estagiarioglo laboratério,sob orientacdodo Prof. Yves Denneulin. A partir
de 2002, em funcdodosinteressesomunsde pesquisa do longo historico de coope-
racOescientificasentre os gruposdos dois paises,0 Grupo de ProcessamentBaralelo
e Distribuido do II/UFRGS passouwa cooperarcom o desemolvimentodo NFSR como
estabelecimentda orientacdcem co-tutelada presentdese. Duranteo anode 2003,0
trabalhofoi realizadoem Grenoble,nasdependénciado ID, como estagio-sanduiche,
ondefoi concretizada Propostale Tesee realizado®s primeirosexperimentograticos.

O objetivo principaldo NFSPé estendepo NFScornvencionaldeformaamelhorarseu
desempenhe escalabilidadetornando-aum sistemade arquivos adequadgarausoem
clusters,mastambémmantendaccompatibilidadecom o restantedo softwaretradicional
deumcluster emespeciabsclientesNFS,aosquaiscabeo papelprincipalnamaiorparte
dosndsde processamentoNo NFSR os clientesNFS sdomantidosde forma intacta,
reduzindosignificatvamentea quantidadele configuracace manutencaalo sistemade
arquivos.

Vérias frentesde pesquisaestdosendoconduzidasatualmente no projeto NFSR
abrangendalesdea otimizacdoda comunicagcaonternado servidoraté a adaptacaalo
sistemgparaambientegie grid computing Umadessadrentesé a propostaapresentada
nestetrabalho.

1.4 O Modelo Proposto: dNFSP

Comoexpostoanteriormentep principal problemade usodo NFS em clustersé sua
falta de escalabilidadegriginadapelaexisténciade um servidorcentral. O NFSR con-
forme apresentadposteriorment@o Capitulo3, resole boapartedessegoroblemaper
mitindo que operacdesle leitura de dadospor partedos clientessejamfeitas de forma
completamentédistribuida,e consequentementmm melhordesempenhoAs operacdes
deescritanoentantoaindasdomantidawinculadasaoservidorcentralizadop quecausa
novamenteo problemade gargalo no casode ocorréncianacicadesseipo de operacao.

Dadaessasituacaocaracterizou-se desafiqparaaelaboragéaestaese:desemolver
um modelode distribuicdo do NFS, adaptandaa abordagentdo NFSR que permitaa
realizacaeficientedeoperacbedeacess@osistemalearquivos,tantono casodaleitura
comono dae<rita, emclustersdo tipo Beowulf (ou seja,sema utilizagdodetecnologias
especializadas)y mantendaoas principaisdiretivas do projeto como a compatibilidade
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com os clientesNFS convencionais. Com essenovo modelo,0 NFSPtorna-seapto a

suportarum conjuntomaior de aplica¢cdegaralelasadicionandao esforgoja realizado
a capacidadale executarumanova classede programas.O resultadodesserabalhoé,

assimapresentadoaspaginasseguintes.

1.5 Organizacaodo Texto

O trabalhodesenmolvido é apresentadao restantadestamonografiade acordocoma
seguinteorganizagao:

Revisdodo Estadoda Arte e levantamentobibliografico (Cap. 2) Séoapresentadadi-
versossistemasle arquivos paraambientesoncorrente® ressaltadasuasprinci-
paiscaracteristicag,omo objetivo deidentificartécnicase métodogjuebeneficiem
aobtencaale melhordesempenhparaaplicacéesjuerealizamg/Semclusters.

Descricdodo NFSP (Cap. 3) Estecapituloapresenta projeto NFSPe expde as prin-
cipaiscaracteristicado modelode distribuicdo proposto bemcomoosresultados
obtidoscomasimplementacdesealizadasgomoformadeembasao entendimento
do trabalhoposteriormentelesemolvido.

Apresentacaalo modelopropostona tese:dNFSP (Cap. 4) Aqui éapresentadacon-
tribuicaoprincipaldotrabalhodesemolvido. O modelodNFSPé detalhadoeviden-
ciandoasextensfedeitasao NFSPe justificandoa motivacaoparasuascaracteris-
ticascombasenossistemagstudados.

Resultadosexperimentaise validacdodo modelodNFSP (Cap. 5) Nestecapituloséo
apresentadodetalhesda implementacaale um protétipo do modelodNFSR ba-
seadonaversdouserlevel do NFSR e osresultadosxperimentaisobtidoscom a
execucaadetestespendimarkse aplicagdesitilizandoo sistema.

Avaliacdodo trabalho, concluste< trabalhos futur os(Cap. 6) Fechamentalo texto
comumaavaliacdodo trabalhoquefoi realizado,asprincipaisconclusde® pers-
pectvasdetrabalhoguturoscomoformade seguimentoasatividadesno NFSP.
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2 SISTEMAS DE ARQUIVOS PARA COMPUTACAO DE
ALTO DESEMPENHO

A buscadesolugbegarao armazenamenteficientede dadosemmaquinagparalelas
€ um problemagueexiste praticamentelesdeo suigimentoda computaca@oncorrente,
poisproblemasomgrandevolumesdedadosa seremanalisadogsimulagcéesiuméricas,
astrofisicamodelagemmolecular entreoutros)sdoobjetosconstanteslo mundocienti-
fico, e freqlientementa propriamotivacaoparao desermolvimentode um novo método.
Assim, diversassolu¢cdedde otimizag&dodos sistemagsie arquivos, emprgandovariadas
técnicasja forampropostasNestecapitulo,apresenta-sem panoramale tais solugdes,
procurandavidenciarasmaisinfluentesnaatualidadee quemelhorseadaptanaocena-
rio decomputacad@omclustersno qualo trabalhoestéinserido.

Comoformade organizacdada apresentacams sistemagie arquivos avaliadossao
classificadogmdoisgrupos:

e BaseadogmDiscosCompartilhados:um ou maisdispositvosdearmazenamento
sdo compartilhadogor todos 0s nos de processamentaje forma semelhante
memaoriacompartilhad@mumamaquinaSMP; 0 aumentaedesempenhé obtido
principalmentepelo usode equipamentodledicadogex. redesde fibra Gtica) para
a comunicacaentreos ndsde processamente paraa leitura e escritadosdados
nosdiscosalémdo préprio paralelismaasoperacdesle acesso.

e Distribuidos: os dadose funcionalidadeslo sistemade arquivos s@odistribuidos
entre os processadoresle modo que os acessosaofeitos de forma concorrente
e, em consequUéncigpodemser realizadosem menostempo; em geral, sistemas
destegrupo ndo exigem tecnologiasavancadasie comunicagace/ou armazena-
mento,emborgpossantirar proveito dessesecursogjuandadisponi\eis.

Nassec¢Oesauintessdoapresentadoslie acordocom estaclassificagcdoalgunsdos
sistemadde arquivos mais frequientementeeferenciadosa literatura, os quaisreinem
as principaiscaracteristicagpecessariaparaaplicacdegle alto desempenhoAo final,
apresenta-sem quadrocomparatro detaissistemas.

2.1 Terminologia

A literaturasobresistemasle arquivosempreya diversosermosespecificosproprios
dessareade pesquisaAlgunsdosmaisutilizadossaolistadosaquiparamaior clareza.

Dados Referem-sa@informacédocarmazenadpelosusuarioeemseusarquivos;emoutras
palarras,sdoos dadosvisiveis pelosusuarios.Podesercomparadao payloadde
umamensagenmo contexto do MPI, por exemplo.
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Meta-dados Saoos“dadossobreosdados”,ou seja,informacaode controleque,junta-
mentecom os dados formaa no¢caocompletade um arquivo. Exemplosde meta-
dadossaoo tamanhade um arquio, identificacaade proprietarioe grupo,permis-
sOesde acessodatade modificacdo,entreoutros. Os meta-dadosiormalmente
precisamser lidos antesque os dadosde um arquivo possamser acessadogyor
exemplo paralocalizar o bloco de dadosno disco, ou verificar se 0 acesse va-
lido emrelacécaspermisséesemsistemasiearquivosdistribuidos,osmeta-dados
tambémindicam em que maquinana rede os dadosestdoarmazenados de que
formaelesestaadistribuidos.

Meta-arquivo Alguns sistemagde arquivos distribuidosarmazenanos meta-dadosie
arguvosremotossobformadearquivosno sistemdocal; taisarquvos sdonormal-
mentechamadosle meta-arquios.

Sewidor de E/S (I/0 daemon) Tambémfreqientementeisadogpor sistemagie arqui-
vos distribuidos,séoservidoresdedicadosa ler e armazenablocosde dadosnos
discoslocais. Normalmenteyvérios servidoresde E/S sdoutilizadosem paralelo
paraotimizarostemposde acess@ disconossistemagjueosempregam.

Sewidor de meta-dados De forma complementaaoitem anterior € comuma implan-
tacdode servidoresledicados prover osmeta-dados.

Striping Refere-sea técnicade dividir os dadosde um arquivo em blocos,ou “f atias”,
asquaissaodistribuidasem servidoresde E/S. Além da otimizagdodostempos
de leitura e escritados dados,estatécnicatambémfavorecea implementacaale
mecanismosle toleranciaa falhas(por exemplo, pelareplicacdodo mesmobloco
dedadosemmaisdeum servidor).

NAS (Network-Attached Storage) Estetermoéemprgiadoparadesignaunidadesiear-
mazenamentpermanentgueapresentarnapacidadeecomunicarsediretamente
atravésdarede,por exemploatravésde umaportaEtherneemumaredeTCP/IP.

SAN (Storage Area Network) Denominacaaitilizadaquandaim conjuntodediscognor
malmentepossuindorecursosde NAS) é emprgado em um mesmosistemade
formaa prover umadareade grandecapacidadele armazenamentaimaSAN pode
servistaporum sisemacomoum Unicodispositvo l6gico dearmazenamentouja
capacidadequvale a somadascapacidademdividuais.

2.2 Sistemadde Ar quivos Baseadoem DiscosCompartilhados

Nestegrupode sistemasp aumentcemdesempenhé obtido pelousode umatecno-
logiadedicadalecomunicagaaledadoscomofibra6tica,e/oudearmazenamentapmo
RAID, noacess@umou maisdiscoscompartilhadogntreosnésdeprocessamentdl-
gunsdosmaisrepresentatiossistemaslearquivosdestegruposaoapresentadogsseguir.

2.2.1 XFS

O XFS(SWEENEYetal., 1996)é um sistemadearquvosdesemolvido parao IRIX,
daSilicon Graphics— SGI— comosucessodo EFS,e vemsendadisponibilizadadesde
1994.
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O objetivo principal da SGI com o XFS é o suportea arquivos de grandeporte, da
ordemdospetabytesalémde alto desempenhe escalabilidadeA baseparaa obtencao
dessasaracteristicasem do uso de arvoresB+ como estruturade dadosprincipal do
sistema,o que permite eficiénciana manipulacaade blocosde dados,em especialna
gerénciade espacdivre. O suportea arquivos e diretériosde grandeporte € obtidocom
0 usodeponteirosde 64 bits. O sistemaapresentaindaum esquemaleregistro (log) de
transacOesemelhantaoutilizadoembasesliedadosp quepermitequefalhaseventuais
naodeixem a estruturade diretoriose arquivos em discoem um estadaoinconsistenteg
tambémpropiciaumaformarépidaderecuperacgéo.

Emborasejaum sistemade arquivos de propdsitogeral, paraserusadaotantoem ser
vidoresquantoestacgdesle trabalhocomuns,o XFS inclui caracteristicaguefavorecem
aplicacbegle alto desempenholUmadelasé a estruturamodularizadada implementa-
¢cao,quepermiteacessa@oncorrentgor variosprocessos praticamentéodasasfuncdes
do sistemade arquivos (somenteo gerenciadode transacde® centralizado),0 que €
especialmentelesejael em maquinasSMP. Outra caracteristica o suportea E/S di-
reta(directl/O). Esserecursopermiteque asaplicacbedenhamacessale formadireta
e eficienteaosdiscos,0 que poderepresentaum aumentasignificatvo de desempenho
natransferénciale grandessolumesde dadose/ouquandoa unidadede armazenamento
permanent& compostalevariosdiscosemarray (ex. RAID).

O XFS foi recentement@ortadoparao Linux e com isso tem sido distribuido no
nacleopadraodessesistema.

2.2.2 Frangipani/Petal

Emborando exija diretamentea utilizacdode algumatecnologiaavancadaparaseu
funcionamentog sistemarFrangipani/PetdTHEKKATH; MANN; LEE, 1997)éincluido
nestegrupo devido a suaestruturade funcionamento.Distinguem-seduascamadasa
inferior, Petal,prové um servicodistribuido de armazenamentoom capacidadele esca-
labilidadee toleranciaa falhas;a superior Frangipanijmplementeo sistemade arquivos
propriamentadito, criandoasabstracdede arquivos e diretériossobrea areade armaze-
namentadacamadanferior, apresentandtambémcapacidadeetoleranciaa falhas.

A camad&etalimplementaum servigodediscovirtual. Assimcomoumdiscofisico,
o discovirtual € um espacode armazenamean no qual sdoescritose lidos blocosde
dados. Entretanto,um discovirtual € compostode variosdiscosfisicoslocalizadosem
maquinaglistintas.Servidoresxecutandem cadaumadessasnaguinasecomunicam
através da redede modo a coordenara distribuicdo dasoperacfesle leitura e escrita.
Opcionalmentea camadatambémpode ser configuradapararealizara replicacéode
dadoscomomecanismaletoleranciaa falhas,e nageracaceeficientede bakups

Na camadasuperior o sistemaFrangipaniofereceasmaquinaslienteumavisaoin-
distintade um conjuntode arquvos e diretérios,utilizandoo espacale armazenamento
do Petalcomo se fosseum unico dispositvo de armazenamentoMultiplos servidores
Frangipanpodemserexecutadosiasmaquinasiarede/clustemportantoo sistemample-
mentaum mecanismalistribuido detravasquegarantea consisténcialosdados.

Umacaracteristicamportantedo Frangipanié a utilizacdoderegistrosde transacées
naescritade dados,de modoque umafalhaemum servidorpodeserrecuperadaelos
demaisg o sistemgoodecontinuaroperandaomosservidoregjuerestam.Essarecupe-
racaoe feita deformatransparente.

Resultadopraticoscomo sistemaevelambomdesempenhemum clustercompou-
cosnosdeprocessamentmasescalabilidadapenasegular Osautoresmostram(1997)
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medidasrealizadasom bendimarksem um clustercom 7 nés, e os resultadosobtidos,
emborandodiretamenteonstatad@elosmesmossugerengueo mecanismalistribuido
detravasimponhademasiad@omplidadesobreos nése sobrearede,reduzindoo au-
mentode desempenhd\estecasopode-semaginarqueumatecnologiade comunicacéo
maisrapidacomoa Myrinet possgpermitir a utilizagéoeficientede um nimeromaiorde
noés. O sistemagntretantofoi um dosprimeirosa seaproximardaidéiade SAN, e pa-
receter inspiradodiversosprojetosno final dosanos90, vistaa quantidadeelatvamente
grandedecitacdeddo referidoartigo.

2.2.3 GFS

O Global File Systemou GFS(SOLTIS etal., 1998; PRESLANet al., 1999)é um
sistemade arquivos de alto desempenhdeserolvido pelaUniversidadede Minnesota,
tendosido iniciado em 1995. O objetio principal do GFS é aproveitar as caracteristi-
casde baixalaténciae alta vazaode tecnologiasde redecomo Fibre Channele Gigabit
Ethernetparatransformarum conjuntode discosem uma areade memaoriacomparti-
Ihadaacessiel diretamentegoelos clientes. Em outraspalasras,o0 GFSelimina o papel
de um servidorcentral,compondoo que os autoreschamamde “sistemamulti-cliente
simétrico”.

Os dispositvos de armazenamentno GFStem a caracteristicdAS, de modo que
cadadispositvo (ex. disco rigido, volume RAID) é diretamenteacessiel atrasés da
redelP, formandoumaSAN (Storage AreaNetworR. Essegslispositvosformamo queos
autoreschamande NetworkStomage Pool, umaunidoldgicadosdispositvos queimple-
mentaa visdode espacale memaoriacompartilhadoCadaclientepode,portanto,acessar
o sistemadearquvosdeformaindependentdosdemais.Como usodeumarededealto
desempenhe peladistribuicdodosdadososdiversosliscos0sacessosaootimizados.

Uma dasmetasque orientouo projetodo GFSfoi, também,a capacidadele esca-
labilidadedo sistema.Porisso, mecanismo®laboradogle controleforam projetadose
incorporadosolongodosanos.Podemsercitados dentreosmaisimportantespsdevice
locks, quepermitemacdesatdmicasde granularidaddina sobreos dispositvos de arma-
zenamentogvitandoperdade desempenhpor contencaogsstufeddinodes queconsis-
temnainclusdode dadosnos prépriosi-nodesde metadadose o extendiblehashing um
mecanismeeficienteparao registroe alocalizagcdale informagdesobreosarquivos.

Comoresultadodessacombinacaale caracteristicasy) GFS apresenta-seomoum
sistemalearquivoscomefetivo alto desempenhdendomotivadoo suigimentoda Sistina
Software,empresajue passoua deteros direitoscomerciaissobreo sistemaa partir de
2001.Um projeto paralelo chamadale OpenGFSestddandocontinuidadex versadivre
originadaemMinnesota.

O GFSfoi inicialmenteimplementadgaraa plataformalRIX. Desdel1998, entre-
tanto, o sistemafoi portadoparao Linux, no qual o principal eixo de desemolvimento
vemsendoconduzido.

2.2.4 GPFS

O GPFS,ou Geneal Parallel File System{SCHMUCK; HASKIN, 2002),é um sis-
temade arquvos paralelodeserolvido pelalBM a partir do final dosanos90, sendoo
sucessodo Tiger Shark,concebidoparasistemasnultimidia. E o sistemade arquivos
utilizadono ASCI White. O objetivo principaldalBM como deserolvimentodo GPFS
foi suprirnecessidadagevazao capacidadelearmazenamenteconfiabilidadesxigidas
pelosproblemasie maiorportee complidade.
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A arquiteturadebasedo GPFSé um sistemashaed-disk(discocompartilhado)pnde
todosos clientesacessanos discosdiretamentee todostémigual capacidadele acesso.
Osdiscospodemserdiretamenteconectados rede,se possuirenrecursosde NAS, ou
entdogerenciadoporum servidorlocal, o qualfazainterfacecomclientes.Em qualquer
dosdoiscasosp protocolode acess@osdiscosé defindo por fungdescorvencionaide
acess@ blocosdedados.

O sistemapermite acessaompletamentg@aralelotantoa um conjuntode arquvos
comoa blocosdistintosde dadosdentrode um mesmaoarquivo. O tamanhadosblocosé
intencionalmentgrande(256 kB por padrdo,masconfigurael entrel6 kB e 1 MB) de
modoaminimizarasperdasomatrasadebusca(seekoverhead. Parao casodearquivos
pequenostambéme possiel utilizar sub-blocosquepodemter até1/32 do tamanhade
umbloconormal.

Comocadaclienteacessa conjuntode discosde formaindependenteé necessario
estabeleceum mecanismade controle de acesso. Isso é feito atrasés de um sistema
distribuido de travas, garantindoa consisténcialo sistema.Cadané de processamento
executaum gerenciadoilocal de travas, que se comunicacom um gerenciadoiglobal,
executadeemum dosnoés,paraobtertokensdetravamento.

2.3 Sistemasde Ar quivosDistrib uidos

Nestasecdosaoapresentadogs sistemasie arquivos quebuscamobteraumentade
desempenhgeladistribuicdode tarefasentrediversasmaquinas.Apesarde naoserum
sistemalearquiosprojetadgarao processamentoaraleloo NFSé apresentadmicial-
mentedevido a sualarga difusdoe utilizagcdonacomputacd@omclusters.Naseqiéncia,
sédodescritossistemagrojetadosespecificamentparaa computacd@oncorrente.

2.3.1 NFS-Network File System

O NFS,ouNetworkFile SystenfCALLA GHAN; PAWLOWSKI; STAUBACH, 1995),
€ 0 padraode facto paracompartilhamentale arquvos em ambienteUnix, e por con-
sequéncidoi naturalmentebsorvidopelacomunidadede clustersdesdeseusprimeiros
passogSTERLINGetal., 1999). O NFSfoi desemolvido pelaSunMicrosystemse sur
giu em 1985 com o langcamentado SunOS2.0. Emboratenhasido a primeiraversao
publica, estaja eranumerada.0, umavez que a versaol foi utilizadaapenasnterna-
mentena Sun. A versdoem usoatualmentee a 3.0, disponi\el por padrdoem todasas
distribuicbesLinux modernase é anormalmentaisadaemclustersBeowulf. A versao4
encontra-sem processale padronizaca@omo RFC, tendoa Suncedidoo controlede
modificac6eso NFSAIETF (InternetEngineeringTaskForce) em 1998.

O NFS ¢, naverdade,um protocdo paraacessaemototransparentele um cliente
ao sistemade arquivos de um servidor;seuobjetivo primario ndoé o alto desempenho,
e sim permitir gueusuariosemum sistemadistribuido possamnter acess@ seusarquvos
pessoaisle qualquerpontodo sistemaex. estacdesle trabalho),assimcomofazemou-
tros sistemagie arquivos distribuidoscomo AFS (SATYANARAYANAN, 1990)e Coda
(SATYANARAYANAN etal., 1990).

A operacacé dividida em duaspartes:montayjeme acesso Antesquequalquerope-
racaosejarealizadap sistemade arquivosremotodeve sermontadg ou seja,associad@
algumpontodo sistemade arquivoslocal. Estaoperacadorneceao clienteum manipu-
ladorparaacessosubsequentes.
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Figura2.1: Estruturade um sistemausandoNFS; os clientesdevem primeiro montara
particdoremota(al)e posteriormentatilizar o manipuladorecebidopemcomoumaes-
pecificacaalelocalizagéalo arquivo e deslocamentdentrodeste paraacessaosblocos
dedadog(a2)

O sistemaé projetadode modo a ser sem-estadb Todarequisicdode um cliente,
aposrealizaramontagendaparticdoremota deve estarcompletamentalentificadacom
localizag&odo arquio, deslocament@ tamanhodo bloco de dadosa ser manipulado
(nessesentido,o servidorNFS podeservisto comoambosgerenciadode meta-dadog
servidorde dadosno mesmoprocesso).A Figura?2.1 ilustraumaopera¢aao sistema.
Todarequisicaoprovenientede um cliente € recebidatratadae respondidaliretamente
peloservidorNFS.

O fatode o NFSsersem-estadé favorawel a toleranciaa falhas.Devido a essemo-
delodefuncionamentofalhasdosclientesndoafetamo servidor e falhasdo servidorséo
toleradagde maneirasimplese transparent@elosclientes,sendoo funcionamentaeto-
madonormalmentequandoaquelevolta a operar Porestarazdo,0 NFSfoi amplamente
difundido nosambientedJnix. Outrascaracteristicagnportantesdo sistemancluemo
suportea heterogeneidadentreservidores clientese umasemanticale acess@répria
(ouseja,ndoespecificaleum ououtrosistemaoperacionalfavorecenda portabilidade).

Apesardasmencionadasantagensp NFS torna-seum problemapotencialde esca-
labilidadeem clustersde grandeporte,em funcdodo modelocentralizado.No casode
aplicagcbesomE/Sintensaguefazemusoextensvo do sistemadearquvos,umservidor
NFS centralizaddimita o desempenhmaximo alcancdel em pelo menostrés niveis:
i) a conex@o de rededo servidor ii ) o discodo servidor e iii ) a CPU do servidor Por
estarazao,muita pesquisavrem sendodeserolvida tantono sentidode aprimoraro NFS
comonabuscadenovassolucdes.

O NFS"2(MUNTZ, 2001)é umaarquiteturade integracdode variosservidoredNFS
sob 0 mesmoespacode nomeacado.Um conjuntode servidoresNFS corvencionaisé
usadocomoum repositériode particbesgentreesserepositorioe osclientesé introduzido
um balanceadode caiga queanalisaasrequisicbesecebida® asdirecionaparao servi-
dorcorrespondentelesvinculandalocalizacaovisivel deumarquio oudiretériodesua
localizacadisica. A vantagendo NFS™2¢é permitiraadicdoouremocaaleservidoresie
formatransparentaosclientes;por outrolado, a arquiteturaaindamantémum pontode
acessaentralizadqo balanceadode caga), ndosendoadequad@arao processamento
paraleloemfuncédodabaixaescalabilidade.

D-NFS(LIU etal., 2000),abreviacdoparaDistributedNFS é um projetodeserol-

10 NFSv4 passar& manteregado.
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vido naUniversidadeTsinghuade Pequim,China. A basedo funcionamentalo sistema
éadistribuicdodo servidorNFStradicionalemvariosprocessos;adaum executandem
umamagquinadistinta, ondecadaprocessatendesomenteum sub-conjuntado total de
clientes.Osvariosprocessopodemtrocarinformacdesentresi, por exemplono casode
um clientetentaracessaum arquivo queestaarmazenademoutroservidor Nessecaso,
0s meta-dadosaobuscadoslo servidorremotoe armazenadosa Nameand Attribute
Cade, ouNACachegLIU etal.,2000),de modoa otimizaracessos$uturos. A separacao
do gerenciamentdedadose de meta-dadopermitetambémareplicacace migracaodos
arquivos. Com essagaracteristicasy D-NFS cumpreo objetivo de prover maior area
de armazenamenta clientesNFS tradicionais,masnéo é adequadgaraambientesie
alto desempenhaeomoclusters. Por exemplo,no casode um clientetentaracessaum
arquio ndodisponiel no servidorao qual estaconectadog¢ necessari@ue o conteudo
completodo arquivo sejacopiadodeumservidorremoto,0 queacarret&amumaoperacao
demoradaletransferénciale dadosvia rede.

Sgyuindoumaabordagendiferente 0 Bigfoot-NFS(KIM; MINNICH; MCVQY, 1994)
optapelamodificacaado softwareclienteemvezdealteraro servidor O ervio derequi-
sicBespor partedosclienteseé feito atravésde umabibliotecade RPCsemvetor, ondeo
mesmoservigopode serenviado a diversasmaquinasao mesmotempo. O servidorde
arquios, no Bigfoot-NFS,consistedeum grupode servidoresNFStradicionaiscomple-
tamentandepementesunsdosoutros.Portantofodaa nogdode um sisemade arquivos
globaléimplementadaoladodo cliente. Assimcomono NFS 2e no D-NFS, 0 Bigfoot-
NFS néorealizanenhumespéciede striping, de modo que cadaservidorarmazenar-
guivoscompletos Enquantaessacaracteristicdavoreceo gererciamentode meta-dados,
poisnaohareplicacdog possiel a ocorrénciade gargalosde variosclientesnecessitam
do mesmoconjuntode arquivos ao mesmotempo. Assim, o Bigfoot-NFS caracteriza-
setambémcomoum sistemaparapermitir o compartilhamentale um maior volumede
dadosge ndoparaambientesle processamentconcorrente.

2.3.2 xFS

O Berleley xFS (ANDERSON et al., 1995) é um tentativa de sistemade arquivos
“semservidor’desemolvido naUniversidadedaCaliférniaemBerkeley de1993a1995.
Eleébaseademdiversosesfor¢coglepesquisalaépocaprincipalmentdRAID, LFS(Lay-
structured File System)Zebia e MultiprocessorCacde Consistencytodosdescritosno
mesmaoartigode Andersoretal. (1995)).0 xFSapresentamaestruturacompletamente
distribuida,ondedadose meta-dadogncontram-selifundidosentreasmaquinaslispo-
niveis (Que podemser a totalidadeou somenteparte dos recursosdisponieis) e ainda
possuenacapacidadele migracao.

O sistemaé compostade 4 tipos de entidadesservidoesde armazenament@eren-
ciadores limpadorese clientes Os servidoredle armazenamentsédoservidoresile E/S,
ou seja,responsasis pelaleitura e escritade blocosde dadosnosdiscos;os gerenciado-
ressaoservidoresde meta-dadose os clientessdoasentidadegjue usamo sistemade
arquvos. Oslimpadoresédoumtipo defuncionalidadeparticulardo xFS,ndoencontrado
emoutrossistemasle arquios, exercendaa funcdode desfragmentae reciclaro espaco
dearmazenamentde modoa prover espac¢@arafuturasoperacdesle escrita.

N&o harestricdoguantoa qual funcionalidadedeve serexecutadaem qual maquina;
estaspodemabrigar os 4 tipos de entidadessemdistincdoou té-lasagrupadagor al-

2Naoconfundircomo XFS (com“X” maitsculo)daSGl.
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Figura2.2: Estruturade um sistemaxFS; clientese servidoregpodemco-existir nosmes-
mosnosde processamentea operacaa completamenteistribuida

gumcritério quesedeseje.Na Figura2.2 é apresentadamavisaosimplificadado xFS,
ilustrandoumasituacdcondetodasasmaquinagpossuemgual funcionalidade.

Um mecanismalecachecooperatiaé estabelecidcomo objetivo dereduziro atraso
comabuscadedadose meta-dadosO principiodessanecanisme queum clientepode
obterinformacdesque ja se encontremdisponileis em outro cliente. Issoforma uma
cachede3 niveisnoxFS,comdiferenteggrausdeatraso:.umdeterminaddlocodedados
podeestarnacachelocal de um n6 (atrasoda cachesomente)nacachede outro cliente
(atrasode cachee rede)ou aindanosdiscos(atrasosie cache redee disco).

Um protétipodo XFS foi implementadce testadoentre1994 e 1995em um cluster
de 32 n6sSFARCStation,utilizando TCP/IP sobreMyrinet comotecnologiade comuni-
cacao.Osresultadobtidosrevelaram-sgromissoresantoemtermosde desempenho
como de escalabilidadeexibindo comportamentgraticamentdinear até o nUmerode
nésdisponiel.

Apesardosbonsrealltadcs, o xFSfoi descontinuadeomo encerramentdo projeto
NOW, e ndosetemconhecimentalequetenhasidoportadoparaLinux atéosdiasatuais.

2.3.3 PVFS

PVFS — Parallel Virtual File System{(CARNS et al., 2000)— € um projeto con-
junto entreo Parallel ArchitectureResearch.aboratory da UniversidadeClemson,e o
ArgonneNationalLaboratory ambosnosEstadodJnidos. O objetvo do PVFSé prover
um sistemalearquivosdealto desempenhparaaclassede maquinagaralelaBeowulf,
sendodentrodestafilosofia, especificamentprojetadoparautilizar componentegprin-
cipalmenteaedee discos)corvencionais.

O sistemgodeservisto como umaversaosimplificadado xFS. O acess@oarmaze-
namentgpermanente realizadopor servidoresle E/S (I/O daemon} e um gerenciador
unico (e portantocentral)é responséel por armazenae difundir informacdesde meta-
dados.Osclientesdispdemdetrésmétodogparaacessao sistemade arquivos: por meio
de umaAPI dedicadapor meio da interface POSIX padrao(umavez que um médulo
VFS do Linux é tambémdisponibilizado permitindoa montagendiretado sistema)ou
aindapor MPI-I0.

Cadaarquivo no PVFSé dividido entremultiplos servidoresde E/S através de stri-
ping. O acessa um arquivo é dividido em duasetapascomoilustradona Figura2.3.
Inicialmente,o clientecontactao gerenciadofpassacl) paraobterumaespecificacaoa
localizag&odo arquivo: servidorde E/S inicial, ndmerode divisbes,e ID local. Junta-
mentecom o tamanhodo arquvo e o tamanhgpadréodas“f atias” de striping, qualquer
acess@ um determinaddloco de dadospodeserprecisamentespecificadoPosterior
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Figura2.3: Exemplodeoperacdmo PVFS:o gerenciadog inicialmentecontactadgara
a obtencaadosmeta-dadosem seguidao servidorde E/S correspondenté diretamente
acessadpeloclienteparaexecutara operacaaesejada

mente 0 clientecontactaosservidoresle E/S diretamentele modoa executara operagao
desejada.O gerenciadondo precisaser contactadasmovamenteparaoperagdesobreo
mesmaoarquio.

Algunsexperimentosealizadosomo PVFSemum clusterde 256 ndscomtecnolo-
giasderedeFastEthernete Myrinet revelamresultadosnuito bons,tantoemtermosde
desempenhguantode escalabilidade Em ambasastecnologiasp desempenhobtido
acompanhas limites do meio de comunicacdogom escalabilidad@raticamentdinear.
Um pontonegativo do PVFSé a existénciade um Unico gerenciadocentralizadocom-
prometend@ capacidadeletoleranciaafalhasdo sistemaUmanovaversaoo PVFS2,
estaemcursode desemolvimento,e objetiva trataressadentreoutrasquestdes.

2.3.4 DPFS

O Distributed Parallel File Systen{SHEN; CHOUDHARY, 2001)é um sistemade
arquivos deserolvido na NorthwesternJniversity, nos EstadodJnidos, voltadoa apli-
cacoegientificasde grandeporte. O DPFStambémé baseadem umaarquiteturacli-
ente/servidgrondeos clientesrealizama leitura e a escritade dadospor meio de troca
de mensagensom um corjunto de servidoresatravésde umarede TCP/IP. O objetivo
principaldo projetoé permitir o aproveitamentade recursoglearmazenamenteventual-
mentedisponieisemumarede(ex. osdiscosrigidosde estacbesletrabalhocomuns) 0
guepossibilitaa execucaade aplicagbegiuemanipulamgrandes/olumesde dados g ao
mesmatemporealizaressaarefa comalto desempenhpelacombinacaale paralelismo
e distribuicao.

O DPFSapresentaluascaracteristiasinovadorasemrelacdoaosoutrossistemasie
arquivosdistribuidosencontradosaliteratura:o métododestriping ndoé estaticog pode
até mesmoreceberorientacéegpor partedo usuariofinal, e 0 gerenciamentale meta-
dadosé implementadaatravés de um SGBD como Postgresou MySQL. A Figura2.4
ilustra o sistema.O acess@o sistemade arquivos por partedos clientesocorre,assim
comono PVFS,emduasetapasprimeiroo clienteconsultao SGBD paraobteros meta-
dadosg posteriormentacessairetamentesservidoreparaa leitura/escritadosdados.

A justificativa paraqualificaro DPFScomoum sistemavoltadoa aplicagbesientifi-
casvemdoschamadosiveisde arquivosqueo sistemadefine. Trésniveis de arquvos
saoprevistos:linear, multi-dimensionak emarranjo.A cadaumcorrespondem método
distinto paraa realizagaado striping. No métodolinear, a divisdodo arquivo é feita de
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Figura2.4: Arquiteturado DPFS

forma sequenciakntreos servidaesdisponieis (round-obin), dividindo o arquivo em

fatiasde tamanhaarbitrario,o quecorrespondeo striping normalmenteencontradem

outrossistemas.No métodomulti-dimensional asfatiassdoagrupadasie modoa cor

responden padrbesie acessdipicamenteencontradogmaplicacdegientificascomoa

leiturade colunasinteirasde matrizes.Porultimo, o métodode striping emarranjoé pro-

jetadoespecificamentparacorrespondeaospadroesie acessalo HPF, o que beneficia
aplicacbesmplementadasessdinguagem.

O gerenciamentde meta-dadosio DPFSnaoé feito atrasésde meta-arquios, mas
simpeloarmazenamentdeinformacdeemum SGBD. O objetivo é permitirarealizacao
dessa®peracdeatrasésde umainterfacede alto nivel e confiawel, principalmentepela
existénciados mecanismosle gerenciamentde transagbeatomicasnos SGBDs,o0 que
forneceautomaticamenta manutengaale consisténcialo sistemade arquivos.

Paraacess@osistemapsclientesDPFSdevemfazerusodeumaAPI propria,aqual
definefuncdesparaa criacéo,escritae leitura de dadosnos arquivos. E através dessa
interfaceque o usuariopode expressams orientagcdeiecessariaparao mecanismale
striping, de modoa obtermelhordesempenhdependenddlo tipo de arquivo. Umain-
terfacecomcomandogdJnix comols, cp, mkdir, dentreoutros,tambémeé disponibilizada.

2.3.5 Lustre

O Lustre(CLUSTERFILE SYSTEMS,INC., 2002)é um dosmaisrecentesistemas
distribuidosde arquivos, desemolvido pelaClusterFile Systems)nc., voltadoespecial-
menteparaa computacaaom clusters.O Lustre combinacaracteristicaga conhecidas
de sistemagle arquivos distribuidos,como separacaae dadose meta-dadosgom tec-
nologiasmodernagie gerenciamenteomoLDAP e XML. A primeiraversaopublicae
considerad@&stael foi lancadeemdezembrale 2003.

O sistemadearquivosdo Lustreapresentaiversasabstracdeprojetadasomo obje-
tivo demelhoraro desempenhe a escalabilidadeA Figura2.5ilustraumavisaoglobal
do sistema.O Lustretrataarquivos comoobjetos,que sdolocalizadospor meio de ser
vidoresde meta-dadospu MDS (MetadataServes). Os MDS suportamoperacéeso
nivel do espacade nomeacaalo sistemade arquivos, comoprocura(lookup), criacdoe
remocaalearquivose manipulacaaleatributos(proprietariogrupo,datae horade modi-
ficagdoentreoutros).As operagbesdeacess@osblocosdedadogpropriamentalitosséo
redirecionadas objetosde armazenarantg ou OST (ObjectStorage Target9, os quais
gerenciano armazenamenteinformacdedisicamentesituadasemdiscosbaseadogm
objetos ou OBD (Object-BasedDisks.
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Figura2.5: Visdoglobaldo funcionamentalo Lustre

OsMDS mantémumregistrodetransacdesobremudancasmosmeta-dadosg no sta-
tusdo cluster de modoa tolerare recuperareventuaisfalhasnaredee/ouno hardware.
Em operacaamormal,o MDS possuiumaréplicaqueassumesuasfuncées(modelopri-
mario/backuplemcasodefalhado servidor Essapassagende operacagarao segundo
MDS éfeitadeformaautomaticaAlém doregistrodetransacfesy Lustrefazusodesis-
temagdearquioslocaiscomjournalingcomoExt3 e Reiserfgaragarantiraconsisténcia
dosdados.

O Lustre suportaheterogeneidadde tecnologiasde rede por meio de uma abstra-
cdochamadale NAL — NetworkAbstraction Layer. Essaabstraca@ umacamadale
software que padronizaas fungdesde acessa rede,atuandocomo intermediariaentre
o restantedo sistemae a tecnologiautilizada. Atualmente,ja existem implementacdes
da NAL paraos protocolosTCP e Quadrics. A trocade mensagengntre os diversos
componentedo sistemaé realizadacomumaAPI| chamadd&ortals.

2.4 Avaliacdodos SistemasApresentados

Pode-sepercebemumadiversidadede caracteristicagos diversossistemasapresen-
tados. Mesmodentrodosdois principaisgrupos,cadasistemautiliza-sede umadeter
minadaabordagenmem buscado favorecimentode um ou outro aspectalo desempenho
do sistemade arquivos. Nestasecdo,apresenta-samaavaliagdoe comparagaaessas
caracteristicagrincipalmenteemtermosde gerenciamentde dadose meta-dadogple-
ranciaafalhase adequagdaomodeloBeonulf, procurandaelaciona-lagomo trabalho
desemolvido natese.

2.4.1 SistemasBaseadosm DiscosCompartilhados

Umaanalisedascaracteristicados sistemasle arquivos destegrupotorna-serelati-
vamentdlificil deserrealizadapelofatode seremsistemagjueexigem,emsuamaioria,
algumatecnologiaespecialpdodisponiel normalmentgaratestes.Adicionalmentea
documentacdencontrada geralmentele cunhocomercial e ndotécnico.Ospoucosn-
dicatvosdedesempenhencontradosevelamquasesemprevazaoe escalabilidadenuito
bons,o quepodeserrealmenteesperadaladoo alto investimentanessegprodutos.Tais
informag6egpodem,por outro lado, sertendenciosagyois sdodivulgadasnormalmente
pelopropriofabricante O quesepodecomprwar, entretantogé quesaosistemasfetiva-
menteusadosem maquinagparaklascomerciaigcomoo GPFS,usadono ASCI White)
e assimnormalmentdechads (comexcecaodo XFS e de umavariacdodo GFS),deli-



38

cengacomercial e queportantondoseencontrandisponi\eis parausopelacomunidade
cientifica.

A caracteristic@omumdessesistemasgqueorigina a classificacae a definicdode
umaareaglobal dearmazenamentsgjaporum unicodisco,umdispositvo dotipo RAID
ou mesmapor discosemservidoresndependentegOsblocosde dadose asinformacdes
demeta-dadosglosarquivosdosusuarioencontram-sespalhadopelaintegridadedo es-
pacode armazenament@odendaserexplicitamentereplicadosa fim de obtersemelhor
toleranciaafalhas,comofazo Frangipani/Petabu, no casomaisgeral,automaticamente
replicadogpor dispositvos de hardwarecomoascontroladorafR AID, 0 quenestecasoé
independenteesistema.

2.4.2 SistemasDistrib uidos

Os sistemagle arquivos enquadradosestegruposaoaquelesmaisproximosdo ob-
jetivo destetrabalho,por isso cabe,nesteponto, umaavaliacdomais detalhadale suas
caracteristicasComoitem principal, ressalta-se fato de nenhumdelesexigir o usode
algumatecnologiaespecializadgyodendgortantoserempregadosdiretamenteemclus-
tersdeformageral.

A avaliacdoé feita pelaanaliseindividual de algumascaracteristas que podemser
obsenadasnosreferidossistemasgcomoapresentada seguir.

2.4.2.1 Gernciamentale Dados

Os sistemasexpostosapresentandiferentesformasde lidar com o conteudodosar-
guivos,ou dadospropriamentelitos. No NFS corvencionale sistemaselebaseados
dadosde um arquivo sdomanpuladosde formaintegral, ou seja,ndoexiste umasepara-
cadodosdadosemformade striping ou mecanismesemelhantelssoé umacaracteristica
herdadalo proprioNFS,e guandanantidafavorecea simplicidadedo sistemapoisnaoé
necessarigontrolaralocalizacdadasfatias.Adicionalmentepbsena-sequeo striping €
implementad@rincipalmentgarapermitiracess@oncorrent@osdiversoslocosdeda-
dosdeumarquvo, favorecend® desempenhno acessop quenédoé o objetvo principal
desistemagomoo D-NFSe o Bigfoot-NFS.

Outrapossibilidadegparao gerenciamentde dadosé a efetiva utilizacdode striping,
comofazemo xFS,0 PVFS,0 DPFSeo Lustre.No casadoxFSedoLustre,existeaindaa
possibilidadedeimplementacaae RAID emsoftware,de formaa garantiraintegridade
dosdados. A divisdo do conteudodos arquivos em fatias,como ja colocado,objetiva
principalmente melhordesempenhpo acessopoisvariosprocessadorggodemacessar
blocosdistintosemparalelo desdequesuportadgelasconexdesderede e assimrealizar
aleituraouescritadedadosemmenogempo.Outroaspectomportanteé queessaécnica
minimizaa contencaale acessauandovariosprocessadorgsrecisammanipulardados
do mesmoarquivo, pois cadaum tem a possibilidadede trabalharem partesdistintas
de cadavez. Pode-seconsiderarportanto,que o striping de dadosé umacaracteristica
fundamentaparao bomdesempenhde um sistemade arquivosdistribuido.

2.4.2.2 Gernciamentale Meta-Dados

De forma semelhanteaosdados,0 gerenciamentale meta-dado®ncaotra aborda-
gensdiferenteentreossistemagstudadosagrupadasmduassituacdesgerenciamento
centralizadce gerenciamentalistribuido. No casocentralizadeencontram-s@ maioria
dos sistemasdevido a sua maior facilidadede implementacéoe tambémpelo fato de
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guea maior partedasoperacdesle E/S realizadasem umaaplicacagparalelacom essa
caracteristicdem a ver com os dados,e ndo com os meta-dadosportanto,o custode

um gerenciamentoentralizadale meta-dadog mascarad@elaocorrénciade um maior

namerode operacdesle dados.

O NFS corvencionalnao faz distingéo,em termosde processosentreo gerencia-
mentode dadose de meta-dadosambossaogerenciadogelo processanfsd que é o
servidorpropriamentalito. Destaforma, pode-seconsideraqueo gerenciamenté cen-
tralizado,umavez queo servidoré tnico®. No casodo NFS"2e do Bigfoot-NFS, essa
tarefa continuaexatamenteagual, poistratam-sede variosservidoredNFS corvencionais
individuais.

Sistemagomoo PVFS,0 DPFSe o Lustreimplementanumaentidadededicadano
sistemaparao gerenciamentaosmeta-dadosNo PVFSe no Lustreessaentidadeg um
process@mumadasmagquinaservidorasenquantaueno DPFSéum SGBD. Emtodos
oscasosp servidordemeta-dadosg Unico,existindoapenasimbadkupnocasodo Lustre.
Nessabordagemp acess@osistemalearquivoscomecggorum contatocomo servidor
de meta-dadosp qual informa a localizacaodos blocosde dados,e posteriormentes
servidoresle E/S sdocontactadosliretamenteEssaécnicaé deimplementacasimples
e,comoja exposto,o fatode centralizarasoperacbese meta-dadosdochegaasetornar
um gargalo parao sistema.

Nos casosdo D-NFS e do xFS, assimcomo planejadoparaa versdo2 do PVFS,a
gerénciade meta-dadog distribuida. Issosignificaqueasinformacdesobrelocalizacdo
dosblocosde dadosde um arquivo encontram-s@ossvelmenteespalhadasm maisde
umamagquinana rede,ou mesmoreplicadas.A vantagendestaabordagen®, alémda
eliminacaado pontocentraldeacess@meta-dadosa possibilidadeletoleranciaafalhas
sefor permitidaareplicacaadeinformagdesPoroutrolado,acomplidadedegerenciar
esseamecanismae maior, pois é necessarigarantirquenenhumclienteobtenhanforma-
caoinvalida, o queo leveria, por exemplo,a acessaum bloco de dadosja em uso por
outroarquvo. Tal complidadedegerenciamentpodeafetaro desempenhdo sistema.
No D-NFS, o objetivo maior ndoé o desempenhqortantoo controleé implementado
semessgpreocupacadNo xFS obsena-seum mecanismaealmentecomplexo, masque
aparentementpermitea obtencaale bom desempenholnfelizmente, peladescontinui-
dadedo projeto,ndosepodeavaliar o sistemanosambientesle execucaatuais.

Emresumopssistemagxistentegnostramumatendénciale centralizacaalagerén-
cia de meta-dadosemafetaro desempenhglobal do sistema.Entretantop xFSindica
gueseriapossiel realizaressagerénciadeformadistribuida,o quefavoreceriaatoleran-
ciaafalhaspelapossibilidadedereplicacdade meta-dadogntremaquinaglistintas.

2.4.2.3 Toleranciaa Falhas

A toleranciaafalhasnossistemasgelacionado®correemdiferentesiveis. Elapode
estarestritaaosmeta-dadosabrangedados meta-dadoss aindasuportafalhasperma-
nenteou somentegemporariasesteé o casodo NFS e seusderivados;tradicionalmente,
0 NFS, por serprojetadode forma a ndo manterestadosobreas conexdesaosclientes,
podetolerarfalhastemporariaxomointerrup¢desoscabosde redeou periodosie ocu-
pacéantensade CPUnNo servidor No casodo NFS"2e do Bigfoot-NFS,ondeosclientes
ndoacessano servidordamaneiracorvencional ndoficaclaro,naliteratura,seo mesmo

3Na verdadep nfsd podedispararcopiasadicionaisde si mesmaatravésde fork() paramelhoratender
asrequisicdeslosclientes mastodasascopiastrabalhansobreo mesmoconjuntode meta-dadosportanto
pode-saindaconsidera-lacono centralizado.
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nivel detoleranciaé suportado.

O DPFStoleraaocorrénciadefalhasno gererciamentade meta-dadosle formaindi-
reta,devido aousode um SGBD paraessaunc¢do. Sehouwver umainterrupgadono meio
deumaoperacaalessdipo, o proprio mecanismale transagcdeatdomicasde um SGBD
comoo Postgre®u o MySQL trataderetornarasinformacdesiemeta-dadosaum estado
consistente.

Nos casosdo XFS e do Lustre, tanto a gerénciade dadosquarto a de meta-dados
disp6emde mecanismogle toleranciaa falhas. O xFS distribui completamente fun-
cionalidadedo servidorde arquivos, estandaasinformagdegeplicadasem RAID sobre
variasmaquinas.No Lustre,o armazenamentde dadostamtém sebeneficiade técnica
RAID porsoftware.Jaageréncialemeta-dadosontacomum servidorbadkup, demodo
gue,seo servidorprincipalfalhat aqueleassumeseulugar de formaautomatica.

Adicionalmenteaessagaracteristicasnuitosdossistemasiearquvosdaatualidade,
mesmaosdepropaositogeral,ja emprgamtécnicaglejournalling quepermitemum certo
nivel de toleranciaa falhasno caso,por exemplo, de interrupcdesde enepgia elétrica.
Em consequéncianuitosdossistemaglescritosjnclusive aquelesio grupobasead@em
discoscompartilhadostémum beneficioindiretoadvindodessasécnicas.

2.4.2.4 Adequaca@o ModeloBeowulf

Esteé um item bastantesubjetivo, maisrelacionadaasfacilidadesde gerenciamento
do que ao funcionamentao sistemaem si. Por outro lado, dadaa grandedifusdode
sistemadaseadoem software livre e componentesido-especializadosym sistemade
arquivos queseencaixano modeloBeavulf podeserumavantagenctonsiderael.

Naverdadep Unicosistemaanaoseencaixamo modeloBeowulf € o xFS,emfuncao
de ndocontarcomimplementacdeatuais(querodeemLinux, por exemplo). O restante
dos sistemasse distinguieprincipalmentepela questaode disponibilidadedo software.
Poucossistemasncontram-sem estadomaduroe possuenum ciclo estael de desen-
volvimento e manutencdoDentreessespode-secolocaro PVFS, 0 Lustree o préprio
NFS. Sobesseaspectoessaseriamasescolhaparao sistemadearquivosdeum cluster
daatualidade.

2.4.3 AvaliacaoGeral

Pode-sebsenar, nossistemasapresentadosimagrandequantidadele caracteristi-
casque favorecema computacaale alto desempenhem varios aspectos.Um quadro
comparatro resumindaessagaracteristicaé apresentadnaTabela2.1.

Pode-seoncluirqueossistemasnaisadequadoparaacomputacadaseadamclus-
terssdoaquelegjuesebaseiammadistribuicdodasfuncionalidadesprincipalmentepela
disponibilidadedo softwaree pelandoexigénciadetecnologiagespecificasEmtermosde
técnicasempragadas percebe-se striping comoumadasprincipaiscaracteristicapara
o altodesempenhaA toleranciaa falhasé encontrade@m diversossistemas representa
maior confiabilidadeno armazenamentde informac¢des portantoé uma caracteristica
desejael. Na comunidadenota-seumaespeciaktencagarao PVFS,por serorigina-
rio de parceirosda NASA e pelo préprio desempenhoeportado;o Lustre foi lancado
recentementes tambémtematraidoa atencaalosgruposde pesquisa.

No capituloseguinte,apresenta-seutroprojetobaseadmo NFS padraochamadale
NFSP o qualapresentamacombinacaale diversagdascaracteristicasecémapresenta-
das,e queserviude baseparao desemolvimentodatese.
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Tabela2.1: Resumadascaracteristicadossistemasie arquivos apresentados

Geréncia Geréncia Toleréncia Caracteristica
Sistema de Dados de Meta-Dados a Falhas? Beowulf
XFS SAN SAN M plena
Frangipani/Petal SAN SAN D/M média
GFS SAN SAN D média
GPFS SAN SAN D/M nao
NFS integral centralizada temporéria plena
NFS™2 integral centralizada ? média
D-NFS integral distribuida temporéria média
Bigfoot-NFS integral centralizada ? média
xFS RAID distribuida D/M nao
PVES striping centralizada nao plena
DPFS striping centralizada M média
Lustre RAID centralizada D/M plena

ap = dadosM = meta-dados
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3 NFSP: NFS PARALELO

No capituloanteriorforamapresentadodiversosdossistemasle arquivos atuaisvol-
tadosaoprocessamentparalelo.Dentreos sistemagxpostos pode-sepercebeum sub-
conjuntoquetemcomocaracteristacomuma utilizacaodo protocolopadraoNFScomo
basede funcionamento A motivacaoparaessacaracteristica justificadade variasfor-
mas,sendoa principal o fato de o NFS serum protocolobemestabelecidogomimple-
mentagOebastanteefinadase consequentement®m poucatendénciaa instabilidades.

Nessamesmalinha de pensamentosuigiu no anode 20000 projetoNFSP— NFS
Paralelo— do Laboratoire Informatiqueet Distribution (ID) de Grenolbe, Francacomo
partedeum projetodeimplantacaale um clusterdegrandeporte. Tendomotivadodesde
entdodiversostrabalhoscientificosde alunose estagiariosdo ID, o NFSPé basepara
a teseaqui apresentadee portantose faz necessariama exposi¢aode suasprincipais
caracteristicag;onformea seguir.

3.1 O Projeto NFSP

O ID, noanode2000,tendosidorecémcriadoe comdiversosprojetosnovosemim-
plantacaofechouumaparceriacomaHP paraaconstruca@eumclusterdegrandeporte,
chamadalei-cluster. Em suainstalacadinal, o i-clusterapresentea 225ndsde proces-
samentosendocadano dotadode um processadoPentiumlll 733 MHz, com 256 MB
de memoriaRAM, discorigido de 15 GB e equipadocom placade redeFastEthernet
10/100Mb. Diversosnovos desafiogparaos gruposde pesquisado ID seapresentaram
comaimplantacaaloi-cluster dentreelesa escolhadeum sistemadearquivosadequado
parao portedamaquinayisto guesetornouevidente , desdea concepcaalo projeto,que
0 usode um servidorNFS tradicional,com problemasnerentesle escalabilidadeseria
inviavel.

A equipecoordenadgelo Prof. YvesDenneulininiciou assimumafasede avaliacao
dosdiversossistemaglie arquivos paralelosdisponieis naépoca.Umasériede critérios
foi estabelecidparaaescolhalo sistemaa serusadono i-cluster dentreelasa exigéncia
de que o mesmointroduzisseo minimo de modificacdesem umainstalacaoccorvencio-
nal de um cluster(visto queferramentasle gerenciamentde clusterseramtambémum
dostopicosde pesquisado ID), aléemde dever serum sistemaabertoe disponivel em
plataformaLinux.

Uma primeirapossibilidade€oi consideradaobreo AFS, porémestaopcaofoi des-
cartadgpelofatodeagranularidadele compartilhamentmo AFS sermuito grossanivel
dearquivo e ndodeblocodedados)alémdaexisténciade mecanismosle segurangcagque
impunhamperdasconsideraeis de desempenhe que se mostraam desnecessariaam
um ambientesoladoe dedicadaoprocessamentde aplicacdeparalelacomoo deum
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cluster O grupoentdovoltou-separao PVFS,o qualfoi instaladoe submetidoa umasé-
rie detestesdledesempenhdOsresultado®btidosforamdesanimadoresindanoinicio
deseudesemolvimento,o PVFSapresentea comportamentbastantenstael, e traziao
incorveniente segundooscritériosadotadosge exigir modificagcdeso kerneldosnosde
processamento.

Assim, ndotendoencontradaima solucaoexistenteque contemplasséodascarac-
teristicasdesejadaparao i-cluster o grupo decidiu iniciar umanova implementacao.
Avaliandoos critérios estabelecidos;oncluiu-seque o NFS representea umaescolha
equilibradaentretodasascaracteristasdesejadase assin sugiu o NFSP.O modeloe
protétipoiniciais foramresultadadatesede Doutoradode PierreLombard(2003),defen-
didaemdezembrale 2003.

3.2 Estrutura do NFSP

O modeloestruturaldo NFSPé inspiradono PVFS. O objetivo principal é paralelizar
aomaximoasoperacOesle acess@ blocosde dados porémsemexigir demasiadasio-
dificacbeqnosprocedimentosornvencionaigleinstalacaae funcionamentalo protocolo.
Basicamentejuaspossibilidadesaooferecidasalteraro codigodosclientesou alteraro
codigodo servidor Comoemageralo nimerode clientesé maiordo queo de servidores,
a escolhada segunch opcaoresultaem menornimerode modificagbese por issoessa
foi a solucdoadotada.Em conseqiiénciaa primeiracaracteristicamportantedo NFSP
€ o fato de os clientesutilizaremo cédigopadraode um cliente NFS regular (ou seja,o
cbdigodisponiwel no kernelLinux original). Em outraspalasras,os noésclientesde um
clusterusandoo NFSPnaoprecisamseralteradosem nenhumaspecto.Essacaracteris-
tica, desejael desdeo inicio do projeto,abreespacgaraduasimportanteconstatacoes:
ferramentagle gerenciamentga existentespodemser utilizadasnormalmenteg o clus-
ter permaneceompatiel com solu¢gdescomerciaisapresentadagor empresagomoa
MandraleSofte a RedHat, o quefavoreceinstalacdesle cunhomaisprofissionabndese
desejacontarcomsuportetécnicopor partedo distribuidor do software.

O NFSR portanto,obtémganhoem desempenhgpelaparalelizacdalasfuncéesdo
servidorNFS. Esteultimo é dividido emduasentidadesp meta-servidoe osservidoes
deE/S ou,comousualmentehamado]OD (doinglésl/O daemon. A Figura3.lilustra
ainteracacaentreclientes meta-servidoe |IODs.

3.2.1 10Ds

Comofrequentementencontradem sistemasie arquivos paralelos,0 NFSPfaz o
usodelODs comoprocessosdependentegxecutadoemdiversomdsdo clustef como
mecanismale armazenamentde dados.O usodessaécnicaé bastantalifundido, pois
apresentamasériede vantagenso espacemdiscodevariosndéspodeseraproveitado,
0 mecanismdacilita a introducéode técnicasde replicacdode dadosparatoleranciaa
falhas,e, principalmentediversoslODs operandcem paraleloaumentansignificatva-
mentea vazaode dadodidos e/ouescritogpelo sistemade arquivos.

No NFSR assimcomoemoutrossistemasomoo XFS e o PVFES,0 armazenamento
do contetidade arquivos nos1ODs € feito com a técnicade striping, ou seja,0 arquivo
é dividido emblocosmenoreqe portanto“listrado”) e cadabloco é armazenademum
IOD distinto, continuandale forma circular seo numerode blocosultrapassa numero
de I0Ds disponieis. O tamanhodos blocospodeservariawel ou fixo, dependendalo
sistema.No NFSR saoutilizadosblocosde tamanhdfixo correspondenteao tamanho
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Figura3.1: Interagcdesentreclientes,meta-servidoe I0Ds no NFSP. A requisicaode
um cliente (passol) é erviadaao meta-servidgrque a repassao IOD correspondente
(pass@), o qualrealizaa operacaalesejada ervia osresultadogpassd); “a” e“b” sdo
requisicdedglistintas

dosblocosusadosio protocoloNFS (geralmenté3192bytes).

3.2.2 Meta-sewidor

O meta-servidoé umdaemonexecutademapenasim dosnos,queaparecgaraos
clientescomoo servidorNFScornvencional.Issosignificaqueasoperacéesemontagem
eacess@osistemadearquvos,por partedosclientes sdodirecionadagaometa-servidqr
comosefosseo servidorNFS de umainstalagdaisual. Essacaracteristicaeforga,mais
umavez, o fato de um cliente NFSP nédo necessitade qualquermodificacdoem seu
funcionamento.

Assimcomono NFS, 0 meta-servidoexportaumaou maishierarquiasde diretorios
(geralmenteespecificadago arquivo / et ¢/ export s), asquaissdomantidasno sis-
temade arquivoslocal do servidor A diferencado NFS, ertretanto,essahierarquianéo
contémos propriosarquivos exportados, e sim um conjuntode meta-aguivos ondecada
meta-arquio contéminformacdessobrea localizacdadosdados.Sefossefeita umalis-
tagemdahierarquidocal dearquivos exportadosemum servidorNFSR seriaconstatado
guea listagemé idénticaa de um servidorNFS normal,com excecdodostamanhoslos
arquios: enquantajueno casodo NFS normalos arquivos apresentariarseutamanho
real,no NFSPcadaarquvo teriasomentealgunspoucosbytes,suficientearadetermi-
nar a localizagaodos dados. Note-seque diretériossaotratadosde forma idénticanos
doissistemas.

O ponto-chae do NFSPé o tratamentale requisicdeglosclientes. Ao receberuma
requisicao por exemplode leitura de bloco de dados,0 meta-servidoconsultao meta-
arquivo correspondent@éomandacasdevidasprovidénciasniciais emrelacaoa existéncia
do arquivo, permissdesetc.) e a repassao |OD correspondenteEsteultimo, por sua
vez, obtémo bloco desejada partir do disco (ou de suacache,se o bloco ja foi lido
anteriormente)e o transmiteaoclientecomosefosseo servidor. No cascemquediversas
requisicoesemelhantesdoemitidaspelos clientesaomesmaempo,obtém-seganhoem
desempenhpelofuncionament@m paralelodosdiversosiODs.
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3.3 DescricdodasImplementacoes

Ao longodetrésanosde atividades,algunsprototiposdo NFSPforam implementa-
dospor alunosdo ID, e diverscs testesforam realizadoscom a finalidadede investicar
alternatvasquantoaspossibilidadegpraticasdo modeloproposto.Apresenta-sa seguir
umabreve descricaalasimplementacderealizada® niveisde desempenhobtidos.

3.3.1 uNFSP

O primeiro pratétipo do NFSPfoi implementadacom basena versdoem nivel de
usuario(userspaceg do NFS, mais precisamenta versao2.2beta47.A escolhadessa
versdoé fundamentadao fato de quepermitiaum ciclo rapidode modificacdes testes
(secomparadan versaode kernel,a serapresentadaa seqiiéncia)e tambémporquea
versaa3 do servidorapresentoproblemagieinstabilidade Em consequéncia versaocé
chamadale uNFSP(deuserspacg.

As alterac6eso codigodo NFS original consistiram basicamentenainterceptacao
de requisicbesadvindasdosclientese, guandonecessariotratamentade acordocom a
funcionalidadedesejadgarao NFSP. Algumasfuncbescomoa criagaoe remocgéaode
diretdrios,conformeexpostoanteriormentepodemserrealizadasliretamentao sistema
de arquivoslocal do meta-servidorasdemais,entretantodevem serencaminhadaaos
respectios |IODs. Naturalmentetambémfoi necesséaria implementagédrom-scatch
dessesiltimos.

O armazenamentdosblocosde dadosnoslODs é realizadoutilizandoo sistemade
arquivoslocal dosproéprios.Parafornecercorretalocalizagcdce aomesmaempominimi-
zarapossibilidadaleconflito entreblocos dedadodistintos,0 nomede cadaarquivo que
contémum bloco € dadopelacombinacaalo inodedo meta-arquio correspondentao
meta-servidgmaisum numerogeradoaleatoriamenteAssim,umblocodedadossmum
IOD qualquepodeserencontradsobumnomedotipoi 00000042_s00001234_000789000.
O numeroaleatérioé armazenadmo meta-arquio parapermitir a localizacaoposterior
dobloconoIOD correspondente.

Outroaspectamportantedaimplementacée a necessidadde usode UDP spoofing
técnicade alteracdado enderecale origemde um pacotelP. Essatécnicaé necessaria
gquandadarespostalos|ODs aosclientes poisestessperantecebeiarespostaindado
servidore naode outramaquina.

Umamedidapreliminardedesempenhdo uNFSPfoi realizadanoi-cluster configu-
randoo sistemacom 16 n6sIOD e fazendmsnodsclientes(quemontama particioNFSP)
ler, emparalelo,um arquivo previamentecriadocomtamanhade 1 GB. O tempode exe-
cucaoconsideradgarao experimentoe tomadodesdequea aplicacace lancadasobreo
clusteratéseuencerramentgompleto;emboraessetempoincluaum pequenmverhead
devido asfasesde disparoe finalizacdodos processosobreos nos,a duracédodo expe-
rimentoé suficientementéonga (cercade 90 s no casomaisrapido) paramascara-loO
desempenhé avaliadosobforma de vazaoagregada,ou seja,a vazdode dadosque 0s
nésconsguemobteremleituradeformaconjunta,dadaformalmentepelaformula

v—nK
t
ondeV éavazaocagregada,emMB/s, n € o nUmerodeclientes K é o tamanhaloarquivo
lido, emMB (nocaso,1024MB ou 1l GB) et € o tempode execugcdoemsegundos.

Comoforma de comparacaoas medidasde desempenhapresentantambémuma

curva de desempenhdtideal” esperadgaraum determinadanimerode clientes. Esse
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Figura3.2: Vazaoagregadaobtidacomo uNFSPnoi-cluster

desempenhmleal é determinadgelavazaomaximadasconexdesderededosndservol-
vidosno experimentg(outrofatorlimitanteseria o desempenhdosdiscosrigidos,porém
osdiscosdo i-clusterapresentamvazaosuperiora da coneao de rede,tornando-seste
ultimo fatoro limitante principal). A curva devazéoideal é dadapelaformula

] ncR senc <n
| mR casocontréario

ondeV éavazaocagragada,emMB/s, nc é o nimerodeclientesn, € o numerodelODse
R éavazdomaximadarede,emMB/s. A distincaoé necessariamavezque,enquant®
nuamerode clientesé inferior aonimerode |ODs, ndohaconedessuficienteparasaida
de dados,no lado dos clientes,paracompletara vaz&ototal permitidapelosiODs. No
casodesteexperimenton; € 16,comoja mencionadoe R éfixadoem11,5. Essevalorfoi
determinadatravésde um experimentode ping-pong,e obtido comovazaomaxima,na
préatica,daconedoderededeumnddoi-cluster(o valormaximotedrico,emsetratando
deumaplacaFastEthernet¢ de100Mb/s ou 12,5MB/s).

Assim, o graficona Figura3.2 mostraos valoresobtidoscom o uNFSR em compa-
racdocomo desempenhaleal. Pode-seercebedeimediatoque o desempenhalcan-
cadopelo protétipositua-semuito abaixodo ideal. Apdsinvestigacaosobreo prototipo,
concluiu-seque a implementaca@m nivel de usuariosofre de perdassignificatvasem
funcdode constantegomunicac¢degntreos processosgjueimplementano servidore o
ndcleodo sistemaoperacional principalmentedevido a copiasde blocosde dadosem
memoaria.O efeitovisivel € umacaiga de praticamentd. 00%de utilizacdode CPUnono6
ondeo meta-servidog executadayuandodo usode um nameroelevadode clientes.

Em funcéodessesesultadosp grupodecidiuportara implementacagaraa versao
do servidorNFSdisponiel no kernelLinux, descritaa seguir.

3.3.2 kNFSP

O portedo NFSPsobrea versédode kerneldo NFS foi acanpanhadale diversase-
guenasextensfesao sistema,ja com o objetivo de suportarum primeiro nivel de tole-
ranciaa falhaspor replicacdo. Assim, umadasmudancagsealizadasalémda propria
adaptacasobreo NFSdekernel,foi aintrodugcéodo conceitode VIOD, ou IOD virtual.
A idéia é que 0 meta-servidocomunica-se&eom o VIOD, que na préaticaé associad@a
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Figura3.3: Vazaoagregadaobtidacomo kNFSP

um grupode IODs reaisque serevezamnafungaode armazenablocosde dados.Em-
borao grupoaindandotenhaefetvamentamplementadamapoliticadereplicacaogssa
técnicaja permiteum nivel inicial de balanceamentde caiga e de utilizacdode disco
entreos|0Ds. Foi incluidatambéma possibilidadede mesclara exportacaale particbes
emmodoNFSPou emmodoNFS normal,bastandacrescentaou ndoa palara-chae
“nfsp” alinha de configuracamo / et ¢/ exports. O trabalhofoi desermolvido por
Olivier Valentinduranteseuperiodode estagiono ID emjunhode 2002.

A implementacdemsi ndoapresentgrandesliferencasemrelacdoao uNFSR a ex-
cecaadomecanismaeVIOD. Umaextensdachamadaf sct | () foi introduzidapara
permitir a configuracaalo servidorcomasmesmagerramentaslo pacotenf s- ut i | s,
guetambémteve que seralterado. Em suaversaofinal, o KNFSP consisteportantode
doisgruposde patches um parao kernelLinux e outroparao pacotenf s-ut i | s.

Os mesmodestesde desempenhaplicadosanteriormentéoram repetidogparaesta
versdodo NFSR com a Unicadiferencade ter sido usadoum nimeromaior de néscli-
entes. Os resultadossdomostradosia Figura 3.3, comparadogom a versdouNFSPe
como desempenhimleal. O ganhoemdesempenhemrelacaca versaocanterioré visivel,
confirmando-se hipotesede menoroverheadquandoo tratamentcg feito inteiramente
emespacalekernel. A irregularidadeda curva a partir de um numeromaior de clientes,
conformeaveriguadodeve-seaofatodeocorrerentimeoutsnosclientes devido agrande
guantidadelerequisicoe®rnviadasao meta-servidgro quediminuiu o desempenhmas
efetvamenteavita queaquelesejasaturad@lenamente.

3.3.3 Execucaocom Multiplos Sewidores

Umaoutra tentatva de obtencdale melhordesempenhoom os protétiposdo NFSP
foi aimplantacaale um esquema&omvariosmeta-servidoregndecadaum exportauma
arnvwrelocal de meta-arquiose re-exportaarnvoresde outrosmeta-servidoresendoestas
montadagpor NFSnormal.A Figura3.4ilustraasituacéo.

O objetivo principal desteesquemajmplementadopor Adrien Lebre (atualmente
doutorandono ID) como partede seuDEA (LEBRE, 2002), é prover diversospontos
de acess@osclientes,de modo que um mesmometa-servidonao sejasobrecarrgado
por todasasrequisicdes.Cadameta-servidoarmazenaomenteos seuspropriosmeta-
arquivos, masno casode um cliente solicitar um meta-arquio que “pertenca’a outro
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meta-servidqro acess@odeserfeito pelamontagenNFS.

Essetestefoi realizadocoma versdodo NFSPem nivel de usuario,poisaversaode
kernelndopermitea exportacaade duashierarquiaglistintasquandoumaestacontidana
outra,comoé o casoilustrado(diretérios/ net a e/ net a/ n0, por exemplo). Mesmo
sendoutilizadaa versdocom maior sobrecaga, os resultadosonfirmarama expectatva
de melhordesempenho Com a utilizacdode 4 meta-servidoresfoi possiel atingir o
dobrodevazédoemoperacdeseleitura,quandoacomparadao prototipouNFSPoriginal.

Apesarde efetva em termosde desempenha des\antagendestaabordagene re-
fletida em termosde espacode nomeacao:nesseesquemagcadacliente enxerga duas
hierarquiagle diretorios,/ met a/ D e/ met a/ ml, o queacarreteemperdadetranspa-
rénciade nomeacaalosarquvos, passanda hierarquiaa serdependenteosservidores
mOeml.

3.4 AtividadesAtuais e Futuras

Estecapituloapresentowmabreve sintesedo projetoNFSE comoformade emba-
sament@arao trabalhodeserolvido natese,tendosido expostasasprincipaiscaracte-
risticasdo sistemajpemcomoasatividadesrealizadasho projetoaté 0 momento.Além
denovostestes refinamentoslasimplementacdef feitas,a equipedo Prof. Denneulin
desemolve aindaoutrasatividades:

e Um doscritériosiniciais de projetodo NFSR alémda intrusividademinima, con-
sisteno armazenamentde dadosde formadistribuida. Esteé um dosfatoresde-
terminantesia escolhado mecanismale IODs, alémdospropriosbeneficiosne-
rentesdo método.O objetivo do projeto,comessacaracteristicaé permitir ndoso
0 acess@araleloa blocosde dados,mastambéma implementacaale um meca-
nismodetrocadiretadessamnformacdesntre clusterddistintos,possvelmenteem
um ambientede WAN. Um primeiro passonessesentidofoi realizadoduranteo
anode 2003,comaimplementacaala API GXfer, realizadgpor ChristianGuinet.
EssaAPI definefungbesparatrocade dadosdiretamentesntredois conjuntosde
IODs distintos,de modoqueum clusterpossaer acess@o sistemade arquvosde
outrodeformadiretae eficiente sendoosacessopotencialment@aralelizaeis.



e Odoutoranddlivier Valentininicia suagpesquisasochamaddNFSG,umsistema
de arquivos baseadmosmesmogrincipiosdo NFSPporémorientadoa grids, ou
clustersde clusters. A idéia é prover um espacode nomeacaalobal sobreum
conjuntode clustersgqueutilizem o NFSR possvelmentefazendousodainterface
GXfer paratrocade dadosde forma otimizada,e tambémaplicandoconceitosde
consisténcianaisrelaxadacomoé feito no AFS.

¢ Analisando-s@ modelodedistribuicdoempregadono NFSE percebe-sguea pa-
ralelizacdadosacessopeloslODs é realizadade formaefetiva no casodasopera-
¢cOesdeleitura,umavezqueosdadossdoerviadosdiretamenteosclientes porém
0 mesmamaoocorrenasoperacdedeescrita.Quandaumou maisclientesrealizam
aescritadeblocosdedadostodasasinformacoeslevemsernecessariamentsvi-
adasaometa-servidgmoisele é a Unicaentidadeconhecidadosclientes. Tendoo
meta-servidoumaunicaconeaoderede,comoé o casonormal,retorna-seopro-
blemadeescalabilidadelo NFSoriginal. Como objetivo deinvestigar e solucionar
esseproblema,foi propostaa tes aqui apresentadaO detalhamentala solugéao
propostae consequentealidacdosdoapresentadososcapitulosseguintes.
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4 O MODELO DE DISTRIBUICAO PROPOSTO: DNFSP

O capituloanteriorapresento@s principaiscaracteristicado projetoNFSR sobreo
gual o trabalhoé baseado.Conformemostrado,o NFSP consgue efetvamenteprover
um nivel diferenciadode desempnhoao sistemade arquivos de um cluster mastal be-
neficio, pelaarquiteturado sistemarestringe-s@&isoperacéeseleituradedadosficando
as operacOegsle escritaenquadradaso mesmomodelo centralizadodo NFS original.
Enquantoque muitasaplicacfescuja maioriadasoperacdes de leitura podemja tirar
proveito desseprimeiro modelodo NFSR é tambémdesejael que o sistemapermitaa
realizacaale escritade dadosdeformaotimizada.E comesseobjetivo quesedeserolve
estatese,cujacontrituicdoprincipal € apresentadaestecapitulo.

Como estudodossistemasapresentadoso Capitulo2, diversagécnicade otimiza-
cdodo desempenhde sistemade arquivos puderamseranalisadas Apds um periodo
de investicgacdorealizadoduranteo anode 2003 junto ao LaboratoirelD, periodoesse
gue correspondeld estadiaem Grenobledevido a orientagdcem co-tutela,concluiu-se
gueseriapossiel apresentanmaextensacao NFSPparapermitir a distribuiciotambém
dasoperacoesle escrita,resultandano modeloapresentadoassecdesegjuintes. Cabe
ressaltadesdga queasmodificacdesntroduzidasoram planejadasle formaa manter
osobjetivosoriginaisdo NFSR principalmenteemrelacdoa ndointrodugcéode processos
demasiadameniatrusivosqueimplicassenmemmodificacdesignificatvasnainstalacdo
corvencionaldeum cluster

Dentreosprincipaisobjetivosdacontribuicdopropostapodemserressaltados:

e apresentanmaextensdalo modeloNFSPquepermitamelhordesempenhe esca-

labilidadede aplicacbegaralelascom maior tendénciaa realizacdade operacdes
deescrita;

e permitiraobtencaaeum nivel maiselevadodedesempenhemum clusterdotipo
Beawulf, semimplicar no usode tecnologiasde maior custo;em outraspalavras,
permitir que aplicacdegjue ndodependenexplicitamentedo desempenhdo sis-
temade arquivos possamnserbeneficiadapelo usode um sistemacompatiel com
o NFSpadraomesmaosemo usodetecnologiaespeciais;

e sendoo NFSum protocoloamplamentaifundido,investicgar umapossibilidadede
melhordesempenhdessesistemade modo a beneficatambémambientesalém
declusterspndeseuusoé desejael;

e atingir um equilibrio adequadentre desempenhe facilidadede uso/intgracéo
cominstalacbega existentesndoseestdalmejandaatingir o melhordesempenho
possiel parao sistemade arquivos de um cluster e sim um aumentasignificatvo
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de desempenhqgue aindapermitao uso de procedimentogradicionaisde uso e
administracaalo cluster;

e Nao se desejaprovocar uma situacaode competicdocom outros sistemagile ar-
guivos, principalmentepelo fato de que asdiversasabordagengxistentespodem
sermelhoradaptadas um ou outrotipo de aplicagdo.Por exemplo,pode-secitar
a interfaceMPI-10, provavelmentemaisadequadalo que o NFS paraaplicacoes
queprecisamde um nivel maisfino de paralelismamamanipulacaale dadosntra-
arquvos;emcontra-partidaseuusorequerconhecimentaainterfaceespecificale
programacacopassajueo NFSeé utilizadopor meiodainterfacepadragPOSIX)
deacess@osistemalearquvos.

4.1 VisaoGeral da SolucéoProposta

Objetivandoprincipalmenteo aumentodo desempenhe da escalabilidad@asope-
racOesde escritade dados,a basedo modelopropostoé a distribuicdodo meta-servidor
original do NFSP. A Figura4.1 ilustra a arquiteturaplanejada.A disponibilizacdode
variasinstanciaglo meta-servidopermitequeosclientesformemgruposindependentes,
de modo que cadagrupo enxerga uma unicainstanciacomoo servidorNFS. Umavez
gueo tamanhade cadagrupoé menorqueo nimerototal de clientes,ademanddotal de
vazaosobrecadainstanciado meta-servidoé menor reduzindoa caiga sobreo mesmo
e, emconsequéncigossibilitandaum melhordesempenho.

A seguir € apresentado detalhamentalo modelode extensdcao NFSPproposto.

4.2 Otimizacao dasOperactesde Escrita no NFSP: dNFSP

Comoapresentadno capituloarterior, o NFSPtransformap servidorNFStradicional
em um meta-servidgrcujasrequisicdesle acessaa blocosde dadossaorepassadaa
servidoresledicados essdim. Emboraaleiturade dadossejafeita poresseservidores,
repassandas informacoeslidas diretamentepara os clientes,as operacbesle escrita
aindadevem serencaminhadaao meta-servidgrcentralizanda transferénciale dados
e,emconsequéncidprnando-seim gargalo paraesseipo de operacao.

A solucdomaisimediataparaesseproblema,assim,é disponibilizardiversospontos
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deacessgaraosclientes,de modoquehajamaiorlargurade bandaparaatransferéncia
dosdados;em outraspalarras, isso significadisponibilizarvariasinstanciasdos meta-
servidoresformandoa nogaode um meta-servidoglobal.

Um dostestesrealizadossobreos prototiposdo NFSR como apresentadanterior
mente,produzum mecanismesemelhanteapenagom umaindire¢éo,ou networkhop,
a mais(no caso,um servidorNFSPdeve repassan escritaao servidorNFS associado).
Paracomproar a eficaciadessemodelo,avaliandoser estaa alternatva que produziria
melhoregesultadosfoi realizadoum novo testesobreo protétipooriginal, masdestavez
simplesmentalisparandgprocessosdicionais(em nos distintos) do meta-servidqros
guaisacess@amo mesmoconjuntodelODs. Umavezqueadistribuicdon&oeraprevista
naimplementacawriginal, foi necessarimarantirque os diversosmeta-servidoresdo
trabalhassersobreos mesmosarquivos. Assim, paraa execucacdostestescadacliente
trabalhacomum arquivo individual (hnomeadaombaseno hostnamelo no cliente).

O experimentdfoi realizadonoi-cluster sendoconfigurada8 maquinasomolODs,
8 maquinaxzommeta-servidores 8 clientes.A execucaaconsistiuem cadaclientecriar
um arquvo prépriodetamanhal GB.

O ganhoemdesempenhoasoperactesle escritapodeserimediatament@ercebido,
proporcionandamavazaototal bemacimado possiel comum Unico servidor(teorica-
mente,12,5MB/s, que é a capacidadelaredeEthernetl00 Mb/s instaladano cluster),
aproximando-sde 70 MB/s.

Analisandoos resultadobtidoscom esteexperimento,concluiu-sequea distribui-
cdodosmeta-servidoreg suficienteparaatingir os objetivos propostosparao trabalho
emtermosde desempenhe filosofiado NFSP. Esse portanto,é o modeloadotadono
trabalho. Paradistingdoem relacdodo NFSPoriginal, adota-sea denominaca@NFSRP
dedistributedNFSR parao modeloproposto.

Em consequénciaa distribuicdo dos meta-servidoresao dNFSP abre-sea possibi-
lidade de conflito de dadosquandodois ou mais clientesconectados meta-servidores
distintostéma necessidadde manipularo mesmoconjuntode arquivos. Esseproblema,
em efeito a manutencaala consisténciale meta-dado®ntreasinstancias ¢ tratadoa
seguir.

4.3 Manutencdoda Coerénciaentre osMeta-Servidores

Com a simplesdistribuicdo dos meta-servidoreso dNFSP um problemasuige de
iImediatoem umasituagcaobem simples: seum cliente cria um determinadaarquio, o
mesmanaoseravisivel aoutro clientequeestejaassociad@ um meta-servidodiferente.
Issoocorreporqueosmeta-arquiossaoelementopresenteso sistemalearquivoslocal
dosmeta-servidores portantondovisiveisremotamente.

No testeapresentadmo capituloanterior envolvendoa combinacgéade servidores
NFSe NFSPcomoformade distribuicdo,0 mesmoproblemandoaparecepois os meta-
arguivos saoexportadose acessadopelos meta-servidoregustamentegpela montagem
NFS. Em compensacasuige o problemadaperdadetransparénciao espacalenome-
acaocomoja exposto.Adicionalmentep mecanismaleconsisténcifracatipicodoNFS
podenaosersuficienteparagarartir queo casorecémexpostode criacdode um arquvo
por um cliente qualquersejasempreimediatamenteisivel aosdemaisclientes. Assim,
um mecanismale manutencaale consisténciale meta-arquios deve serintroduzido.

A solucéopropostaparaesseproblemano dNFSPfoi buscadana literaturade sis-
temasde memaoriacompartilhadalistribuida(DSM). Mais especificamenteg técnicaa
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Figura4.2: Ernvio de mensagende atualizacaale segmentoscompartilhadositilizando
protocoloseager e LRC

serutilizadaé inspiradano mecanismale LazyReleaseConsisercy (KELEHER; COX;
ZWAENEPOEL,1992),0u LRC, usadono sistemalreadMarkAMZA etal., 1996).

4.3.1 LRC: Lazy Release Consistency

O métodode Lazy ReleaseConsistencye um mecanismale consisténciale dados
propostgoorKeleheretal. (1992)parasistemaslememaoriacompartilhadalistribuida(ou
DSM, Distributed Shaed Memory), sendousado por exemplo,no TreadMarks.O LRC
resultada obsenacao,em sistemadDSM, de que nemsempreé necessari@propagr as
modificacbe®fetuadagmum segmentode memaoriacompartilhadatodososprocessos,
e sim somenteaosquevao utiliza-lo a curtoprazo.

A Figura4.2ilustra a trocade mensagengntreprocesso€m um sistemaDSM, na
primeirasituacaoutilizandoum protocoloeager (“ansioso”),e na segundasituacaouti-
lizandoLRC. O sggmentocompartilhadoy, € criadopeloprocess@l, o qualalteraseu
contetudo,e em sgyuida é acessad@elosprocessop2, p3 e p4, nestaordem. A cada
acessoum processaleve sinalizara obtencdodo sggmento(acq), realizara operacao
desejaddr ouw, leituraou escrita) e finalmentesinalizara liberacaodo segmento(rel).

No protocoloeager, aliberacaadeum sggmentoautomaticamentdisparao ervio das
alteracbesfetuadas todosos processogjue compartilhamo segmento. Destaforma,
tendosidoexecutadgelostrésprimeirosprocessossssaoperaca@erao ernvio de3« 3=
9 mensagende atualizacdmarede. No casodo LRC, asatualizacdemdoséaoerviadas
explicitamentepelo processaueterminoude acessap sggmento,e sim sdosolicitadas
peloprocess@uevai comecarutiliza-lo. Comoobsenadonafigura,amesmasequéncia
deacessos0 LRC, ocasionap ervio desomente3 mensagenpelarede.
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4.3.2 Adaptagdodo LRC ao dNFSP

De forma semelhanteo que é feito no sistemaTreadMarks,ondea consisténcia
verificadasomenteuandoum clientesinalizaa obtencdae um segmentocompartilhado
(visto queoutrosclientespodemté-lo modificado),a propostgparao dNFSPé verificara
consisténcialosmeta-dadosomentejuandodo acessale umclientea umdeterminado
arquiva. Em outraspalasras, o sistemapostega a difusdode atualizagbesios meta-
dadosatéo momentoemaquerealmentesejamnecessariagor motivo deacessaealgum
cliente.

A nocaodeum estadaconsistentano dNFSPé relativa, ou seja,sereferesomenteao
contto do arquivo sendoacessadoA acaoé iniciada pelo meta-servidocujos meta-
arquivos estéodesatualizadosE ele quemsolicita aosdemaismeta-servidores envio
dasinformacdestualizadasEssemecanismayvita o ervio demensagendeatualizacao
desnecessariagiepoderiamocuparasconexdesderede.

Adicionalmente gssaverificacdode consisténcigpodenao sersemprenecessariao
mecanismauedisparaumaatualizacds0é ativadoquandoocorrealgumtipo deerrono
acess@osistemadearquios. Portantonasoperacdemaisfreqientespaquaisaleitura
ou escritade dadosocorresemerros,a verificagaode consisténciando € necessariaA
Figura4.3ilustraos passogsiecorrentesle umaatualizacao.

Exemplificandca situacdopode-semaginarqueum determinadalienteiniciou uma
operacaade leitura de um bloco de dadosem um arquivo. A operagacé erviadaao
meta-servidoicorrespondentparaque o acesscsejarealizado. No momentode obter
asinformagdesdo meta-arquio que correspondexo arquivo desejadoporém,o meta-
servidorobtémo cédigode erro ENOENT, quesignifica“arquivo inexistente”. Esseerro
pode serum indicio de que o arquivo foi criado por algum outro cliente, associada
um meta-servidodiferente.Nessecaso,aciona-se& mecanismale atualizacdale meta-
arquvos.

Em outrasituacdosuponha-sgqueum determinad@rquvo foi criadopeloclienteA,
associadao meta-servidoiX, com tamanhoinicial de 10 kbytes. Esse,portanto,é o
tamanhodo arquivo comoconhecidgpelo cliente A. Em um segundomomento,um cli-
enteB, associad@ outro meta-servidqrY, necessitdrabalharsobreo arquvo e finaliza
suaoperacagoraumentao tamanhalaquelgarab0kbytes.Posteriormente clienteA
volta a acessao arquvo, lendoos primeiros4 kbytesde dados.Nestecaso,apesade o
clienteB ter modificadoo meta-arquio correspondent@o meta-servidoly) atualizando
o tamanhado arquivo, ainformacgaodisponiel no meta-servidoiX é suficienteparaque
0 acess@ossaserfeito, pois os dadosdesejadogncontram-saindanapartecomumas
duas‘versdes’do arquivo. E importantesalientarque, mesmogue o meta-arquio nao
estejaatualizadops dadosefetvamentdidos pelo cliente sGoarmazenaols nos1ODs, e
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portantoforamdevidamenteatualizadogjuandodo acess@eloclienteB.
Tréssituacfepodemseridentificadasomocausadoradeatualizacdesntreosmeta-
servidores:

e quandoo meta-aguivo ndo existe o que corresponde situacaoapresentadao
primeiro exemplo. Nessecaso,paradeterminarde qual meta-servidobuscaro
meta-arquio, é necessari@ estabelecimentde umapolitica de busca. Diversas
alternatvassaopossieis,asquaissdoapresentadgsosteriormente.

e quandoo meta-aguivoestadesatualizadpno segundoexemplodado,umclienteA
podeler comsucessmsblocosde dadosniciais deum arquivo queteve seutama-
nho aumentadoconquantoque a parte desejadga estvessepresentena versao
conhecidgor ele (no exemplo,o tamanhooriginal do arquivo erade 10 kbytes,e
o clientedesej&a ler os primeiros4 kbytes). O contrario,porém,néoé possiel.
Seo clientedesejassker umblocode dadosalémdos10 kbytesoriginais,a opera-
caofalharia.Nessecaso,0 mecanismale atualizacadae meta-dado® igualmente
ativado.

e (uandoa operagdorequerumaatualizacaoexplicita. Algunstiposde operacgoées,
como remocgéaoe truncamentoreducéono tamanho)de arquivos requeremuma
atualizacacexplicita, nessecasoerviadaa todosos demaismeta-servidoreslsso
€ necessariporqueum cliente pode,nessecaso,chegar a ler informagdesde um
arquivo que ndomaisexiste, e portantoestrialendodadosinvalidos. Cabesali-
entarque essetipo de operacamaoé comumem aplicacbegaralelasge portanto
0 impactocausad@elo atrasode umaatualiza¢aale todosos meta-servidoreg
minimizado,dentrode um contexto maisabrangente.

4.4 Politicas para Atualizacdo de Meta-Ar quivos

Como expostoanteriormentecadavez que é necessariaima atualizacdade meta-
arquivo, cabeao meta-servidoem questaaontactamoutrosmeta-servidores solicitara
informagéodesejadaNessemomentoum problemaa serresolvidoe qualmeta-servidor
contactarldealmentegever-se-iacontactadiretamentequelequepossuio meta-arquio
desejadogcomoessanformacaondoestadisponilel, a solucace estabelecemmapolitica
debuscaqueestabelecamaordemnaqual osvariosmeta-servidoreseraocontactados.
Naturalmenteessaooliticadeve ter por objetivo encontraio meta-servidocorretoo mais
cedopossiel.

Algumaspossieis politicasde buscade meta-arquios parao dNFSPsaoapresenta-
dasaseayuir.

4.4.1 Buscapor Vizinhanga

Estapoliticaconsisteemestabelecarmarelagdalevizinhangaentreosmeta-servidores,
demodoquesepossadentificaro quaoproximoum estédde outro. Essarelacagpodeser
feita numerandas meta-servidoregpor exemplode 0 a n— 1, supondoque existamn
meta-servidoresA patirdai,diz-sequedoismeta-servidoresstdomaisproximosquanto
menorfor a diferencaentre os nimerosque os identificam. A contagemé circular, de
modogueo meta-servidof estaa mesmadistanciadosmeta-servidores en— 1.

Estabelecidastaregra, define-sea politicade modoquea procurainicia dosmeta-
servidoresnaisproximospara os maisdistantes Porexemplo,suponha-sem conjunto
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/7 1a. alocagio

2a. alocagao

l:l né servidor
O no cliente

A meta-servidor

Ej IoD

Figura4.4: Duassituacdeslustrandoa alocacaale duasparticbessegundoa politicade
buscaporvizinhanca:(a) alocacaauim; (b) alocacdanaisadequada

de 8 meta-servidoreshumeradosie 0 a 7, e que 0 meta-servidorl precisefazeruma
atualizacao.Ele inicia a procurasolicitandoa informagé&oao servidor0, depois(ou si-
multaneamentego servidor2. Sen&oobtiver sucessoa buscacontinuacomo ervio de
solicitagbesaosservidores/ e 3, emsegyuidaaosservidores e 4, e assimpor diante.

Estapoliticaé adequad@aracasoondea conexaoderededosservidore® de maior
capacidadepermitindoo agrupamentale varios clientespor meta-servidaqre especial-
menteseo mecanismale alocagdale nésaosusuariosor dotadode certainteligéncia.
Em resumoessemecanismaleve procuraragrupamosde umamesmaaplicacaosobo
menornimeropossiel de meta-servidoregje modoa minimizar a ocorrénciade atua-
lizacbesde meta-arquios. A Figura4.4 exemplificaduassituacéendeduasalocacdes
de 8 néssaofeitas,sendoquea situacaca representaimaalocacaauim e a situacaad
umaalocacaanaisadequadaestecontexto.

4.4.2 BuscaHierarquica

No casode instalagbescom um grandenimerode meta-servidorespode ser inte-
ressante atualizacaade meta-arquios de forma hierarquica. Nestapolitica, os meta-
servidoresaoorganizadosemformade arvore. Quandodanecessidadde buscade um
determinadaneta-arquio, um meta-servidofaz a solicitagdoao seunodo“pai”; estese
jandoestver deposseado arquivo emquestaorepassa solicitacdcaooutroramoquelhe
estadassociadog, casoo arquivo aindandosejaencontradopassgor suavez a solicita-
cdoaoseunodopai. O nodoraiz é responséel por erviar amensagenfinal deerrocaso
0 meta-arquio ndosejaencontrad@mnenhumdosseusramos.

Estapodeserumaalternatva adequad@é&ambémparaaplicacfegjueapresentengru-
posdenosclientestrabalhand@obreum mesmaoconjuntode arquios.

4.4.3 BuscaAleatéria

Umaoutraalternatva paraa buscade meta-arquios entreos meta-servidores rea-
lizar umaordenaca@leatoriaentreos mesmos.Sea ferramentade alocacamaoutiliza
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gualquercritério especialquantoao agrupamentale nés, apésalgumtempode usoo

conjuntode nosdisponiweis podeestarcompletamentespalhadgelo cluster ndosendo
possiel estabeleceumaprevisdode associacaentreclientese meta-servidoresNesse
caso,mesmoumapoliticasimplescomoescolhetum meta-servidoaleatoriamentpode
sereficaz.

4.5 Consideracdesobre o Modelo Proposto

Como ja mencionado,o modelode distribuicao propostoparao dNFSPvisa pro-
porcionarum aumentode desempenhoa operacaalo NFSR particularmentesobreas
operacdesle escrita,semabdicardaslinhasgeraisqueguiamo projeto.Como estabele-
cimentoda distribuicAodo meta-servidoe manutencaae consisténcigpor meiode um
mecanismaelaxadobaseadem LRC, chegou-sea umapropostaque contemplaesses
objetivos.

Deve-seressaltgrentretantoqueo modeloé direcionad@araambienteslecomputa-
cdodealto desempenhdendo-seabdicadogemseuprojeto,decaracteristicapropriasde
um ambientede compartilhamentaearquivos,funcaoparaa qualo NFS é normalmente
emprgado. Destaforma, recursosxcomoligagdesrigidas(hard links), tradicionalmente
existentesem sistemagde arquivos de ambientedUnix, e arquivos de dispositvos (nor-
malmenteencontradosa hierarquia/ dev), ndosaotratadospelo modelo. Entende-se
guetaisrecursosemboramprescindieis naoperacaae maquinadJnix e ambientesle
redeemgeral,ndosaovitais no sistemadearquivosutilizadopelosusuariosleumcluster
e osbeneficiosobtidosemtermosde desempenhe escalabilidadéém maiorrelevancia
paraasaplicacdeparalelas.

Outra caracteristicalteradaem relacdoao NFS normal é uma coerénciamais re-
laxadaem termosde meta-dadosgomo no¢gdesde dono/grupode um arquivo, datasde
acesso/modificacdentreoutros.Tal caracteristicé devidaaomecanismaleatualizacao
de meta-arquios, o qual permiteacess@osblocosde dadosmesmoque os meta-dados
nao estejamcompletamentatualizadosem prol de menoroverheadno envio de men-
sagengelarede. E importantesalientay entretantogue o préprio NFS ndo prové um
mecanismdorte de coeréncigbasead@m temporiza¢ao)portantoos usuarioga espe-
ramnaopodercontarcomesserecursode formatotalmenteconfidwel.

De modoa validaro modeloproposto foram conduzidosumaseériede experimentos
envolvendobendtmarkse aplicacdegeaiscomoformade medir a correcaoce a eficién-
cia do sistema.Essesxperimentospemcomoos resultadoobtidose umaanalisedos
mesmossaoapresentadaso capituloa seguir.
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5 VALIDACAO DO DNFSP: IMPLEMENTACAO E MEDI-
DAS EXPERIMENTAIS

Paravalidar osdiversosaspectosle funcionalidadee desempenhdo modelode dis-
tribuigdo propostono dNFSP um prototipodo mesmofoi implementadae submetidoa
umasériede experimentosrisandoumaavaliacdodo comportamentalo modelonapra-
tica. Variandodesdemedidaspriméariasde desempenhoomoleiturae escritasequencial
atéa execucdode umaaplicacaoreal, esseexperimentosiemonstrana viabilidadedo
dNFSPcomoum sistemade arquivos paraclusters conformeapresentada segulir.

5.1 Implementacaosobre o uNFSP

O pontode partidaparaa implementacaale um protétipodo dNFSPfoi a decisédo
sobrea formade colocaro modelopropostoem pratica. A formamaisdiretaseriapartir
deumadasimplementacfef existentesdo NFSP;outrapossibilidadeseriarealizaruma
novaimplementacad@om caratemaior de simulagéado protocoloNFS. Decidiu-se por
fim, baseapo protétipodo dNFSPsobreaimplementacaoiserleveldo NFSP ou uNFSP.
Mesmoque a versaokernel-level propiciassemelhor desempenhogonformemostrado
anteriormentea escolhadeveu-sea umasériederazdes:

e aimplementacdsobreo uNFSPbeneficia-selafacilidadede manutencéaale um
programano nivel de usuario,comopor exemploa depuracae a flexibilidade de
ativacao/desatacaodosprocessosO NFS permitemesmaoqueo servidorsejadis-
paradopor um usuariocomum,semdireitosadministratvos, bastanddorneceras
diretivasadequadaso disparodosprocessosEssacaracteristica Util emsistemas
comrestricdesadministratwvas;

¢ algumagdasfuncionalidadeslo NFSv2 aindandoforamimplementadasaversao
de kernel,comopor exemploo suportea re-exportacdode diretériosremotos. A
disponibilidadedetaisrecursogoderiaserimportanteno desemolvimentoe avali-
acaodo dNFSP;

¢ 0 fato de trabalharno nivel de usuariopermiteum ciclo de teste/depuracamais
eficientepois, paratestarumanovaversaopastarecompilaro sistemae relancars
processosiecessariosa versaobaseada&m kernelimplicaria, necessariamente,
cadateste nareinicializacaale todasasmaquinaservolvidas,afim dequeo novo
kernelfosseutilizado

e porfim, édeinteresselogrupoavaliarospotenciaisleaumentaledesempenhdas
implementacfef existentesp UNFSRPpordiversagazoesapresentdesempenho
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a) b)
0 2
192.168.0.1 192.168.0.1
192.168.0. 2 192.168.0. 2
192.168.0. 3 192.168.0. 3
192.168.0.4 192.168.0.4

Figura5.1: Exemplode arquvosdns. conf ; emum total de 4 meta-servidores) ar-
qguivo a) correspondeao primeiro meta-servidgrde IP 192.168.0.1¢ o arquvo b) ao
terceiro,cujoIP € 192.168.0.3

inferior aokNFSR e portantoumaimplementacaoo sentidode estendé-Igpoderia
trazernovosbeneficios.

5.1.1 Identificacdo dosMeta-Servidores

O primeiropassmaadaptacado NFSPparao modelopropostoé aidentificacaados
variosmeta-servidoresEssaé umacaracteristicaova, naopresentenaimplementacéo
original, ja que o meta-servido eraunico. Paraa atribuicdo de um identificadorpara
cadainstanciado meta-servidgroptou-se de forma semelhante existénciado arquivo
I ods. conf noNFSR pelacriacdode um novo arquivo de configuracagarao sistema,
dns. conf , aserinstaladopor padraonodiretorio/ et c.

O arquvo dns. conf deve sercriadoantesdo disparodo meta-servidqgre instalado
nodiretdriocorretoemcadaumadasmaquina®ndeé executadaimainstancia A sintae
daconfiguracae bastantesimples senddida linhaalinha:

e aprimeiralinha deve contersomenteum nimero(ex. “1”), queidentificao meta-
servidorlocal;

e a partir da sggundalinha, sdolistadosos enderecod$P de todasas maquinasque
compdeno meta-servidgrcomum IP porlinha, naordemcorrespondentanume-
racaodada.

Cabenotarque,comoaprimeiralinhaidentificao meta-servidotocal, 0 contetdado
arquivos deve serdiferenteparacadainstancia.A Figura5.1ilustraexemplosparaduas
maquinaglistintas.

Odns. conf élido quandadainicializacdodo meta-servidgmaisprecisamenteo
processmfspd Cadainstanciaguardasuaproépriaidentificacdoe montaumatabelacor
respondendosdemaisiDs comos|IPslistadosno arquivo. Essesnderecosaousados,
posteriormenteguandodanecessidadde comunicacad@ntreos meta-servidores.

5.1.2 Comunicacaoentre osMeta-Seridores

A principal caracteristicalo modelode distribuicdo do dNFSPé a troca de infor-
macdesentreos meta-servidoresgm especialo envio e recebimentale meta-arquios.
Portanto,0 primeiro passona construcaalo prototipofoi implementaumamaneirade
realizaressacomunicagao.

A primeiraformaimplementadaconsistiana criacdode conexdes TCP entretodos
os meta-servidoregje modoque cadaum tivessecomunicacaaliretacom todosos ou-
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tros. Essascondesseriamusadagaraa trocade qualquerinformagéonecessariaO
mecanismdoi implementade algunstestedniciais foramrealizadoxomsucesso.

Essaimplementacéogntretanto,apresentea algumasdeswantagens.Por exemplo,
guandodaexisténciade um numerograndede meta-servidores) temponecessaripara
realizartodasasconedes(n! /2(n— 2)!, onden é o nUmerode meta-servidoresgetorna
considerael, chegandoa ordemde varios segundos. Além disso,um tal mecanismale
comunicacaaxige que cadameta-servidofacaumaverificacaoperiodica(polling) em
suasconeodesparapoderrecebemensagenslos outrosservidoreso que acarretaem
maior custocomputacionalAssim, procurou-seutraformade comunicagao.

A solucaoencontraddira proveito dosmecanismosle comunicacdga existentesno
cluster Em qualquercluster € necessaria existénciadeum mecanismdasicode comu-
nicacacentreosnosde processament@ fim dequeprocessopossanserdisparadogm
nosremotos.E dessgorma, por exemplo,queumaaplicacécé inicialmentedisparadan
partir de um no frontal (front-end. Essemecanisma normalmenteémplementadgelo
servicodeshellremoto,oursh Juntamenteomo rshencontra-se mecanismaisadano
dNFSPparacomunicaca@ntreosmeta-servidoreo rcp (remotecopy, ou copiaremota).

O rcp permite,emsuma,guesecopieum arquivo de/paraum né remoto,empreando
amesmasintae deum comandacp comumdo Unix, bastanda@ueseinclua,emumdos
dois parametro®brigatérios,0 nomedamaquinaremota.No dNFSR o rcp é, portanto,
utilizado paracopiarum meta-arquio de um meta-servidoparaoutro.

A iniciativa da cépia partedo meta-servidoique aindan&o possuio meta-arquio,
encontrando-sgortanto,emumasituacacondeum clientetentouacessao arquvo cor-
respondent@& o mesmonao existia. De acordocom a politica empregadade buscade
meta-arquios, 0 meta-servidolocal decideem qual meta-servidoremoto procurara
informacéodesejadag efetuaa execucdode um rcp desseservidorparao sistemade
arquivoslocal. Sea operacéac realizadacom sucessosignificaque o meta-arquio foi
encontradog o acessmriginadopelo clientetem suaexecucagorossguida. Casocon-
trario, sea execucaado rcp retornaum codigode erro, significaqueo meta-arquio nao
existe no referidometa-servidorNovamentede acordocoma politicade busca,um novo
meta-servido® escolhido,e a operacacse repete. Se todasas execucdedalharem,é
porqueo arquivo realmentendoexiste.

A escolhado mecanismalercp parabuscade meta-arguiosremotosemcomoprin-
cipaisjustificatvas:

e € um mecanismalisponivel empraticamenteualquerinstalacdale cluster(anao
serquandoo servigoeé substituidgpelo ssh o qual, entretantodisponibilizao co-
mandoequialente,scp, e queapresenta funcionalidadenecessaripararealizar
essdaref;

e suaintegracdono cédigodo dNFSPé bastantesimplesde serrealizadabastando
incluirumachamadayst en() comocomandae osparametrosecessarioessa
chamadaermiteinclusive a verificagaodo codigode erroretornadgelaexecucéo
do comando;

e 0 usodo rcp apresentaim efeito colateralfavorawel: a coOpiaremotade um meta-
arquvo traz, além dos meta-dadosarmazenadosmternamentea manutencaale
varios meta-dadosmportantescomo proprietario,grupo e permisséesio meta-
arquivo. Essesneta-dadoséaoherdadosmplicitamentepelapropriasemanticale
execucaado rcp que,assimcomoo cp comum,presera a maioriadosmeta-dados
guandodacopiadeum arquivo.
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Umapreocupacacoma utilizagdodo rcp é o seucustoemtermosde tempode exe-
cucdo,poistrata-sedo disparode um novo processamamaquinaremota,o qual deve ser
carrggadodo disco,inicializadoe colocadonafila deescalonamentdependendaefa-
torescomoa quantidadele memaériadamaquinaemquerodao meta-servidoe apropria
politica de escalonamentdo SO emprgado, o tempode caiga e execucaaodo rcp pode
serconsiderael. Poroutrolado,apossuaprimeiraexecucéoexiste umaboachancede
gueo seucodigosejamantidoemmemoria.eliminandoumagrandeparcelado tempode
execucaareferentea caiga do disco. Essapreocupacagportanto,foi consideradalesde
o0 inicio daimplementacée posteriormentevaliadana pratica,conformemostradona
secaadosresultados.

O ponto da implementacéalo NFSP alteradoparaincluir as chamadasle rcp ne-
cessariag o modulonf s_di spat ch(), o qualimplementagntreoutras,afuncdode
LOOKUP. Essauncéaoe responsasl por verificaraexisténciadeumarquvo emumdado
diretorio e retornarinformacéessobreo mesmo. No casoda funcionalidadedesejada
parao dNFSR o LOOKUP é o pontoondesepodedetectarqueum arquivo naoexistee,
guandonecessaricefetuarsuacépiaremota.Nesteponto,assim ¢ incluidoo cédigoque
implementaa politicadebuscae queefetuaosrcps Duaspoliticasforamimplementadas:

e linear, basicamentesadgparaavalidacdodo dNFSP;essgoliticasempreanicia a
procurapor meta-arquios no primeiro meta-servidof#0), passand@ seguir para
o sggundo (#1), depoisparao terceiro (#2), e assimpor diante até encontraro
meta-arquio ou chegar ao ultimo meta-servidon(#n). Com essapolitica pode-
se,comoseraapresentadoasequénciayerificar condicdesle pior caso(ou seja,
maiordistanciagpossiel entreos meta-servidores);

e porvizinhancaqueé apoliticadescritano capituloanterior naqualseinicia apro-
curapelosmeta-servidoremais proximose prossgue-separaos meta-servidores
maisdistantesatéainformacacserencontradaEssafoi a politicausadanaexecu-
cdodosbendimarkse dasaplicagoes.

5.1.3 Adaptacéosobre Identificacdo dosBlocos

Umaalteragcaadicionalfoi necessariao NFSPde modoa garantiro acessaorreto
aosblocosdedadosarmazenadososiODs.

CadalOD possuium conjuntode sub-diretériooondeosblocosde dadossdoarmaze-
nadossobformadearquioslocais.O nomedessesrquivosé dadoporumacombinacgéo
do i-node do meta-arquio correspondenteno meta-servidgrmais um niamerogerado
aleatoriamenteEssacombinacac feita paraminimizaraschancesle quedoisarquivos
diferenteggeremum blocode dadoscomo mesmonome.

Coma distribuiciodo meta-servidoem variasinstanciasp mesmomecanismaao
podemaisseradotadojssoporqueagoracadacépiado mesmometa-arquio tera,muito
provavelmente,um numerodiferentede i-node em cadameta-servidgre portanton&o
corresponderaempreaoblococorretode dados.

A solucéocencontradgaraa implementacaalo protétipofoi simplesmentsubstituir
0 numerodo i-nodepor um valor constanteusadopor todosos meta-servidoresAssim,
aschancesleduplicidadede blocosde dadosno conjuntode arquivos manipuladdicam
por contadageracaalosnumerosaleatorioaunicamente.

Certamentestandoé umasituacaaceitdel paraumsistemdinal, vistoqueachance
de“colisdo” nosnomesdosblocosde dadosseriamuito grande.Paraesteprototipo,no
entantoasolucacadotaddoi suficienteparaarealizacdalosexperimentoslUmasolucéo
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definitiva poderia, por exemplo, voltar a abordagemnicial de utilizar o i-node porém
incluindo-ono contetdado meta-arquio, demodoquepossaserlido pelosdemaismeta-
servidores.Essasolucdo,em consequénciajemandaalteracbesubstanciaisno codigo
do NFSR e porissonéofoi realizada.

5.2 Medidas Experimentais

Nestasecaosaoapresentadaas medidasde desempenhe avaliacdode funcionali-
dadedo prototipoimplementadoSaoexpostosaquiexperimentogealizadogomo obje-
tivo deverificarcaracteristicado dNFSRP desdeasmedidagnaisbasicasiedesempenho
atéo comportamentalo sistemaemsituacdeseais.

5.2.1 Medidas Primérias de Desempenhodiscoserede

Antesde realizarmedidasde desempenhcom o sistemade arquvos, € importante
obterinformacdessobreo comportamentale dois componentegue afetamdiretamente
o funcionamentaeum sistemadearquivosdistribuido: o desempenhdosdiscosrigidos
edarede.

O principal pontoa serdeterminadmestamedidaé a capacidadele transferénciale
dadospuvazaodecadaumdessesomponentesf=ssanedidarevelaqualo desempenho
maximoa seresperadalo sistemade arquivos, pois 0 usodosdiscose daredeé parte
essenciallo funcionamentado sistema;nao se pode, por exemplo, obter determinada
vazaode escritadedadodocalmenteemum discorigido e, posteriormentegsperavazao
maioremumaoperagdgemota.

Outro aspectomportantea determinaré qual dos dois componenteserao maior
responsée®l pelalimitacdodo desempenhalcancael; essainformacgaopodeserfunda-
mentalparaumacorretaconfiguracaalo nimerode clientese servidores.

Os testesforam realizadosem dois ambientedistintos. O primeiro é o i-cluster a
maquinade 225 processadoreg mencionadaanteriormentedisponibilizadaem Gre-
noble, quefoi retiradade funcionamentao inicio de 2004. Em consequénciags de-
mais testesforam conduzidosno clusterLabTeC, tambémja citado, o qual contacom
40 processadoresOutraopcaoparaos testesrealizadodoi a maquinaque substituiuo
i-cluster, oi-cluster2 compostale 104 nésltanium2bi-processadogerfazendaimtotal
de 208 processadore&stamaaquina, entretantondopermitea execugadado NFSPe suas
extensdespois ocasionaerrosdurantea utilizacdodo sistemade arquivos. O problema
estasendanvestigado,e pareceestarrelacionada arquiteturade 64 bits apresentadpe-
los processadoreamaquina.Seuusonaofoi possiel, portanto paraa execucaalestes
experimentos.

As medidagle desempenhdaredesédorealizadastrarésde umapequenaplicacdo
normalmentechamadade ping-pong(DILLON; SANTOS; GUYARD, 1995; HIPPER;
TAVANGARIAN, 1997;BAKER, 2000). O programaé disparadautilizando-seapenas
doisndsdoclustere,aolongodesuaexecucaoumdosndserviaaooutroumamensagem
detamanhré-determinade aguardajueelasejaerviadadevolta. O temponecessario
pararealizar essaoperacac chamadade round-trip time, e € comumenteaceitocomo
o dobrodo tempogastono ernvio uni-direcionalde umamensagenao referidotamanho.
Essaoperacacé repetidadiversasvezes,a fim de se obter um valor médio estéel, e
tambémcom diversostamanhogie mensagemyariandodesde0 bytes,quandose pode
mediralaténciaminimadeervio deumamensagematéum tamanhagrandeo suficiente
parasaturaraconedoderede(ex. 8 MB), casoemquesepodemediravazdoméaxima.E
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Tabela5.1: Medidasde vazdomaximade transferénciale dadospelaredee no acesso
aosdiscosnosclusters-clustere LabTeC;osvaloressdoexpressoemMB/s (megabytes
por segundo)

Discos
Cluster Rede Leitura Escrita
i-cluster 11,2 42,72 35,60
LabTeC 11,1 43,22 40,63

estalltimamedidaqueinteressaoexperimentarealizadopoiselaindicaataxamaxima
dedadosguepoderacsertrocadoentreclientes,meta-servidores I0Ds.

O desempenhdaos discosfoi medido utilizando-seo comandoUnix dd, que per
mite a transferénciade blocos de dadosde tamanhoarbitrario entre arquivos do sis-
tema. As vazesmaximasde escritae leitura de dadosem disco sdomedidas respec-
tivamente atravésdatemporizacaala execucdode operacdesle criacdode um arquvo
del GB eposteriofeituradomesmaarquivo. Mais precisamenteg vazaodeescritaé ob-
tida pelamedidado tempode execucadado comandadd i f =/ dev/ zero of =teste
bs=1M count =1024 && sync, eavazaodeleiturapelocomandadd i f=teste
of =/ dev/ nul | bs=1M count =1024. Os dispositvos especiaid dev/ zero e
/ dev/ nul | sdousadosomofonte e destinacaae dadoscom capacidadanfinita, res-
pectvamente O comandasyncnaoperacaale escritaforcaa efetva gravacaodosdados
namidiamagnéticalodisco,e é necessariparaevitar mascaramentdo tempodeexecu-
caopelapossibilidadede manutencéale dadosem buffers do sistema.lgualmenteneste
caso,paraseobterum valor médioestael, cadamedidaé repetidano minimo5 vezes.

A Tabela5.1 apresentas valoresobtidosnasmedidasde desempenhefetuadasos
doisclusters.Osnumerossaoexpressoemtermosde vazdo,emunidadesie megabytes
por sggundo(MB/s). O desempenhdaredenosdois clusterseé praticamentegual, em
torno de 11 MB/s, pois ambosemprgam tecnologiaEthernet100 Mb/s. Em relagéo
ao desempenhdalos discos, pode-senotar uma pequenadiferencaem favor do cluster
LabTeC,devido aousodediscosSCSI,enquantajueo i-clusteremprea discosIDE.

Em razdodessasnedidasconstatou-seomolimite maximoparao desempenhpor
no de transferénciale dadoso valor de 11 MB/s, sendoestaa limitacdoimpostapelas
conedesderede.

5.2.2 Leitura eEscrita Sequenciais

O primeiro testerealizadocom o proto6tipo do dNFSP consistiude uma avaliagéo
de seudesempenhdruto, ou seja, capacidadanaximade vazdoagregada quandoos
clientesrealizamoperacoesle leiturae de escrita(AVILA etal., 2004). Trata-sede um
experimentosemelhanteo descritono capituloanterior porémvariandoo nimerode
clientese contemplanddambémoperacgdesleleitura.

O testeé chamadode “sequiencial”,apesarde suanaturezadistribuida, porqueos
clientesrealizama leitura ou a escritade um arquvo de forma continua,do primeiro
ao ultimo byte, em ordem. Essetipo de operacadgode serencontradcem aplicacdes
paralelagjuenecessitempor exemplo,ler um conjuntode dadosarmazenadosmdisco,
ou entdorealizara tarefa contraria,aposrealizarumasériede calculos.

A execucaodfoi igualmenterealizadano i-cluster com um conjuntode 12 n6s1OD,
7 meta-servidores 21 clientes perfazendaum total de40 nos. Dois experimentogoram
realizadosNo primeirocasodeformasemelhantaotesterealizadcanteriormentecada
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Figura5.2: Vazaoagregadaobtidaparaleiturasequenciaho dNFSP

clientecriaumarquio prépriodetamanhdl GB, como comandald i f =/ dev/ zer o
of =ar q$i bs=1M count =1024, onde$i é substituidgpelonomedamaquina.No
segundo,cadaclientelé o seupréprio arquvo, executandoo comandodd i f =ar i
of =/ dev/ nul | bs=1M count =1024.
Os valoresmedidoscorrespondena vazaoagreyadade escrita/leiturados arquvos
armazenadoso servidor quecorrespondaformula
ncK

V=
t

ja apresentadao Capitulo3, ondeV é a vazdoagregada,em MB/s, nc € o nUmerode
clientes,K é o tamanhaodo arquio escritoou lido, em MB, et é o tempode execucéo,
emsegundos.

A Figurab.2 apresentas resultadosobtidoscom o testede leitura sequencial. A
curvaobtidaé comparad@oma curvadedesempenhimeal,quesegueo mesmocompor
tamentamostradaanteriorment@ostestesio NFSP:avazaocagregadaaumentaa medida
gue seaumentao numerode clientes,até o pontoondeesteigualao nimerode I0Ds,
guandoentdoo desempenhmaximopossiel é atingidoe seestabiliza.Formalmente,

nctR sen: <n;
Vi = .
niR casocontrario

O desempenhobtido é tambémcomparad@aqueledo NFSR emsuasduasverséesa
fim dedemonstran parcelade ganhoobtidapeladistribuicAodo meta-servidar

A curva obtidaapresentganhoevidentede desempnho,inclusive superandms va-
loresobtidospelasimplementacdepréviasdo NFSP.O graficocorrespond@o compor
tamentodacurvaideal,porémcomvaloresmaisatenuadose apresentam certograude
instabilidadea partir do pontoonden; = n;.

Um ganhoemdesempenhemrelacdoao NFSPnasoperacoesle leiturapodepare-
cerestranhoa primeiravista, pois o dNFSPé concebidgparaotimizar asoperacbesle
escrita,mantenda comportamentoriginal no casodaleitura. A execugaodesteexpe-
rimentorevelou, entretantoque o fato de existirem varios meta-servidoreatuandoem
paraleloajudao sistemaa melhorgerenciamlasdiversagequisicbesoncorrentesrigina-
dasdosclientes,pois atenuao custocomputacionalnteriormentempostosobreum so
servidor
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Pode-seobsenrar que o desempenhdo sistemaevolui de forma praticamentdinear
atéo numerode 10 clientes,com valoresbastantgréximosdacurva ideal. A instabili-
dadeapresentada partir de 12 clientespodeser consideradalentrodo esperadouma
possibilidadearaessecomportament@é tambénmo custocomputaciona¢levadonasma-
guinasqueexecutamos|ODs.

No casodasoperacdesle escrita,0 comportamentala curva de desempenhsegue
outro modelo. Isso porque, nestecaso,ndao somenteos IODs mastambémos meta-
servidoresestaoenvolvidos natarefa de transferira maior partedos dados;portanto,o
numerode meta-servidoredisponibilizadogambéminfluenciano calculo. Se essenu-
merofor muito pequenopodepassaa limitar o desempenhglobaldo sistemadamesma
formaqueo numerodelODs.

O experimentofoi realizado,assimcomo no casoda leitura, de modo que o maior
nameropossiel de meta-servidoresejautilizado. Assim, noscasosde execu¢gbéesom
ate7 clientes,cadaum estaassociad@ um meta-servidodistinto; a partir de 8 clientes,
0S meta-servidorepassama ter que receberdadosde mais de um cliente a0 mesmo
tempo, 0 que provocaum degrau na cuna de vazdo. Tomandocomo exemplo 0 caso
especificade 8 clientes,pode-senotar que o primeiro meta-servidotera dois clientes
a ele associadosgnquantaodosos demaismeta-servidoregerdoapenasim; o fato de
estarassociada dois clientesfard com que o primeiro meta-servidorecebao dobro
da quantidadede dadosdo que os demais,praticamentelobrandotambémo tempode
execucaodo experimento,apesarde ter sdo aumentadsomenteum cliente. A mesma
situacaamcorrequandoo numerodeclientesaumentale 14 paral5, causand@sdegraus
nacurvadedesempenho.

Matematicamentesendon,,, 0 nimerode meta-gnvidores,tem-seque o tempototal
deescritade dadoste € dadopor

1 .
te= 2=((Ne—1) div ) + 1)

ou seja,o temponecessariparaa transferénciale um arquivo por partede um cliente
(1 GB/ 11 MB/s) multiplicadopelomaiornimerodeclientesqueum tnicometa-servidor
gerenciaO calculodavazaoideal de escrita,portanto,é¢ dadopor

NG

Vi
e to

ou
11nc

((ng—1) divnm)+1

O graficocom o resultadodessesxperimentoé mostradona Figura5.3, novamente
comparadocom a cuna ideal. O desempenhaedrico do modelo NFSP original (na
verdade,o do proprio NFS) € tambémmostradoparafins de comparacao.Nota-seo
comportamentgeculiarem degraus,conformerecémdescrito,que correspondeosre-
sultadosobtidosna pratica,porémcom forte atenuacao.Pode-seperceberque a vazao
total atingidacom o meta-servidodistribuido € consideraelmentemaiordo queno caso
do meta-servidocentralizadoaproximando-sédacurvaidealcomo aumentado nimero
declientes,0 quepreenchaleformamaisconstanteasconexdesderede.Esseresultado
confirma,em ultima andlise a eficaciado modelopropostoem conferir um nivel maior
dedesempenhasoperacdesleescritado NFSP.

A atenuaca@mrelacaoa curva ideal é resultanteem parte,pelasimplificacaofeita
namodelagemmatematicagueconsideragqueos|ODs sdosemprecapazesle suportara

Ve —
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Figura5.3: Vazaoagregadaobtidaparaescritasequienciaho dNFSP

camgageradgelosmeta-servidoref fato, porexemplo,dedoismeta-servidoresstarem
acessandam bloco de dadosno mesmolOD provocariaumaperdade desempenhoky

tambénpelacaganaCPUdasmaquinagjuehospedanos meta-servidoresjmavez que

o trdfego de dadose conseqlientguantidadele trabalhodesempenhadgelosservidores
€ bemmaiorqueno casodaleitura.

5.2.3 Overhead de Buscade Meta-Ar quivos

O sggundoaspectalo modelodNFSPa seravaliadoé o overheadcausadgelo pro-
cedimentade buscaremotade meta-arquios, ou seja,o tempogastocoma execucgaado
rcp quecopaum meta-arquio remotoparao meta-servidotocal. Essetempondopode
serelevado,sobpenadeinfluenciarsignificatvamenteno desempenhdaaplicacdoprin-
cipalmenteno casode haver intercambiode manipulacéaale arquivos por partedosnos
daaplicacao.

Comoja colocadoa decisacsobrecomorealizara buscapor meta-arquios depende
deumapoliticaimplementadao meta-servidarNesteprototipo,conformeexpostoante-
riormente foramimplementadaduaspoliticas linear e por vizinhancasendoaprimeira
particularmentéitil nesteexperimento.

O testeconsistede um programagueinicialmentecria 100 arquios arbitrariamente
emum dosnésclientes,e em sgguidafaz com que os demaisclientesleiam os referi-
dosargquivos. De modoa medir somenteo tempode buscados meta-arquios, todosos
100arquvossaocriadoscomtamanhazero.

A execugadoi, novamente conduzidano i-cluster utilizandoum conjuntocom so-
menteum |OD, 16 meta-servidores 16 clientes.Paramaiorclarezagstesseraareferen-
ciadosnumericamentee0 a 15.

Osarquiosiniciaissdocriadosnocliente#15,quepor suavezestaassociadaometa-
servidor#15. Em sgguida,iniciandopelocliente#14 e indo atéo cliente#0, foi medido
o tempoquecadaum leva paraler os 100 arquivos (ondea operacadler” significacat
arqg > /dev/ nul |). Apenasum clienteexecutaa cadamedida.

Umavez que,deacordocoma politicalinearimplementadaa procuraseinicia sem-
pre peloprimeirometa-servidodo conjunto,o acessanicial do cliente#14fazcomque
0 meta-servido#14 tentebuscaro primeiro meta-arquio no meta-servido#0, obtendo
um cédigode erro; em seguida, ele tentao meta-servido#1, quetambémretornaerro,
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e entdotentao #2, 0 #3 e assimpor dianteatéencontram informacaodesejadano meta-
servidor#15. Essamesmaoperaca repetidgparatodososarquivosdo conjuntoinicial,
e 0 tempototal gastonesserocedimente medido.

Na etapaseguintedo programajpassandgarao cliente#13,0s mesmopassosao
repetidosgxcetoquea procuraseencerracomumatentatvaamenospoisagorao meta-
servidor#14ja possuios meta-arquios desejadosO programacontinuadessdormaaté
o cliente#0.

Osresultadobtidossdomostradosia Figura5.4. Cadavalor apresentadoorres-
pondeaotempomedidoparao niumerode tentatvasem questaogdividido por 100 para
representao overheadpor arquivo.

Obsena-sequea curva aumentacomo numerode tentatvas,deformapraticamente
linear, aumarazaode aproximadament66 ms paracada“cace-mis$ adicional. Esses
valorescorrespondena cercade apenasl sggundode atrasono casode seremusados
16 meta-servidoresalor consideradplenamenteazoael, emcomparacagomo tempo
necessariparaler ou escreer atotalidadede um arquivo daordemde gigabytes.

5.3 Benchmarks

Emumasegundaetapade experimentosp prototipodo dNFSPfoi avaliadocomben-
chmarksbemconhecidosialiteratura,e que saofrequentementesadosa avaliacdode
outrossistemagsle arquivos paralelos Esteconjuntode experimentos/isaumaavaliagao
do desempenhdo dNFSPem uma situagaomais proximadasaplica¢cdegeais (KAS-
SICK etal., 2005).

5.3.1 BTIO

O NASParallel Bendqimarks ou NPB (BAILEY etal., 1995),& um conjuntode apli-
cacoessintéticasem Dinamica Computacionalde Fluidos (CFD, ComputationalFluid
Dynamic$ deserolvido parapermitir a avaliacdodo desempenhde supercomputado-
res. O NPB atual,em suaversdo2.4}, apresent® aplicacdedlistintas,implementadas
emMPI, quepermitema avaliagdodo desempenhsobdiferentesaspectogalto oubaixo

LAtualmentetambémé disporibilizado o NPB v3, voltadoa computacid@mgrade



69

graude paralelismoprocessamenteegulare irregular, entreoutros).

Umadasaplicacdeslo NPB, 0 BT (Blodk-Tridiagonal), foi recentementadaptadale
formaaexplorarosrecursosie E/Sdeum computadoparalelooriginandoo bentcymark
conhecidocomoBTIO (WONG; WIINGAART, 2003). O algoritmoBT consistede um
métodoimplicito pararesoher equacde8D Navier-Stokes; no BTIO o mesmométodo
€ usaa, porémos resultadoddevem ser escritosem discoa cada5 passodle iteracao,
em um total de 200. Uma restricdoparaa execucaoda aplicacdoé que o numerode
processadoredeve serum quadradagperfeito (ou seja, 1, 4, 9, 16, e assimpor diante).
Trésclassesletamanhasaoprevistas,combasenasdimersdesdamatrizcubica:classeA
(643), classeB (102°) e classeC (162).

O BTIO édisponibilizadoemalgumasvariantes:

full Utiliza MPI-IO com o recursode collectivebuffering, o quesignificaque os dados
distribuidosnamemoériadetodososprocessadoresioreunidopreviamenteemum
sub-conjuntadosndsparticipantesgde modoa seremreordenadosntesda escrita
emdisco,afim deaumentaa granularidadelessabperacao.

simple Tambémutiliza MPI-10, porémsemo collectivebuffering, dessaforma, como
nenhumaeordenacae feita, sdonecessariamuitasoperacdesle seekna escrita
dosdados.

fortran Semelhant@o simple porémutiliza operacdesle manipulacaale arquivos do
Fortran77 aoinvésde chamadasoMPI-10.

epio Estaultima variantendocorrespond@ especificacado bendimark poiscadapro-
cessoescree os dadosrelativos a suapartedo dominioem um arquvo separado,
de formacontinua.Paraproduziro mesmoresultadodasoutrasvariantespode-se
fazer aofinal do processament@ combinac@aletodososdadosemum Gnicoar
quivo, incluindo o temponecessariparaessaoperacamatemporizacaglobal da
aplicacdo.Freglientemententretantogssailtima etapanédoé realizadade modo
aprover umamedidarealisticadascapacidadedo subsistemale E/Sdamaquina.

O experimentdoi realizadautilizando-seaversacepio, poiso NFSPéimplementado
combaseno NFSv2 e o MPI-10 requerNFS v3 parapoderusufruirdo mecanismale
travasdessaversdo. Uma modificacdorealizadano bencimark comofeito usualmente
em testesde sistemasie arquvos paralelos foi arealizacdade escritaem discoa cada
iteracdo,de modoa produzirumacaiga maior. Comparou-s@® desempenhdo dNFSP
como PVFSe como NFStradicional(versaouserlevel).

Paraesteexperimentofoi utilizadoo clusterLabTeC,emconfiguracbesom1,4,9e
16 nésde processamentdQuatrondsdo clusterforam permanentemenigilizadospara
executaro servidorde arquivos. No casodo dNFSR os quatrondshospedamgadaum,
um meta-servidoe um IOD. No casodo PVFS, cadan6 hospedaum IOD e um dos
néshospeda manaer. Por ultimo, quandodo usodo NFS, somenteum dos4 noésfoi
utilizadocomoservidor

A Figura5.5 mostraos resultadosobtidos,ondecadavalor foi computadocomo a
médiaaritméticade 5 execuc¢des.Nota-seum desempenhbastantdbom do dNFSPem
todasas situagdes. Os dois sistemasie arquivos paralelosobtiveram,como esperado,
melhordesempenhdo queo NFS, chegandoa um ganto de 32% do dNFSPemrelacao
aoNFSno casode 16 clientes.A quantidadale nésdisponieis no clusternaopermitiu
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Figura5.5: Comparacaale desempenhdo dNFSPem relacdoao PVFSe ao NFS na
execucaado bendimarkBTIO

a experimentacda@om um conjuntomaior de clientes,porémo grafico mostratendén-
cia de aumentoda diferencade desempenha@ medidaque se utilizam maisnds, o que
correspondaoresultadcesperado.

5.3.2 AndrewBenchmark Distrib uido

Outro bendimark utilizado paraavaliar o desempenhalo dNFSPfoi o conhecido
Andrew Bendhimark (HOWARD et al., 1988). Essepacotede software consistede uma
sériedescriptsqueexecutamoperacéesomunsde manipulacaale arquivose diretorios,
tendosidoinicialmentecriadoparaavaliar o desempenhdo AFS, masqueé largamente
utilizado paraavaliacdode desempenhde sistemagle arquvosemgeral.

O Andrew é compostgpor 5 fasedlistintas:criagdode diretérios,cépiade arquivos,
verificacaodeatributos(st at () ), leituradedadose compilacdadeum programaCada
umadelasprocuraexplorar um tipo de operacamo sistemade arquvos, sendoque a
ultimafaserealizaum combinacaaletodasasdemais.

Paraavaliar o desempenhde um sistemade arquivos paralelocomoo dNFSR o An-
drew foi adaptadale modoater asoperactesealizadagor diversosclientesao mesmo
tempo.Assim,ascincofasegassana secomportardaseguintemaneira:

Fasel: Cadaclientecria um total de 200 sub-diretoriostendocomoraiz um diretorio
inicial cujonomeé baseadmaidentificacaado propriocliente.Ou seja,0 conjunto
desub-diretérioxriadoporcadaclienteé completamentendependentdosdemais.
Estafase,assimsecaracterizgpelaescritade meta-dados.

Fase2: Umasériede arquios presenteso sistemade arquivoslocal do cliente— efe-
tivamenteo codigo-fontedo programacompiladonaultima fase— é copiadapara
um dosdiretorioscriadosnafasearterior. Esseprocedimentaaracterizaestafase
principalmentecoma escritade dados.
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Figura5.6: Comparacaale desempenhdo dNFSPem relacdoao PVFSe ao NFS na
execucaado bentimarkAndrew distribuido

Fase3: A partir de umalistagemdosarquvos e diretorioslocais (codigo-fontedo pro-
grama)realiza-saumst at () , atrasésdo comandds, emcadaumdoscorrespon-
dentesemotosdoitenslistados caracterizandafasecomaleiturade meta-dados.

Fase4: Novamenteutilizando a listagemde arquvos e diretérioslocais, cadacorres-
pondenteremototem seuconteudocompletamentdido através da utilizacdodos
comandogyrep e wc, caracteristicaessaherdadado Andrew original. Por esse
comportamentogstafaserealizaprincipalmenteoperacdesle leiturade dados.

Fase5: O programae finalmentecompilado,a partir da copiafeita na Fase2, subme-
tendoo sistemade arquivos aosquatrotipos de operacdesnencionadasle forma
repetidamentalternadaa compilacdodo programaexige repetidasoperacdesie
leituradearquios-fonte gscritadearquivos-objetce criagcadoe remocaalearquivos
temporarios).

Dois outrosdetalhegoramadicionados estaversaomodificadado Andrew. Primei-
ramente os clientesexecutamo bendimarkde formasincronapou seja,aofinal de cada
fasecadaclienteaguardayueosdemaisatinjamo mesmaponto.Issoé feito dessdorma
paragueostemposde execucaade cadafasepossansermedidosisoladamenteEm se-
gundolugar, a particdoremotaé montadae desmontada cadafase;esseprocedimento
tem o objetivo de eliminar eventuaismascaramentode desempenhgelo fato de dados
oumeta-dadogstarememcade O programacompiladoé o POV-Ray (PERSISTENCE
OF VISION RAY TRACER,2001).

Osexperimentogoram,igualmenteexecutadoso clusterLabTeC, novamentecom-
parandoo desempenhobtido no dNFSPcom o PVFSe o NFS tradicional. O numero
de clientesutilizadosfoi variadode 1 até 8. Os resultadosobtidos sdo mostradosa
Figura5.6, correspondndoa execucdocom 8 clientes,umavez que 0 comportamento
obsenadofoi proporcionak estavariacéo.

As medidasobtidascom a execugéodestebentimarkndose mostram,emgeral,fa-
vorawisaossistemagsie arquivos paraleloautilizados.O NFS proporcionanenortempo
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deexecucaeemdiversassituacdesemespeciahaFasesl e 2. Mesmocomo cenarioge-
ral destwvoréwel, aindapodemserobsenadassituacéendeo dNFSPapresentoganho
significatvo de desempenha;omonasFases3 e 4, ondeos clientesacessanmassva-
menteo servidorde arquvos. Entende-se&ue 0 ganhoobtido, nessesasos,deve-sea
melhordistribuicdodo servi¢o,o qualfica centralizadano casodo NFS. Em relagéoao
PVFS, conclui-seque o problemade desempenhé originadopelotamanio geralmente
pequenalosarquivos manipuladossituacdcem queo sistemasofreconsiderael degra-
dacdocomoreconhecidgelospropriosautores.

Comojustificativa parao comportamentglobal maisfavorawel ao NFS, pode-seob-
senar queo Andrew foi concebidgparaa experimentacaale um sistemade arquivosde
propésitogeral,procurandaefletir a caiga geradgpor um grupode usuariograbalhando
emumaredelocal,e ndoadeumaaplicacdgaralela Assim,operacdefrequentegrvol-
vendometa-dado® a manipulacaale arquivos de pequengorte,constantesio cenario
cotidianode umarede,ndosédocontempladapelosprincipaisobjetvos dossistemasle
arquiosparalelosguevisammaisa manipulagcd@osdadosemsi. Contudo,dadaacre-
dibilidadedo Andrew comoparametrgaraa avaliagaode sistemasle arquivos,decidiu-
sereportaros dadosobtidosmesmoquerepresentendes\antagenparao dNFSP como
formadetornaro estudomaiscompleto.

5.4 AplicacGes

Paracompletara avaliacdodo desempenhdo dNFSR o sistemafoi experimentado
comaexecucaade umaaplicacaccientificareal, conformeapresentada seguir.

5.4.1 GADGET

O GADGET (SPRINGEL;YOSHIDA; WHITE, 2001),abreviacdode Galaxieswith
Dark Matter and Gaslnteract, € um programadistribuidode formalivre parasimulagéo
cosmoldégicale N-corpos/SPHSmoothedParticle Hydrodynamick. A aplicacdaealiza
o célculodeforgasgravitacionaisatravésde um algoritmohierarquicoemarvore, e pode
serusadgparaestudossoladosou emsimulacfegjueincluamexpansdaosmologicalo
espacocomou semcondicbegperiddicade borda(GADGET, 2005).

Porrealizarasimulagdadainteragaagravitacionalentreparticulasp ciclo defuncio-
namentado programaé relatvamentediferentedo tradicional. Umaexecugédodo GAD-
GET ndobuscaum dadoespecificocomoo resultadade um calculo,massim a obsena-
caodaevolucédodo sistemainicial (posicaodasparticulasyelocidadede deslocamento,
forcasexercidas,entreoutros)dentrode um periodode tempopreviamentedefinido. O
“resultado”daexecucaado GADGET €, portanto,um conjuntode dadossemelhant@o
utilizadocomoentrada.

Ao longodaexecucaado programaemfuncaodagrandequantidadeale calculosque
séorealizadosg corveniente emintervalosregularesde tempo,realizarum registroem
discodasituacdomomentaneao sistema.Esseprocessa chamadade snapshotke tem
por objetivo evitar a perdade informacdesasoa aplicacacsejainterrompidano meiode
suaexecucao(por exemplo, pelainterrupcédode enegia elétrica). Ao final do tempode
execucagré-estabelecidaym snapshofinal é tambémgerado.

Umaversaagparalelizadalo GADGET é implementadaobreMPI, e apresenta pos-
sibilidadede quecadand de processamentenvolvido no calculogereum snapshotnde-
pendentelosdemais.Aproveitandoesseaecursoumavezqueseconfiguraasituacacem
guevariosnosde processamentestdcacessando sistemalearquivossimultaneamente,
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Figura5.7: Resultado®btidoscoma execucaalo GADGET

0 GADGET foi usadoparaavaliar o desempenhdo dNFSP.A vantagende utilizar um
sistemalearquivos paraleloparaessa&uncaoé que,comoo algoritmoé iterativo e a exe-
cucaotemum tempofixo de duracdoumaeficiénciamaior de escritade dadossignifica
poderrealizarum maiornimerodeiteragées.

Osresultadosaoapresentadoga Figura5.7. Osvaloresobtidosrepresentano nud-
merodeiteracdesealizadosportantoumvalor maiorrepresentamresultadanelhor Os
dadoscorrespondenma execucdesle 30 minutos. Tambémnestecasofoi usadoo cluster
LabTeC,tendosidoigualmenteresenados4 ndsparao servidorde arquivos e até6 nds
paraaaplicagao.

Nota-senovamentenestecasoo melhordesempenhproporcionadgelossistemasle
arquios paraleloscom o PVFSapresentandeelativa superioridade O dNFSP mesmo
assim,aindaobteve desempenhoercade 15% superioraqueledo NFS, apesado ainda
pequenamumerodeclientes.

5.5 AvaliacdodosResultadosObtidos

Apés arealizacaadosexperimentogecémdescritos pode-sechegar a conclusédale
que o modelo propostono dNFSP atendeaos objetivos inicialmentedefinidosparao
trabalho,em especiala adicdode um nivel diferenciadode desempenh@ao NFSPe a
manutencaale suascaracteristiasde compatibilidadecomos processosdministratvos
normalmenteemprgadosemum clusterBeowulf.

As caracteristicaprincipaisdo modelo,efetvamentea distribuicdodo meta-servidor
e amanutencaade coeréncicommecanismaelaxadoforamavaliadasdiretamentgela
execucaodos experimentosde leitura e escritasequenciai® pelamedidade overhead
de buscade meta-arquios. Os resultadosobtidosdemonstranum efetivo aumentode
desempenhemrelacdoao modelooriginal, semacarretaem atrasodemasiadamo caso
da manutencaale coeréncia. O testede escritarevelou a real possibildade de maior
vazdocom o modelode meta-servidodistribuido, ficandoem médiaacimade 50% do
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desempenhaleal, e que possvelmenteaindapermitemelhorias,como por exemplono
casodaimplementaca@m nivel de kernel. O testede leitura compro/ou a eficaciaja
apresentadaelo NFSR e aindapermitindoum patamarmais elevado de desempenho,
emtornode 18% melhorqueo original, comumacurva de desempenhacompanhando
a cuna ideal em metadedos casostestados.Por fim, o testede overheadde buscade
meta-arguios compro/ou um valor tolerawel, de cercade 66 msa cadaprocedimentale
busca,o querepresentariajo pior caso,cercade 1% do tempogastoparaler um arquvo
del GB emumaconfiguragda@om 16 meta-servidores.

As medidascombendimarksobjetvaramsubmeten sistemaa situacdesnaisproxi-
masdaquelagncontradasasaplicacdeslosusuarios.Ostestescomo BTIO revelaram
desempenhem torno de 32% melhor do que o obtido usandoNFS, e equiparael ao
obtidocom o PVFS. Essacaracteristicaeforcaa idéia de que os objetivos do trabalho
foramatingidos poiso PVFSé umdosprojetoscommaioratividade,atualmentenaarea
desistemagsle arquivos paraclusters sendoresultadade grandequantidadeale pesquisa.
A execucaodo Andrew Benchmarkdistribuido revelou desempenhapenasegular de
ambosos sistemadgle arquivos paralelosyefletindoumasituacaamaispropiciaparaum
sistemeacentralizadaomoo NFS.

Por fim, a execugdodo GADGET comprwou a viabilidadede usodo dNFSPcom
aplicagOegientificageais ficandonovamenteosresultadogquiparaeisaosobtidoscom
o0 PVFS,e comganhosignificatvo sobrea execucdacomNFS.

O capituloseguinte apresentas principaisconclusée®btidasapodsa realizacaado
trabalho,destacandascontrituicbesdapesquisaleserolvida e apontandgossibilida-
desde extensaalo projeto.
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6 CONCLUSOES E CONSIDERACOES FINAIS

A ComputacddBaseadam Clustersrepresentahoje em dia, a forma mais pratica
de serealizarpesquisa&m processamentparalelo,pois os equipamentopodemserad-
quiridos no mercadocomume o software é disponibilizadolivrementena Internet. E
tambémumadasmaiseconomicamentatraenteslternatvas paraempresasjue neces-
sitamde alto poderde processamentdEssase outrasrazéesderamum grandeimpulso
napesquisam clustersnosultimos anos,e estimularano desemolvimentoe adaptacao
detecnologiagjue,realimentand® ciclo, levaramosclustersaonivel doscomputadores
maispoderososlo mundo,apresentandeentenag mesmanilharesdeprocessadoresm
umamesmamaquina.

Foi essatendénciade crescimentao porte dasmaquinasggue motivou boaparteda
pesquisem sisemasde arquivos paralelos.Uma vez sendoconstituidode centenagle
nds de processamentdprna-seimperatvo que o clusterabandoneo modelode servi-
dor de arquivos centralizadocomoé o casodo NFS, e passea adotarumasolucaoque
proporcionemelhordesempenhe escalabilidade.

O projetoNFSPé umadasiniciativasquevisamum sistemade arquvos commelhor
desempenhaje modoque possaserusadona computacadaseadam clusters. Como
caratediferencial,o projetobuscao altodesempenhgorémébaseadmo protocoloNFS
padraocomo intuito dereduziro impactodeintrodu¢dode novastecnologiase métodos
emumainstalacaale clustertradicional. Na pratica,umaconsequéncidessdilosofiaé
gueo NFSPpermiteo usode clientesNFS corvencionaisjsentosde qualqueralteracao,
o quereduzsignificatvamenteo graudeintrusaonainstalacaaee configuracdaosnésdo
cluster

O trabalhoapresentadoestatese dNFSP consisteemum dosramosde pesquisari-
ginadosno projetoNFSR etemcomometapermitirummelhordesempenhemsituacdes
ondeaplicacbeparalelagealizamtarefastantodeleituracomodeescritadedadosp que
naoé contempladgelomodelooriginal.

A baseadefuncionamentalo sistemaseapoiasobredoispontosprincipais:ummodelo
de gerenciamentdlistribuido de meta-dadosgue permitemelhorescalabilidade reduz
0 custocomputacionasobreo meta-servidooriginal do NFSR e tambémum mecanismo
relaxadode manutencaale coerénciabasead@em LRC (Lazy ReleaseConsistenyg), o
gual permitea distribuicdodo servicosemacarretaem operacée®nerosasle sincroni-
zacaodedados.

6.1 MetasAlcancadase Contrib uicbesdo Trabalho

Apoés a apresentacédo modelode distribuicdodo servidorde arquivos propostono
dNFSPe analisado®sresultadograticosobtidos,pode-seconcluirqueo trabalhoalcan-
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¢couseusobjetivosprincipais:

e Melhor escalabilidade desempenhglobal da aplicagdoquandodarealizacaae
operacdesle escritade dados,como ocorreno bendymark BTIO apresentadoo
capituloanterior com cercade 32% de ganhode desempenhemrelacdoao NFS
corvencional,

e Importanciadendoacarretgrcomasolucaocadotadaimpactono bomdesmpenho
ja apresentadpelo NFSPnasoperac6esle leitura; comomostradoa solucaode
distribuicdo do meta-servidona verdadecontribuiu paramelhoraraindamais o
desempenhalessetipo de operacédoge o overheadcausadgela buscade meta-
arquvos em servidoregemotosfoi consideraddolerawel emrelagéoao custodas
operacdesmaisfreqientes;

e Manutencaalo baixo nivel de intrusvidadenainstalacéoe no gerenciamentae
um cluster em especialo fato de mantera compatibilidadecom os clientesNFS
disponiveisemqualquersistemaJnix.

Ao longo do desemolvimento do trabalho,assimcomofez o proprio NFSR vérias
vezestomou-seo PVFS comopontode comparacéopelo fato de seresteum dosprin-
cipais projetosda atualidadena areade sistemagie arquivos paralelos. Recentemente,
a confiancano trabalhodesemolvido foi reforcadaaindamaiscomo lancamentaficial,
emnovembrode 2004,do PVFSv2, o qualinclui, entreoutrosrecursosa gerénciadis-
tribuidade meta-dadoggcnicaquetambémé propostanateseaquiapresentada.

Dentreasprincipaiscontribtuicbesdo trabalhodeserolvido, podemserdestacadas:

¢ Definicdode um sistemade arquivos paraclustersque permie bom desempnho
e escalabilidadee que ao mesmotempominimiza o esforgode adaptagd@ uma
novatecnologigpor mantera compatibilidadecomo softwareno ladocliente;

¢ Investigacdosobreaspossibilidadesle usodo NFS, queapresentamportantesa-
racteristicasle estabilidadematuridades semanticale usobemconhecidasgomo
o sistemade arquvosparaum cluster;

¢ Investicacaosobreo potencialde utilizagcdode um mecanismale coeréncidraca
no sistemade arquvosde um clusterparaprocessamentde alto desempenho;

e Contrituicdoparaa evolugdoe amadurecimentdo projetoNFSPcomoum todo;

e Reforcodaparceriaentreos gruposde pesqusado ID, em Grenoble,e do GPPD,
emPortoAlegre,atraszésdo deserolvimentodeatividadesacadémicas cientificas
conjuntas.

6.2 Publicactes

A pesquisalesenolvida durantea teseproporcionoua publicacaade artigose resu-
mosde IC nossayuinteseventosnacionaise internacionais:

e CCGrid 2005 artigointitulado Evaluatingthe Performanceof the dNFSPFile Sys-
tem(KASSICK etal., 2005),apresentasresultadosiosbendimarksBTIO e An-
drew
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e ERAD2005 resumadelC intituladoAvaliagdode Desempenhde Sistemasie Ar-
guivosParaleloscomo Andrew BendimarkModificado(MACHADO etal., 2005),
apresentaesultadogpreliminarescomo Andrenv Benchmark

e SBAC-PAD 2004 artigo PerformanceEvaluationof a PrototypeDistributed NFS
Server(AVILA etal.,2004)comosresultado®btidosnostestegleleiturae escrita
sequenciaie medidade overheaddo mecanismale busca

e WSPPD2004 artigo PerformanceEvaluationof a PrototypeDistributedNFS Ser
ver (AVILA; NAVAUX; DENNEULIN, 2004),versaaresumidado artigoanterior

e WSGPPD2003 artigo intitulado A Comparisonon Current Distributed File Sys-
temsfor BeowulfClustess (AVILA; NAVAUX; DENNEULIN, 2003),apresentam
estudocomparatro entresistemasle arquivos paralelogaraclusters

6.3 Trabalhos Futuros

Comasatividadesdesemolvidasnopresentérabalho algunsnovostemasiepesquisa
podemdesdgéa serapontadogomopossibilidadesle continuacéalo projetoNFSP:

Protocolodedicadode comunicagéoentre os meta-sewidores Osresultadosnostrados
nostestesle overheadde buscade meta-arquioscomprovaramqueaestratégiale
realizara copiaremotade meta-arquios por meiodo comandacp apresentausto
tolerawel, decercade 66 msportentatva. E possiel, entretantogueo desempenho
destaoperacagossaseraindamelhoradgelaimplementacddeum protocolode-
dicadoparatrocademeta-dadogntreosservidoresComomencionadmo capitulo
anterior tal mecanismaehegouaserimplementad@mparte pormeiodeconedes
TCP, 0 guemostroucustodemasiadamentevadodeinicializagdo.Umasolucao
dedicadabaseadam UDP, pareceserumaboaalternatva.

ToleranciaafalhasnoslODs Um pontocertamentale grandeinteresseparao projeto
NFSPé ainclusdode algummecanismale toleranciaa falhasno armazenamento
dosdadospossvelmenteémplementadaliretamentesobreos|ODs. A garantiade
terasinformacfesarmazenadasomseguranca ponto-chae demuitasaplicacbes
e usuariodeclusters Atualmente pslODs somentearmazenansdpiasindividuais
decadablocodedadosdosarquivosdo sistemaUm mecanismalo tipo RAID em
software, comofeito no xFS, é certamentaimaescolhaviavel e eficaz,devend
entretantcserfeita umaavaliacdopréviasobreo impactodessemecanismano de-
sempenhalo sistemade arquios.

Integracéo como sewidor NFS em nivel de kernel Assim como foi feito com a pri-
meiraimplementacaalo NFSR ondeo alto custocomputacionaho meta-servidor
levou aoportedo cédigoemnivel deusuarioparao nivel dekernel,aadaptacéaoo
dNFSPparao servidorNFS presenteno kerneldo Linux poderepresentamena
calganaCPUdamaquinahospedeir& conseqlientementeelhordesempenhpor
partedasaplicacdes.Tal problemapodeserobsenadonosexperimentosomele-
vadonumerodeclientes e umaimplementacaoo nivel dokernelpoderiapropiciar
menosoverhead
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Porte para o NFSv3 O NFSPteve suaimplementagcédasead no NFSv2, e comisso
algumagestricbepodemserobseradascomoa limitacdodo tamanhadosarqui-
vosem?2 GB e aauséncialo mecanismaletravas. Essagestricbesmpedem por
exemplo,o usodesoftwarecomoo MPI-10, queutiliza aquelemecanismao con-
trole de acess@mosarquivos que manipula.O portedo NFSPe consequientemente
do dNFSPparao NFSv3 eliminariaessasdimitacdes possibilitandaa execucaade
novos experimentose aplicacéesomo sistema.
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Abstract

Parallel I/0 in cluster computing is one of the most
important issues to be tackled as clusters grow larger
and larger. Many solutions have been proposed for the
problem and, while effective in terms of performance,
they usually represent a considerable amount of hacking
into a “traditional” Beowulf cluster installation. In this
paper, we investigate a parallel solution based on NFS,
which reduces the level of intrusion in the file server
installation, keeps the client side untouched, and still
provides an improved level of performance and scala-
bility for parallel applications. We compare our pro-
posal to other existing file systems using known bench-
marks, and demonstrate that it is a valid alternative
for general-purpose cluster computing.

1. Introduction

High performance file systems are nowadays a spe-
cial source of attention for researchers in cluster com-
puting, since technology and prices allow one to build
machines that are each time larger and larger in size
and capacity. In the November 2004 TOP500 list!,
294 parallel machines are classified as clusters, and
many of them feature more than 1000 processors.
This trend has led researchers and vendors around
the world to adapt existing (mostly commercial) high-
performance I/O solutions as well as to design and im-
plement new parallel file systems, which might be bet-
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Dell/UFRGS research assistant
‘Work supported by HP Brazil
http://www.top500.org

o — %
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51, avenue Jean Kuntzmann
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ter suited to the “commodity-of-the-shelf” approach of
Beowulf cluster computing [16].

In any case, solutions for the performance and scal-
ability of cluster file systems generally present a signif-
icant amount of intrusion in a standard cluster instal-
lation, meaning that new tools, daemons and/or ker-
nel drivers must be compiled, installed and configured.
Traditional Beowulf software like the GNU/Linux sys-
tem, TCP/IP, NFS and the like are well-known to sys-
tem administrators and management tools, represent-
ing a good share of confidence and stability in a typical
cluster installation. In this way, we believe that a solu-
tion for parallel I/O that could be built up from such
established systems might be of considerable interest
to cluster computing facilities.

Following this approach, in this paper we present a
performance evaluation of dNFSP [1], an extension of
the standard NFS file server intended for an improved
level of performance and scalability on clusters while
still maintaining compatibility with the standard NFS
clients available on every Unix system. Our main goal
is to evaluate the feasability of ANFSP as an alterna-
tive for cluster file systems.

We begin with a brief introduction to ANFSP and its
principles, as well as its relation to other solutions for
parallel I/O. Section 4 then describes the benchmarks
and criteria used to evaluate ANFSP, followed by Sec-
tion 5 that presents and discusses the obtained results.
Finally we present in Section 6 our conclusions and fu-
ture activities.

2. dANFSP — Distributing NFS

NFSP [8] is a project started at the Laboratoire In-
formatique et Distribution, in Grenoble, France, with
the goal of providing an improved level of performance
to a standard NFS [3] server. By following this ap-
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proach, the project expects to reach a level of perfor-
mance and scalability suitable for many parallel appli-
cations, and at the same time keep the intrusion level
in relation to a traditional cluster installation to a min-
imum.

2.1. Design of NFSP

The principle behind NFSP is inspired in PVFS [4].
The functionality of the NFS server is split into two
parts: a set of I/O nodes, or iods for short, which are
responsible for storing and retrieving the data blocks
that result from file striping, and a meta-server, which
plays the main role in NFSP: it appears as the “nor-
mal” NFS server for the clients but, upon receiving a
request, instead of reading/writing the data on its lo-
cal file system, it forwards the request to the appropri-
ate iods, which then respond to the clients as needed.
Once several requests are received by the meta-server,
they are forwarded to the iods, which can work in par-
allel, thus improving performance. Figure 1 illustrates
one possible scenario. Iods can be run on client ma-
chines without any restriction. This allows one to eas-
ily benefit from the (usually forgotten) disk space on
the compute nodes.

Several variations of NFSP have been implemented
so far [9, 10], being based on both the user- and (Linux)
kernel-level implementations of the standard NFS v2.
One common characteristic among them is that the
meta-server is one single process run on one of the
nodes. This design allows for increased performance in
the case of read operations, because most of the data in-
volved in the complete operation are sent directly from
the iods to the clients; however, in the case of writes,
the data must be sent from the clients to the meta-
server, and thus the original bottleneck remains the
same.

global metaserver

/ view
fA——

Figure 2. Meta-servers are replicated in dNFSP

2.2. dANFSP

In order to alleviate this problem, dNFSP [1] has
been proposed as a variation of NFSP in which the
meta-server is replicated onto several compute nodes.
Figure 2 illustrates the new design.

In this approach, each replica of the meta-server
works exactly as in the original model, receiving re-
quests from the clients and forwarding them to the iods.
However, one single replica serves only a subset of the
clients, which see it as the only NFS server in the sys-
tem (i.e. the client side is still unchanged). For exam-
ple, if there are 4 meta-server replicas and 20 clients,
each replica can be bound to 5 clients in order to bal-
ance the system. Now if all the clients need to access
the server at the same time, several meta-server en-
try points (4, in the example) will be used instead of
just one, thus allowing for an increased overall band-
width also for write operations. Each replica is still ca-
pable of accessing the whole set of iods.

As a side-effect of meta-server replication, however,
a new problem arises: to keep meta-data consistency
among the several replicas. For example, if a client cre-
ates a new file, this file will exist on the meta-server
that client is bound to, but not on the others, since
meta-data are stored on each meta-server’s local file
system. This means that the new file will be visible for
every client bound to the same meta-server, but not for
the others.

In order to maintain meta-data coherence among
the meta-server replicas without incurring in too much
overhead, a mechanism based on LRC (Lazy Release
Consistency [7]) is used. In this mechanism, meta-data
are made consistent (which means to copy some in-
formation from one remote meta-server to another)
only when effectively needed by the clients. This sit-
uation is basically detected when a client tries to ac-
cess a file that apparently does not exist (lookup func-
tion in NFS). At this moment the meta-server in ques-



tion starts searching for the replica that contains the
file, and copies it when found. We rely on the fact that
accesses to really inexistent files should not occur (at
least not often) in a parallel application. More details
on the model are presented on another paper [1].

3. Related Work

The problem of efficient I/O in parallel computing
arises every time the number of compute nodes grows
beyond a few nodes (naturally, given that the appli-
cation needs it). In this way many solutions for high
performance storage in clusters and parallel machines
in general have been proposed. Two main approaches
seem to exist. The first one achieves improved perfor-
mance by making use of dedicated hardware like high
speed data links (e.g. fiber optics), redundant storage,
non-volatile RAM, and several combinations thereof.
This approach is mostly used by the file systems of
commercial parallel machines, such as IBM GPFS [14]
and Sistina GFS [15, 12]. Following another direction,
file systems such as PVFS [4] and Lustre [5] try to ob-
tain better performance by distributing the file system
functionalities among the compute nodes. Since this ap-
proach generally does not require the use of any spe-
cial kind of hardware, it is better suited to the philos-
ophy behind cluster computing.

dNFSP belongs in the second group. The main dif-
ference in relation to other distributed file systems is
the replicated meta-server design and its LRC-based
coherence mechanism, which allows for reduced over-
head operation in applications with low meta-data pro-
file. Another aspect that distinguishes NFSP in general
is the NFS compatibility. By building the system upon
the traditional NFS foundation, we aim at obtaining
a system with well-known configuration and manage-
ment procedures, thus reducing the impact of introduc-
ing a new technology, while being able to keep with a
good level of both performance and scalability which
are suitable for many parallel applications.

In order to better evaluate the performance levels
of ANFSP, we have carried out a series of experiments
with traditional file system benchmarks found in the
literature. Such experiments and test-bed are described
next.

4. Description of the Experiments

The goal of our analysis is to evaluate the level of
performance presented by dNFSP in comparison to a
real cluster file system, as well as to measure the im-
pact of our extensions to the traditional NFS server
in comparison to an unmodified version of that sys-

tem. It is important to clarify that we do not consider
NFS a proper high-performance cluster file system, but
rather recognise that it is widely used for that purpose
on environments where parallel I/O applications are
not dominant. In this way, we try to evaluate ANFSP
in both situations, by using benchmarks and applica-
tions for both general-purpose and high-performance
file systems.

4.1. Distributed
(DAB)

Andrew Benchmark

In order to evaluate the performance of the proposed
filesystem, as well as the overhead caused by split-
ting the files through IODs and replicating metafiles in
metaservers, we have created a variation of the well-
known Andrew Benchmark, here called Distributed
Andrew Benchmark.

The original Andrew Benchmark was conceived
to test the performance of the Andrew File Sys-
tem (AFS) [6], also a distributed file system. It tries
to simulate the load that would be achieved in nor-
mal use of the file system with several users connected.
The original benchmark is meant to be run on a sin-
gle machine. In our modified version, we intend
to evaluate the performance of several nodes ac-
cessing the distributed file server. This is done by
executing several instances of the benchmark on dif-
ferent machines (here called clients).

In order to measure the times of meta-server syn-
chronization and data I/O independently, the bench-
mark was modified to make all clients execute phases
in a coordinated manner, i.e., all clients must complete
a phase before proceeding to the next one. Also, as a
guarantee that no results are masked by data caching
or buffering, the remote file system is mounted and un-
mounted respectively at the beggining and at the end
of each phase.

The modified benchmark is composed of five phases:

mkdir Creates the directories which will be used in
the next phases.

cp Each client makes a copy of the original tree in its
own directory in the shared file system.

stat The benchmark performs a stat in each file in the
client’s directory.

read Reads all the contents of all files in the client’s
directory.

make Compiles an average size program (in the case
of this test, POV-Ray?).

2 http://www.povray.org



Phases 1 & 3 focus on how efficient and scalable the
file system is when accessing the metafiles. Phases 2 & 4
try to evaluate the performance of data access. Phase 5
tries to measure the file system performance in a situ-
ation where both metafiles and data are needed.

4.2. The NAS/BTIO Benchmark

The NAS Parallel Benchmarks (NPB) are a set of
applications based on Computational Fluid Dynamics
(CFD) designed to help evaluate the performance of
parallel supercomputers. There are several flavours of
the NPB, allowing to evaluate different aspects. The
BTIO benchmark tool is the responsible to evaluate
the storage performance. It is an extension of the BT
benchmark [2] which is based on a CFD code that
uses an implicit algorithm to solve the 3D compress-
ible Navier-Stokes equations. The BTIO version of the
benchmark uses the same computational method, but
with the addition that results must be written to disk
at every fifth time step. There are different versions of
BTIO, which are described below:

e BTIO-full-mpiio: uses MPI-10 file operations with
collective buffering, which means that data blocks
are potentially re-ordered previously to being writ-
ten to disk, resulting in coarser write granularity

e BTIO-simple-mpiio: Also uses MPI-1O operations,
but no data re-ordering is performed, resulting in
a high number of seeks when storing information
on the file system

e BTIO-fortran-direct: This version is similar to
simple-mpiio, but uses the Fortran direct access
method instead of MPI-1I0

e BT-epio: In this version each node writes in a sep-
arate file. This test gives the optimal write perfor-
mance that can be obtained, because the file isn’t
shared by all the processes, so there is no lock re-
strictions. In order to compare with other versions,
the time to merge the files must be computed, as
required by the Application I/O benchmark spec-
ification.

There is one restriction to run the test: the number
of processes must be a perfect square (1,4,9,16,...).
To determine the amount of memory required for the
run, a class of problem size must be chosen which rep-
resents the cubic matrix dimensions : Class A (643),
Class B (1023), Class C (1623). The original code runs
for 200 iterations and writes at every five iterations.

The tests were performed using only the epio version
of the benchmark, since ANFSP was designed based on
NFSv2 protocol, and MPI-2 1O requires NFSv3 to con-
trol the file access using locks. Also we have developed

another version of BTTO to perform writes on every it-
eration instead of every five iterations, resulting in a
more intensive write test.

5. Experimental Results

The experiments have been carried out on the
LabTeC3 cluster. This machine is composed of 20 nodes
interconnected by Fast Ethernet, where each node fea-
tures two Pentium III processors at 1 GHz, 1 GB RAM
and one 18 GB SCSI hard disk. The operating sys-
tem on all nodes is Debian GNU/Linux with ker-
nel 2.4.26. All systems and applications have been
compiled (where appropriate) with GCC v2.95.

5.1. The Analyzed File Systems

In order to compare the performance of ANFSP we
have selected two representative file systems according
to our evaluation criteria mentioned before:

UNFS The user level version of the widely used Net-
work File System. We considered the values ob-
tained with NFS [11] as a base of comparision to
the parallel file system measures in the situation
where cluster applications are not demanding high

performance I/O. The results have been obtained
with UNFS v2.2betad?.

PVFS The well-known parallel file system for the Be-
owulf world. The main aspect that differs PVFS
from dNFSP is the fact that PVFS1 does not im-
plement multiple meta-servers?*. PVFS is devel-
oped jointly by the Parallel Architecture Research
Laboratory (PARL) at Clemson University and
The Mathematics and Computer Science Division
at Argonne National Laboratory. The version used
is PVFS 1.6.2.

In the PVFS and dNFSP experiments, a set of
4 nodes has been dedicated to the file server, each one
holding one iod. The PVFS manager runs together with
the first iod. For dNFSP, the 4 corresponding meta-
servers also share the same nodes with the iods, and
clients are evenly distributed among them. For each
measured value, the mean of a series of five executions
is presented.

3 Deployed within the context of a partnership between Dell
Computers and the Instituto de Informética since 2002
(http://www.inf.ufrgs.br/LabTeC)

4  This feature is present in PVFS version 2, whose first stable
version was only recently released, and as such we did not
have experimental data at the time the paper was prepared
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5.2. DAB Results

Figures 3 to 5 show the communication model for
the three studied distributed file systems. The dashed
lines show communication relative to file descriptor
(metafiles in PVFS and dNFSP). The continuous lines
show communication relative to data transfers. The tri-
angles represent metaservers and the circles iods.

Figures 6 and 7 show the execution times for DAB
using 8 and 16 clients respectively. The measured val-
ues for each system are grouped by phase for better
comparison.

In phases 1 and 2, we can notice that the parallel file
systems present high overhead when they execute oper-
ations like directories and file creation. In ANFSP, This
overhead is mainly originated by the metafile replica-
tion mechanism, while PVFS has shown a poor perfor-
mance in operation regarding metafiles.

The POVRay source code, used in phase 5 of DAB,
has 1796 files and 74 directories. In the case of ANFSP,
considering the test configuration with 16 clients, in
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the extreme situation when we are copying the source
(phase 2), we realize a total of 89760 lookup operations
in the metaservers to find the metafiles (that don’t
exist anywhere yet). This is because each metaserver
searches for the metafile of each copied file on all
other metaservers. The mechanism used to replicate
the metafiles in the present version of ANFSP is rela-
tively heavy and is one of the main aspects where we
are working on. The values obtained in phase 5 reflect
this behaviour.

According to Satyanarayanan [13], the reading op-
erations are much more common than the writing op-
erations, so the results of phases 3 and 4 represent con-
siderable advantage to ANFSP. This advantage of mul-
tiple metaservers can be noticed clearly in phase 4. In
this phase, the single NFS server is a serious bottle-
neck, which becomes more evident for a higher number
of clients. PVFS, on the other hand, due to a prob-
lem with the handling of small files, presents poor per-
formance.

In phase 5 we must consider that the compilation
process consists actually in the alternation of the read-
ing, compilation and writing. This means that the bot-
tleneck of communication in the NFS server is not a
major problem in this phase, because this alternation
may result in a ad hoc synchronization over the NFS
calls of the clients. Considering the current version of
the parallel file systems and their inherent overhead to
manage metafiles the parallel.

5.3. BTIO Results

This section presents results obtained using the
BTIO benchmark to compare our file system with other
related ones. BTIO, as described in section 4.2, is a
variation of Computational Fluid Dynamics applica-
tion where the intermediary results are written to disk
during computation. Therefore, it requires a reactive
and fast file system to achieve good performance.

As BTIO requires a perfect square number of pro-
cess, the tests were executed using 1, 4, 9 and 16 clients.
Figure 8 shows the average of the execution time ob-
tained running the modified version of BTTO.

We can see that ANFSP was more effective in almost
all the situations. It was between 0.4% slower and 33%
faster than UNFS. Compared to PVFS the results were
closer: our file system was between 1% and 6% faster
than PVFS.

One reason for having a better performance com-
pared to UNFS is the fact that ANFSP can be started
using as many meta-servers and iods as needed, allow-
ing to perform independent parallel writes. Another
reason for better performance using dNFSP is the fact
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Figure 8. Comparison between UNFS, PVFS
and dNFSP using BT10-epio benchmark

that BTIO performs small write requests and PVFS
has poor performance when used with small write block
size, as stated by the authors on the PVFS website.

6. Conclusions and Future Work

Our experiments with ANFSP lead to the conclusion
that the system is suitable for parallel applications on
clusters, in the sense that an effective gain in read and
write operations, comparable to those of a true parallel
file system, can be observed. In our BTTO comparison,
the levels of performance achieved with ANFSP are sim-
ilar to those of PVFS, actually with a gain of up to 6%
in execution time. Both systems perform clearly bet-
ter than NFS with this benchmark, reaching 30% of
advantage in some cases.

In the case of DAB, the performance of the three sys-
tems vary depending on each phase, with NFS some-
times showing better performance. This is due to the
fact that DAB, being based on the Andrew Benchmark,
mimics the load of a general-purpose file system, and
not that of a parallel computing environment, espe-
cially by the frequent creation of new files and the han-
dling of files of only a few kbytes. In ANFSP, the gener-
ation of lookup messages upon file creation is the main
responsible for the decrease in performance, while for
PVFS the problem lies on the handling of small data
chunks.

Currently, in ANFSP, we are investigating a solu-
tion for the file lookup problem. We do not expect the
file creation case to be very frequent, but the copying
of remote meta-data is realistic, and may cause signif-



icant overhead if there are many files involved. A pos-
sible solution will be to copy several files (e.g. all the
files on the same directory) on each update instead of
just one, in order to try to anticipate future requests.

As a future work, we consider the possibility of in-
troducing a level of fault tolerance on the iods, so that
file striping may be performed redundantly (e.g. as in
RAID). Another possibility is to port the implementa-
tion into the kernel-level NFS, since this version pro-
vides less overhead due to fewer memory copies, which
also improves performance.
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Abstract

A high-performance file system is normally a key point
for large cluster installations, where hundreds or even thou-
sands of nodes frequently need to manage large volumes of
data. While most solutions usually make use of dedicated
hardware and/or specific distribution and replication pro-
tocols, the NFSP (NFS Parallel) project aims at improving
performance within a standard NFS client/server system.
In this paper we investigate the possibilities of a replica-
tion model for the NFS server which is based on Lasy Re-
lease Consistency (LRC). A prototype has been built upon
the user-level NFSv2 server and a performance evaluation
is carried out.

Keywords: Parallel file systems, NFS, Lazy Release Con-
sistency, parallel 1/0.

1. Introduction

With the development of new technologies and conse-
quently lower prices of cluster components, clusters may
be seen growing each time larger and larger in size and ca-
pacity, for solving each time more and more complex prob-
lems. This continuous growth in cluster sizes implied a new
issue: how to manage permanent storage.

Given the potential bottleneck presented by traditional,
centralized systems like NFS [5], and the fact that hardware-
based solutions do not fit well in the Beowulf philosophy,
the research in the field of cluster file systems has followed
the direction of distributing the file service across the clus-
ter.

In an attempt to achieve a balance between performance
and management simplicity, the NFSP project [11] proposes
a distributed version of the traditional NFS server which
better handles the load generated by multiple concurrent ac-
cesses from the compute nodes, but still remains compati-
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ble with the NFS client present on every Linux system. In
this paper, we investigate the possibilities of a NFSP branch
in which the NFS server is replicated across several nodes,
and as a consequence consistency needs to be maintained
among the various clients. Our main goal with this work is
to propose an alternative for medium-to-large cluster sys-
tems which do not benefit from expensive data storage sys-
tems and whose administrators wish to keep management
tasks within the established common-knowledge.

Next section introduces the NFSP model in details in or-
der to provide a background for the work being developed;
in Section 3, we present the proposed replication model, and
in Section 4 the results of a performance evaluation. Sec-
tion 5 brings an overview of the related research activities
and makes some observations in relation to our work. Fi-
nally, Section 6 presents some final considerations and fu-
ture activities.

2. NFSP

NFSP — NFS Parallel — is an extension of the tra-
ditional NFS implementation, developed at the ID/IMAG
Laboratory® of Grenoble, France. It distributes the function-
ality of the NFS daemon over several processes on the clus-
ter [11]. The idea behind NFSP is to provide an improve-
ment in performance and scalability and at the same time
keep the system simple and fully compatible with standard
NFS clients.

Inspired in PVFS [6], NFSP makes use of 1/O daemons
running on several machines in the cluster in order to dis-
tribute regular files across a set of disks, in a mechanism
referred to as striping. A file is “striped” by having its
data separated into several blocks, which are then stored
over several distinct machines. When the file is accessed,
there can be potentially several data blocks being fetched at
the same time, consequently increasing performance. In the

1 http:/iwww-id.imag.fr
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Figure 1: Request forwarding in NFSP

case of NFSP, the unit for striping is the NFS block (usu-
ally 8192 bytes).

The role of NFS server is played by nfspd, defined in
NFSP as the metaserver. This daemon appears to clients
as the regular NFS server; when a request for a given data
block is received, the metaserver forwards the request to the
corresponding 1/0 daemon, which in turn performs the op-
eration and sends the desired information directly to the
client?. Figure 1 illustrates this mechanism. The informa-
tion regarding where and how each file is stored is kept on
the metaserver’s local file system, being part of the meta-
data (i.e. date/time, ownership, permissions, size, and the
like).

This design of NFSP allows concurrent read operations
to be effectively performed in parallel, given that distinct
requests may correspond to distinct I/0O daemons. How-
ever, write operations still need to be centralized at the
metaserver, since the data come from the clients. This is
one specific issue we are tackling with the model proposed
in this paper, presented next.

3. The Server Replication M odel

The goal of this work is to reach an improved level of
performance in NFSP by replicating the metaserver. There
are mainly two aims in this approach: offering several en-
try points for the clients (and hence let them use more band-
width when doing write operations) and better balance the
load onto several metaservers instead of only one.

3.1. Replicating nfspd

In the original NFS design, there is one single server
(nfsd) to which all the client machines connect. An imme-
diate approach to try to improve scalability in this scenario
is to replicate the NFS server over several machines.

2 Techniques of IP spoofi ng may be necessary to achieve this goa of
transparency from the clients’ point of view, since some implementa-
tions require the answer to be originated from the server, not the I/O
daemon.

global metaserver

/ view

Figure 2: Distributed metaserver design

The main idea is that a kind of grouping be established
among the compute nodes, so that each metaserver instance
serves only a given number of clients. For example, if the
metaserver is replicated over 10 machines and there are
50 compute nodes, then each metaserver instance would
be (considering a simple equal division of load) bound to
5 clients.

For each group of compute nodes accessing the same
metaserver, the situation is similar to the original NFS
model, i.e., all accesses to the file system are directed to
one single server. Besides reducing the scalability problem,
this approach allows a good deal of performance improve-
ment if the connections to the metaservers are faster than
that of the compute nodes, as often featured by Fast Ether-
net switches that provide one extra Gigabit Ethernet port.

The metaservers run independently from but in cooper-
ation with each other, by means of network communica-
tion, and together they form the notion of a single, global
metaserver (see Figure 2). With that picture in mind, it is
simple to observe that the goal here is to distribute the load
of metadata operations, so that a single server does not be-
come saturated in the face of multiple concurrent requests.
In addition, this design may allow for future enhancements
in terms of redundancy/fault tolerance.

3.2. Consistency Modé

The direct implication of replicating the metaserver is to
keep consistency between the multiple instances. In order
to accomplish that task without incurring in too much over-
head (e.g. increasing the network load with control mes-
sages), we rely upon a relaxed consistency model, supported
by some characteristics that can be observed on a typical
cluster computing environment.

The usual procedure for running a parallel program on
a cluster is to allocate a given number of nodes, or parti-
tion, and then launch the application on it. Naturally, the
size of such partitions and the allocation time vary depend-
ing on the application, but also according to the local policy
of the site hosting the cluster, which depends on the users’
status, priorities, previous executions, and the like. In addi-



tion, each user is normally using a private account, in which
his files are stored, and thus the set of files being manipu-
lated by an application is usually not the same as that of an-
other application. This means that we do not need to have
all the files available everywhere all the time.

As a coherence protocol for the distributed metaserver
design, we make use of an adaptation of the Lazy Release
Consistency protocol [8], or LRC, as used in the Tread-
Marks distributed shared memory system [2]. The basic
principle is that the enforcement of coherence is postponed
until the moment a client taking part in the protocol effec-
tively needs it.

Similarly to TreadMarks, where consistency is checked
only when a new client signals entry upon a shared seg-
ment (given that other clients may have modified it), our
proposed system only checks for it when a client effectively
accesses a file.

Coherence-checking messages are issued when some
kind of error occurs, which is possibly an indication that
the metadata regarding that specific file has changed. For
example, if a file opening operation results in a ENOENT
(non-existent file) error code, it is possible that the file has
been created by a client bound to another metaserver, which
means that the corresponding metadata only exists on that
metaserver’s local file system. In this case, the metadata
needs to be copied to the current metaserver’s file system,
and then the operation (file opening) can proceed.

In some cases an operation can be executed even if the
metadata is outdated. For example, if a client needs to read
the first 4 kB of a file whose metadata indicate 10 kB of
length, the operation can be successfully executed even if
the file has already been enlarged (by some other client) to
100 kB. Notice that, even if the metadata is old, the file con-
tents (i.e. the “real” data) are stored on the 1/0 daemons,
which are shared among all the clients, and consequently
have been updated by the operation that originally enlarged
the file. In other words, even if the metadata is outdated, the
client will not read stale data.

Naturally, some operations like file deletion need to be
explicitly notified to all the metaservers in order to pre-
vent access to data which is no longer valid. We under-
stand, however, that this kind of operation occurs less fre-
quently and mainly on application startup/shutdown, and
thus should not cause significant impact on performance.

One important issue is to decide which metaserver to
contact when metadata is missing/outdated. Several ap-
proaches can be thought of, like establishing a neighbour-
hood relationship between the metaservers and perform the
search from the nearest to the farthest. Another possibility
is to organize the metaservers hierarchically in a tree. This
is one of our current study subjects.

4. Performance Evaluation

In order to validate the distribution model, we have im-
plemented a prototype of the replicated metaserver based on
the user-level implementation of NFSP. The main intention
was to allow an evaluation of the “cache-miss” overhead im-
posed by the eventual need of fetching metadata (actually a
metafile), from another metaserver, which is the basis of our
model. Additionally, we wanted to observe the level of per-
formance gain obtained by distributing the metaserver load
among several replicated instances.

The original user-level NFSP implementation has
been extended in order both to assign an address to each
metaserver and to introduce a first level of communica-
tion between them. To keep the changes simple, we rely
upon r cp to transfer metafiles between metaservers. This
ensures not only that the contents of the metafile be trans-
ferred, but also the implicit metadata (owner, group, per-
missions, etc.) associated with it. On the other hand, we are
aware that this mechanism is likely to impose a higher over-
head than that of a dedicated protocol. Finally, only the
case of missing metadata is being evaluated.

4.1. Cache-miss Overhead

The first evaluation on the implemented prototype refers
to measuring the overhead of a cache-miss on a given
metaserver and consequent metafile searching and fetching.

The metafile fetching mechanism must be based upon a
decision algorithm which should indicate where to search.
In our evaluation, in order to obtain the worst-case results,
we forced each metaserver to perform a sequential search,
i.e. starting from metaserver #0, then metaserver #1, and so
on, up to metaserver #(n — 1) if necessary.

The benchmark we have run consists on creat-
ing 100 files on one of the client nodes, and then forcing
the other nodes on reading all the files. As we want to mea-
sure the worst-case situation, the created files have
0-byte length (i.e., we want to measure metadata over-
head only).

The execution has been carried out on the i-cluster®
available at the ID Laboratory. We have configured
the system with 1 iod (which is enough for this test),
16 metaservers and 16 clients (one for each metaserver).

The files for the benchmark have been created on the
client mounting metaserver #15. Then, starting at client #14
and going down to client #0, we measured the time each
node takes to read the 100 files (here read means cat
file > /dev/null).Onlyonenode executes at a time.

3 A 225-node cluster deployed within the context of a joint
ID/INRIA/HP project; the nodes are Pentium I11 733 MHz with 15 GB
IDE disks connected by Fast Ethernet; al the nodes run Mandrake
GNU/Linux with kernels 2.2 and 2.4
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Figure 3: Cache-miss overhead according to the number of
metaservers searched

Since the search always begins by metaserver #0, the first
metaserver (#14) will try 15 times before finding the files
on metaserver #15. The second metaserver to run will try
one time less, since now the metafiles are available at #14.
And so on, up to client/metaserver #0.

The obtained results are shown in Figure 3. Each result
has been divided by 100 in order to represent the per-file
overhead. We can observe that the curve grows in a prac-
tically linear slope, which corresponds to about 66 ms for
each additional cache miss. This results in a worst-case de-
lay of roughly 1 second in the case of 16 metaservers, which
we consider a reasonable overhead to bear with. For exam-
ple, considering the case where an application spans three
metaservers, the maximum overhead to pay in this case
would be of about 200 ms. In addition, the simplicity of us-
ing a simple r cp to fetch the remote metafile incurs in ex-
tra overhead, which we can expect to be reduced if a dedi-
cated protocol is used.

4.2. Read Performance

We have also run performance evaluation experiments
with the implemented prototype, to observe the level of
gain that can be obtained in relation to the previous NFSP
implementations. In the first case, we are evaluating dis-
tributed read performance. The experiment consists on read-
ing a large file concurrently on all the clients. For that
purpose we have created a 1 Gigabyte file on one of the
nodes, and then concurrently launched the command dd
if=file of =/dev/null bs=1M count=1024 on
the nodes (we did not force a metafile update on all the
nodes prior to running the experiment, since the time is
takes to read the data is much higher than that of the mea-
sured overhead).
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Figure 4: Aggregate read bandwidth obtained with the pro-
totype, in comparison to the original model

The system, in this case, has been configured with
12 iods, 7 metaservers and 21 clients (which makes
3 clients per metaserver), in a total of 40 nodes.

The results shown in Figure 4 compare the aggregate
read bandwidth obtained with the replicated metaserver
model with that of the original model. As expected, having
multiple metaserver instances distributes the load imposed
by the concurrent accesses, and thus allows for a higher
level of performance. In a previous work [11], we had ob-
served that the performance was limited by the CPU on the
metaserver saturating. In the replicated model we can ob-
serve that the performance reaches its maximum when the
number of clients equals the number of iods, which was also
expected.

As an alternative form of evaluation, we can consider
a per-client efficiency measure in relation to the maximum
network bandwidth achievable by each client. Considering
11 MB/s for each one (given the Fast Ethernet connec-
tion), we obtain practically 100% efficiency up to 10 clients,
when then the curve flattens and tends to stabilize at around
110 MB/s, equivalent to 50% efficiency with 21 clients. As a
simple comparison, a regular, centralized NFS server would
reach only 4% with the same 21 clients, since the bandwidth
would be always limited by the 11 MB/s network connec-
tion.

4.3. Write Performance

A similar experiment was also executed, but now with
the clients writing a 1 Gigabyte file (each client writes a dis-
tinct file).

A comparison with the original NFSP implementation is
not meaningful in this case, since writing is, as we stated
before, centralized as that of the traditional NFS model.
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Measured results are presented in Figure 5. The execu-
tion has been carried out so that the maximum number of
metaservers is always used (i.e. in the case of 7 clients, for
example, each client connects to one distinct metaserver).
The curve presents three distinct linear segments, sepa-
rated by a “step” in performance every time the number
of clients reaches a multiple of the number of metaservers.
This is due to a single metaserver having to suddenly serve a
higher number of clients than the others. For example, per-
formance increases constantly up to 7 clients, when each
metaserver is connected to at most one client. When we add
the eighth client, metaserver #0 starts serving two clients,
who share that server’s bandwidth and consequently perfor-
mances drops.

Again, we can observe the advantage of having multi-
ple entry points for the clients, and specially in the case
of writing. With one single metaserver, write bandwidth
is primarily limited by the single network connection, and
would remain constant at the lowest value shown (around
10to 11 MB/s) for any number of clients. If we consider the
per-client efficiency, the replicated model presents a mean
value of about 33% with the configuration used, in contrast
to 9% achievable with a centralized server.

5. Related Work

Several research projects exist which aim at a better
performance for cluster file systems, using different ap-
proaches. Petal/Frangipani [9, 10] is a parallel file system
built upon the concept of a distributed virtual disk, where
a set of daemons running on a number of machines co-
operate to form the view of a single storage device. The
Shared Logical Disk [13] follows the same idea. Another
approach is that of Storage Area Networks, in which there

is a dedicated hardware support for parallel access to per-
manent storage. These are mostly commercial systems; ex-
amples are the IBM General Parallel File System [7], SGI
XFS [15], and the OpenGFS (Global File System) [1].

It is undeniable that these systems are of recognized
importance, however we do not consider that a compari-
son would be appropriate, since they follow different ap-
proaches and present distinct requirements. In the sequence,
we present systems more directly related to the model we
propose.

NFSP has its basis on the Network File System [5], or
NFS, which is the de facto standard for distributed file shar-
ing in the Unix world, and consequently has been naturally
absorbed by the Beowulf cluster model since its first steps
[14]. It is actually a protocol for transparent remote access
from a client to a server’s file system, and thus has not been
devised for parallel computing. NFS raises a potential scal-
ability constraint when clusters start to grow larger, due to
its centralized server design. For this reason, many develop-
ments are currently being carried out in both the directions
of enhancing NFS and providing new solutions [4, 12].

The Berkeley xFS [3] was a prototype “serverless” file
system developed at the University of California at Berkeley
from 1993 to 1995. It builds upon several research efforts
developed at the time, like RAID, LFS (Log-structured File
System), Zebra and Multiprocessor Cache Consistency, and
thus presents a totally distributed design, where data and
metadata are spread among the available machines (which
may be all or part of the available computing resources) and
can dynamically migrate. Though an interesting design and
promising results, the project was interrupted with the end
of project NOW, and hence, to our knowledge, no further
development or porting to Linux has been carried out to the
present days.

A possible successor of xXFS in the Beowulf world is
PVFS, Parallel Virtual File System [6], a joint project con-
ducted by the Parallel Architecture Research Laboratory,
at Clemson University, and the Argonne National Labora-
tory, both in the USA. The goal of PVFS is to provide a
high-performance file system for the Beowulf class of par-
allel machines, being able to profit from commodity hard-
ware. PVFS is able to deliver very good performance and
provides different interfaces for applications: VFS, MPI-10
and a native one.

NFSP compares with such projects in the sense that it
aims at performance and scalability for cluster computing.
A different approach taken by NFSP, however, is that of
keeping the changes to a traditional Beowulf system as min-
imal as possible. For example, the client side on a NFSP in-
stallation remains untouched, which eases the task of man-
aging the cluster. Even though we are aware that a NFS-
compatible file system may not be the best solution for cer-
tain applications, we also believe that the NFS approach



might still be enough for many situations, and in such cases
a simple solution close to the traditional Beowulf environ-
ment might be desirable.

6. Final Considerations and Future Work

Our intention with the replicated metaserver model for
NFSP is to provide an additional level of performance while
still keeping the simple design that guides the project. With
the implementation of a prototype based on the user-level
version of NFSP, we could observe an effective gain in per-
formance in relation to a single, centralized NFS server, and
with other “flavors” of NFSP. With minimum effort, we are
able to improve by about 5 times the write performance and
to double the read performance (in this case reaching almost
100% network efficiency), in comparison with the previous
implementation.

Our evaluation of the adopted replication model is posi-
tive. The consistency mechanism based on LRC is efficient
for applications running on a typical cluster environment,
and the overhead imposed by eventual cache misses was
considered low (around 0.066 seconds), even if a simple and
heavier r cp mechanism was used.

Current and future activities in NFSP follow different ap-
proaches. As mentioned before, we are investigating dif-
ferent methods such as closest-neighbour and hierarchy for
finding the correct metaserver in the case of metafile cache
misses. Another activity concerns the integration of NFSP
into the kernel-level NFS server, which, according to re-
sults already obtained, offers a significant gain in perfor-
mance in relation to the user-level version. Concerning the
metaserver replication, our next steps will be the design and
implementation of a dedicated protocol for communication
between the multiple servers, and further performance eval-
uations with real applications.
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A Comparison on Current Distributed
File Systems for Beowulf Clusters
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Abstract

This paper presents a comparison on current file systems with optimised performance
dedicated to cluster computing. It presents the main features of three of such systems — xFS,
PVFS and NFSP — and establishes comparisons between them, in relation to standard NFS,
in terms of performance, fault tolerance and adequacy to the Beowulf model.

1 Introduction

With the popularisation of Beowulf-class parallel machin@SHRLING, 2002) and the
constant improvements in technologies for computer components, it is becoming more and
more common the deployment of clusters with hundreds or even thousands of nodes. For such
large-size systems, the performance of the file system becomes critical. Traditional systems
such as NFSGALLAGHAN; PAWLOWSKI; STAUBACH, 1995) cannot be used directly since
the nature of its centralised server becomes a critical bottleneck for the whole cluster. In other
words, scalability is an important issue for file systems of large clusters. In this way, many
alternatives to greater scalability, in several directions, are currently being pursued. In this
paper we present and compare some of the many current file systems which present extended
and/or modified features to accomplish the needed scalability for use with large clusters.

2 File Systems for Beowulf Clusters

The Network File System(CALLAGHAN; PAWLOWSKI; STAUBACH, 1995), or NFS, is
the de factostandard for distributed file sharing in the Unix world, and consequently has
been naturally absorbed by the Beowulf cluster model since its first SEgR(ING, 1999).

lavila@inf.ufrgs.br Bolsista CAPES
Znavaux@inf.ufrgs.br
3Yves.Denneulin@imag.fr
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NFS was developed by Sun Microsystems and first came out in 1985 with the release of
SunOS 2.0. Itis in fact a protocol for transparent remote access from a client to a server’s file
system. NFS is designed to be a stateless prdtpabich means that a crash from one of the
clients does not affect the server, and server crashes can be easily and transparently recovered
when the server comes back.

The Berkeley xFS (ANDERSON 1995) was a prototype “serverless” file system de-
veloped at the University of California at Berkeley from 1993 to 1995. It builds upon several
research efforts developed at the time, mainly on RAID, LFS (Log-structured File System),
Zebra and Multiprocessor Cache Consistency (all described on the same article from 1995).
XFS presents a totally distributed design, where data and control informatioretardata
are spread among the available machines (which may be all or part of the available computing
resources) and can dynamically migrate.

A prototype of XFS has been built and tested on a 32-node SPARCStation cluster at Berke-
ley. Despite the very promising results, however, the project stopped shortly after, and hence,
to our knowledge, no further development or porting to Linux has been carried out to the
present days.

PVFS, Parallel Virtual File System{CARNS, 2000), is a joint project conducted by the
Parallel Architecture Research Laboratory, at Clemson University, and the Argonne National
Laboratory, both in the USA. The goal of PVFS is to provide a high-performance file system
for the Beowulf class of parallel machines, being able to profit from commodity hardware.

The system can be viewed as a simplified version of xFS. Access to permanent storage is
performed by/O daemonsand a single, centralisedanageris responsible for manipulating
meta-data. Clients access the file system by means of the PVFS API, which has also been
ported to a Linux VFS kernel module (i.e. it canfeunt ed) and to MPI-I10.

NFSP — NFS Parallel — is an extension of the traditional NFS implementation, de-
veloped at Laboratory ID/IMAG of Grenoble, that distributes the functionality of the NFS
daemon over several processes on the clus@vIBARD; DENNEULIN, 2002). The idea be-
hind NFSP is to provide an improvement in performance and scalability and at the same time
keep the system simple and fully compatible with standard NFS clients.

Similarly to PVFS, NFSP makes use of /O daemons to access data on the disks. The
role of the NFS server is played by théspd defined by the authors asweta-server This
daemon appears to clients as the regular nfsd server; when a request for a given piece of data
is received, the meta-server forwards the request to the corresponding I/O daemon, which in
turn performs the operation and sends the desired information directly to the client.

Other Approaches — Several other research projects aim at a better performance for
cluster file systems, using different approaches. Petal/Frangiz®i1998) is a parallel file
system built upon the concept ofdéstributed virtual diskwhere a set of daemons running
on a number of machines cooperate to form the view of a single storage devic8hairesl

4The new NFS Version 4 will be stateful
5Not to be confused with SGI's XFS, with a capital “X”
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Table 1: Overall performance comparison for the analysed systems (bandwidths are presented
as an improvement ratio over that of regular NFS)

Iltem xFS PVFS | NFSP

I/O servers 32 24 16

Read bandwidth| 11.04 | 17.76 4.0

Write bandwidth| 11.12 | 18.08 -

Read efficiency | 34.75% | 74% 25%

Write efficiency | 34.5% | 75.3% -

Logical Disk (SHILLNER; FELTEN, 1996) follows the same idea. Another approach is that

of Storage Area Network# which there is a dedicated hardware support for parallel access
to permanent storage. Examples are the IBM General Parallel File SyS®eRBETT et

al, 1995), SGI XFS $WEENEY, 1996), and the OpenGFS (Global File SystefjE. ..,

2003). Though these systems are of recognised importance, we will concentrate the following
analysis on the previous ones, since we are targeted at Beowulf class systems, in which the
use of commodity software and components is strongly desired.

3 Analysis of the Presented Systems

Overall Performance This comparison is based on performance measurements, in terms
of maximum achievable bandwidth, presented by the authors of each system on the indicated
references. It is difficult to compare them directly since the results have been obtained on
different test-beds. Therefore, we choose to present, for each system, the results relative
to the reported regular NFS performance on the same environment. We also present the
efficiency of each system in relation to the number of 1/0 servers used.

Table 1 summarises the relative performances of each system. We have separated write
and read performances since NFSP is not at present optimised for distributed writing, and
thus a comparison would be unfair. It is also important to state that the results presented for
XFS have been obtained from an early prototype, admittedly reported by the authors as not
optimised. The system which presents best overall performance is PVFS, reflecting a very
good efficiency in using the available I/O servers and thus reaching improved bandwidth. For
both xFS and PVFS, read and write performances are similar, since they use a symmetric
approach for both operations, to the difference of NFSP.

Scalability In this item we are evaluating the capacity of each system in increasing per-
formance as the number of clients and I/O servers increase.
NFS scalability, as already exposed, is deficient for large clusters. In fact, this deficiency
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depends mostly on the interconnection technology being used. Current off-the-shelf hard
disks deliver bandwidths in the range of 50-150 MB/s; this means that access to the NFS
server is likely to be limited in about 11 MB/s by an ordinary Fast Ethernet network card
even before the disk’s full capacity may be reached. In other words, even a small 16-node
cluster can be easily affected by the problem.

As a consequence, all of the three systems presented are able to overcome standard NFS
performance very quickly, even for a few client nodes; however, they differ in how the per-
formance increase scales. XFS presents good scalability, especially up to about 8 client nodes,
when the performance increase is practically linear (around 1 MB/s for 1 client, 7.5 MB/s for
8). NFSP scales linearly up to 6 clients and then stabilises, roughly at 50 MB/s. PVFS,
once more, shows very good results: the system has presented practical linear scaling up to
24 client nodes and 1/O servers, when 226 MB/s can be achieved.

The limits reached by the three systems reflect the characteristic mentioned before, that
performance is limited by network bandwidth rather than that of disk. The last two systems
present results obtained using Fast Ethernet as interconnect, where a maximum bandwidth
of 9-11 MBY/s is usually achieved; as a consequence, 6 NFSP clients are limited at 50 MB/s
(8.33 MB/s per client), and 24 PVFS clients are limited at 226 MB/s (9.41 MB/s per client).

It also explains why PVFS does not scale beyond this limit: even though up to 30 nodes have
been used, the number of I/O servers was kept at 24. In the case of NFSP, the authors suspect
that the limiting in performance happens because of the meta-server's CPU saturating; they
expect the system to deliver better performance after some optimisation in the code.

These results suggest that the network design in a cluster file system should be carefully
studied. Techniques such as channel bonding (using two network cards as one), whose sup-
port is readily available in the Linux kernel, or an expected popularisation of Gigabit Ethernet
may contribute to that.

Fault Tolerance This feature can be viewed in two levels: temporary service unavailability
and crash failure. NFS supports the first, but not the second. Up to version 3, NFS is a
stateless protocol, which means that temporary server unavailability is tolerated by the clients,
but a crash is fatal. This adapts well to a real scenario, where hardware failures are less
frequent but eventual stops/restarts may occur (e.g. when upgrading software “on the fly”).
When discussion comes to distributed servers, fault tolerance becomes more difficult do
realise or imposes significant overhead, and as such it is frequently left aside. xXFS makes use
of RAID to provide fault tolerance, as well as for improved performance. Storage servers
are divided in groups, and in each group one server is dedicated for parity. Thus, failure
in one of the servers (even permanent) can be coped with. NFSP benefits from the same
stateless model of NFS, in the sense that temporary failures can be tolerated. The current
implementation does not provide a mechanism for tolerating failures in the 1/0 nodes, but
the authors do mention redundancy as a future improvement, which may introduce a level of
error recovery capability. The PVFS design does not include support for fault tolerance; this
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seems to be planned for version 2 of the system.

Integration with the Beowulf model  For integration with the Beowulf model, we consider
characteristics such as availability of the software, no requirement for a specific technology,
and licensing of the whole system as open source. We also evaluate the complexity of integ-
rating the system in a regular Linux cluster.

Except for XFS, all the other systems fully comply with the first requirements. The former
was only implemented for an early version of Solaris, and is to our knowledge not yet avail-
able for Linux. NFS is traditionally included on every current Linux distribution. Its use
is straightforward, requiring single file configuration on both server and client side. NFSP
presents an important feature in this sense, allowing for the client side to remain untouched.
Configuration on the server side is also not too complex, being similar to that of NFS.

PVFS represents the most “intrusive” solution, since it requires dedicated configuration
on both sides. While the client side does not differ much from NFS, requiring only a ker-
nel VFS (Virtual File System) module to be compiled, the server side does demand further
configuration.

4 Final Considerations

Many developments, in several directions, can be observed today concerning high per-
formance file systems for clusters, given that NFS represents a potential bottleneck. In this
paper we have concentrated on some of the systems more directly targeted at the Beowulf
class of parallel machines, in the sense that no specific hardware or communication tech-
nology be required for their proper utilisation. Available commercial file systems for high-
performance computing often exhibit that requirement.

Table 2 summarises the analysed features of each system in a simplified form. The Berke-
ley XFS seems a promising design, since very good results have been obtained, even with an
unoptimised prototype; the system, however, has not been further developed or ported to
Linux, rendering itself currently not eligible as a solution for Beowulf clusters. PVFS is cur-
rently becoming a kind ofie factostandard in the Beowulf world. The system presents very
good performance and scalability, and supports several APIs including a Linux VFS module,
with a slight complexity in management. Version 2 is currently being developed, and will
include features for grid computing and fault tolerance. NFSP is also in an early stage of de-
velopment, but presents encouraging results, besides being compatible with the standard NFS
client. A design alternative allowing for concurrent write operations would also be desirable.

References

ANDERSON, T. E. et al. Serverless network file systems. In: AQMoc. of the 15th Sym-



References

Table 2: Summary of the analysed features

Item NFS xFS PVES NFSP
Performance regular | good | very good good
Scalability poor good | very good| regular
Fault tolerance temporary | crash none temporary
Beowulf integration| very easy | none | not trivial easy

posium on Operating Systems Principl€®pper Mountain Resort, Colorado, 1995. p. 109—
126.

CALLAGHAN, B.; PAWLOWSKI, B.; STAUBACH, P. NFS Version 3 Protocol Specifica-
tion: RFC 1831(S.1.], jun. 1995.

CARNS, P. H. et al. PVFS: a parallel file system for Linux clusters. Rtoc. of the 4th An-
nual Linux Showcase and Conferenédlanta, GA: [s.n.], 2000. p. 317-327. Best Paper
Award.

CORBETT, P. F. et al. Parallel file systems for the IBM SP comput&®l Systems Journal
V. 34, n. 2, p. 222-248, jan. 1995.

LEE, E. K. et al. A Comparison of Two Distributed Disk Systeffissl.], abr. 1998.

LOMBARD, P.; DENNEULIN, Y. nfsp: a distributed NFS server for clusters of workstations.
In:  Proc. of the 16th International Parallel & Distributed Processing Symposium, IPDPS
Ft. Lauderdale, Florida, USA: Los Alamitos, IEEE Computer Society, 2002. p. 35. Abstract
only, full paper available in CD-ROM.

SHILLNER, R. A.; FELTEN, E. W. Simplifying Distributed File Systems Using a Shared
Logical Disk Princeton, NJ, 1996.

STERLING, T. L. Beowulf Cluster Computing with Linug€ambridge: MIT Press, 2002.

STERLING, T. L. et al. How to Build a Beowulf: a Guide to the Implementation and Applic-
ation of PC ClustersCambridge: MIT, 1999. 239 p.

SWEENEY, A. et al. Scalability in the XFS file system. InProceedings of the USENIX
1996 Technical Conferenc&an Diego, CA, USA: [s.n.], 1996. p. 1-14. Disponivel em:
< citeseer.nj.nec.com/sweeney96scalability.btml

THE OpenGFS Project. abr. 2003. Disponivel enttp://opengfs.sourceforge.netAccess
em: abril 2003.



An Analysis on the Scalability of the dNFSp File System

Everton Hermanh Rafael Avilad-2T Philippe Navauk Yves Denneulid

Lnstituto de Informéatica/lUFRGS 2Laboratoire ID/IMAG
Caixa Postal 15064 51, avenue Jean Kuntzmann
91501-970 Porto Alegre — Brazil 38330 Montbonnot-Saint Martin — France
Email: {ehermann,avila,navaux}@inf.ufrgs.br Email: First.Last@imag.fr
Abstract mainly, compatibility with the regular NFS clients available

on every Unix system. Similarly to other parallel file sys-
The leveraging of existing storage space in a cluster is a tems such as PVFS [5] and Lustre [6], dNFSp is based on
desirable characteristic of a parallel file system. While un- a distributed approach where the gain in performance is ob-
doubtedly an advantage from the point of view of resource tained by executing tasks in parallel over several machines
management, this possibility may face the administrator of the cluster.
with a wide variety of alternatives for configuring the file
server, whose optimal layout is not always easy to devise.
Given the diversity of parameters such as the number of pro

One important aspect of a parallel file system is its capa-
bility of leveraging existing resources. In the case of com-
“modity clusters, the hard disks that are installed on the com-
- . epute nodes are frequently under-used: a typical GNU/Linux
network, decisions regarding the placement of server com- e installation takes only a few gigabytes, and today’s
tPCs are hardly ever configured with less than 40 gigabytes
of storage. This leaves us with at least 75% of the total hard
disk capacity available for the storage of data, and conse-
quently it is important that a cluster file system have the
ability to use it.

impact on performance and scalability. In this paper, we ex-
plore the capabilities of the dNFSp file system on a large
cluster installation, observing how scalable the system be-
haves in different scenarios and comparing it to a dedicated
parallel file system. Our obtained results show that the de-
sign of dNFSp allows for a scalable and resource-saving ~dNFSp provides such a feature, so that the storage on the

configuration for clusters with a large number of nodes. ~ compute nodes can be used to form a single cluster file sys-
Keywords:Para||e| file system, Sca|abi|ity’ performance, tem. Itis then up to the cluster administrator to decide how
NFS, parallel I/0 to configure the system, finding a good balance between re-

source utilization, performance and scalability, which might
not be an obvious task.

1. Introduction For this reason, we.have_conducted a series of experi-
ments varying the configuration of dNFSp on a large clus-
Solutions for efficient management of 1/0 in large clus- t€r and watching how scalable the system behaves, trying to
ters have long been the focus of several research groupéolennfy layouts bestswted_for one or anothers_ltuapon, and
and industrials working on parallel computing [12]. Rang- whose results and conclusions are presented in this work.
ing from RAID arrays and fibre optics to virtual distributed In the remainder of the paper, Section 2 presents the
disks, many approaches have been proposed in the lasiNFSp file system and its main characteristics, with the pur-
decade that vary considerably in terms of performance, scalpose of providing some background knowledge; Section 3
ability and cost. describes in more details the experiments we have con-
In previous works [8, 2], we have presented théFSp  ducted and introduces the evaluation criteria; in Section 4
file system, an extension of NFSv2 that aims at improving we present the results obtained in the experiments and pro-
both performance and scalability of a regular NFS server vide the discussion which is the focus of this work; Sec-
while keeping its standard administration procedures and,tion 5 brings a comparison of our work to systems with re-
lated objectives, and finally Section 6 draws some conclu-

*  Work supported by CAPES sions on the obtained results and analysis and reveals future
T Work supported by HP Brazil directions.




2. dNFSp — A Distributed NFS Server

[a)

The NFSp project [11] has been established in 2000 at e
the Laboratoire Informatique et Distributiolf Grenoble,

France, with the goal of improving performance and scal- = |

ability in a regular NFS installation. The main idea of the @

project is to provide a cluster file system that benefits from ?I

the standard administration procedures and behavior of & §

well-known protocol such as NFS. As a result, NFSp —
for parallel NFS — presents some simple extensions to the
NFS server implementation that distributes its funcionali-
ties over a set of nodes in the cluster, thus gaining perfor-
mance. On the other hand, the client machines do not have
to be modified at all, favoring portability.

ents

As a subproject within the NFSp group, dNFSp has been
proposed as a further extension to the model, aiming at an
improvement on concurrent write operations by client ma-  Figyre 1. Distributed meta-server architec-

chines. ture of dNFSp

Figure 1 depicts the distribution model proposed by
dNFSp. On the top of the figure, the so-caltadta-servers
are daemons that play the role of the NFS server, and co-3. Measuring dNFSp Scalability
operate with each other to form the notion of a single file
server. Working along with the meta-servers, a number of ~ The measurement goals of this paper are to evaluate the
I/O daemons, ofODs, are responsible for data storage and scalability of dNFSp in a large number of nodes using a
retrieval. On the bottom, client machines connect to the real application-based benchmark. The benchmark applica-
meta-servers in the same way that a client connects to a regtion we used is th&lAS/BTIQ and the machine used to run
ular NES server. the applications is th&\RIA i-cluster2 Both the applica-
tion and the cluster are detailed in the following sections.

Each client is connected to one metaserver that is re-
sponsible to handle its operations. The operations involv-
ing only metadatas are replied directly by the metaserver,3'1' The NAS/BTIO Benchmark
which in some cases can contact other metaservers to ob-
tain the needed metadata. 1/0 operations are forwarded b
the metaserver to the I0Ds, which will perform the opera-

The BTIO Benchmark is a part of the NAS Parallel
¥Benchmarks (NPB) [17]. It is the responsible to evaluate

i d replv directly to the client. Wh formi d the storage performance of parallel and distributed com-
'on and reply directly to the chient. en performing read ;o systems. The application used by BTIO is an exten-

operations the file contents are transferred between C“emgion of the BT benchmark [3]. The BT benchmark is based

and 10D, allowing parallel reads. However, to execute a on a Computational Fluid Dynamics (CFD) code that uses

write operation, the data are transferred between the cllentan implicit algorithm to solve the 3D compressible Navier-

andt thetr;eta:_serzlir, as_r|rt1 |sdthte only z_iccdezs %(])mt totthe flleStokes equations.
system fhe client has. he data received by theé MEaseVer: prig yses the same computational method employed by

'5' forw;trdedt to Ithe IOtIr?sr. Theretforfel, ngltes E[)erlformantclf]e BT. The 1/O operations were added by forcing the writing
€pends not only on the amount o S but also on € ¢ o1t to disk. In BTIO the results must be written to disk

Ievet,-l of parall_(le_usrtn' tha:l c:a\rllugg arc]:hlevegi tlf[smg rtrwultlpllces at every fifth step of BT.
metaservers. That Is why b has a betier write perior  the number of process running one execution of the

mance when compared to the original NFSp. BTIO must be a perfect square (1, 4, 9, 16, ...). The prob-
The metaservers exchange information to keep the co-lem size is chosen by specifying a class. Each class rep-
herence among file systems views across all metaservergesents the cubic matrix dimensions: clas&4®), class B
The information is retrieved only when it's requested by (102%), class 0(162%). We used class A since it was enough
a client, avoiding unnecessary network traffic. However, to stress the underlying file systems.
there are situations when all metaservers must be contacted Another customization of BTIO is the way the data are
(e.g. file creation), and this communication becomes morestored in the file system. There are four flavors that can be
visible as we increase the amount of metaservers. chosen at compilation time:



e BTIO-full-mpiio: uses MPI-IO file operations with  formed by BTIO at the end of the execution, together with a
collective bufferingwhich means that data blocks are confirmation of correct computation. Each value reported is
potentially re-ordered previously to being written to the arithmetic mean of at least 5 runs of BTIO with the same
disk, resulting in coarser write granularity configuration, so as to obtain a stable value. Standard devi-

« BTIO-simple-mpiio: Also uses MPI-IO operations, but  &tions lie within a maximum value of 3 seconds.
no data re-ordering is performed, resulting in a high
number of seeks when storing information on the file

system 4.1. Performance Evaluation

° BTI._O-fortran-direct: This versign is similar to simple—. The first step in our analysis of dNFSp has been an eval-
mpiio, but uses the Fortran direct access method in-\ 410 of the performance of the system on the i-cluster. We
stead of MPI-IO have run BTIO on a large subset of the available nodes, and

e BTIO-epio: In this version each node writes in a sepa- compared the performance of dNFSp with that of a dedi-
rate file. This test gives the optimal write performance cated parallel file system. We have chosen PVFS [5] for this
that can be obtained, because the file is not shared bytask, as it is a representative parallel file system in the Be-
all the processes, so there is no lock restriction. In or- owulf cluster context in which our work in inserted.
der to compare with other versions, the time to merge  For both systems, we have varied the number of IODs in
the files must be computed, as required by the Appli- the file server from 4 up to 12 10Ds, in steps of 2. In the
cation I/0 benchmark specification. case of dNFSp, we always use a number of meta-servers

To perform MPI-10 operations using an NFS-based file equal to that of IODs. PVFS uses_only one extra node in
system it would be necessary to have an implementation of2ll cases, for thenanager The experiments have been exe-
the NFSv3 protocol, due to the need of controlling the file cuted from 4 up to 49ch|ents, respecting the feature of BTIO
access through locks. Since dNFSp was designed based offtat the number of clients must be a perfect square.

NFSv2 protocol, we were forced to perform the BTIO-epio ~ We show, in Figure 2, the results obtained using the
version of the benchmark. minimum and the maximum number of I0ODs, respectively

In order to have a more write-intensive benchmark, we 4 and 12. Intermediate configurations have shown propor-
have made a small change in the BTIO benchmark code tional variation. Shorter values are best.
modifying the frequency of file writes. The original code As expected, execution times drop as the number of
performes writes on every five iterations, resulting in a to- clients increase. For dNFSp, the reduction in execution time
tal amount of writes of 400 megabytes; with the modifica- is progressive on the whole range of clients, except for the
tion, BTIO performes writes on every iteration, resulting in case of 49 clients using 4 I0Ds, where it slightly starts to

2 gigabytes of written data. rise again. For PVFS, one observes a lower limit at around
100 seconds. We conclude that the main cause for the lim-
3.2. The i-Cluster2 itation in both systems is that, as the number of clients in-

crease, the amount of data written by each one decreases,
Thei-cluster2[7] is installed in Montbonnot Saint Mar-  and reaches a point where parallelism does not pay off any-
tin, France, in the INRIA Rhone-Alpes facility. The cluster more due to the management cost of the striping mech-
is composed by 100 nodes. Each node is equipped with aanism. dNFSp seems to handle the situation better than
dual Itanium2 900 MHz with 3 gigabytes of memory and a PVFS, reaching around 47 seconds in the case of 12 |0Ds.
disk storage with 72 gigabytes, 10000 rpm, SCSI. All the |t is important to remark that such experiments were
nodes are interconnected using a 1 Gigabit Ethernet netrun using PVFS v1 (more precisely, version 1.6.3), while
work, Fast Ethernet network and Myrinet Network. The ex- PVFS?2 is already available and should presumably yield
periments were performed using the 1 Gigabit Ethernet net-more performance than its predecessor. PVFS2 was effec-
work. tively our initial choice for comparison, not only because
The software installed on i-cluster2 is based on Red Hatof its performance, but also because it features a distributed
Enterprise Linux AS release 3 distribution, with a Linux metadata model which is closer to that of ANFSp. However,
kernel version 2.4.21. The MPI implementation used with early experiments with that version on the i-cluster resulted

the BTIO benchmark is mpich version 1.2.6. in strangely poor performance (results are shown in Table 1
for information). While we are still investigating the cause
4. Results and Discussion of that problem, we chose to report results for PVFS v1,

which nevertheless represents no loss in significance since
In this section we present the results obtained with our it is still fully supported by the developers as a production
experiments. The reported execution times are those in-system.
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Figure 2. Performance comparison for ANFSp
vs. PVFS using 4 and 12 10Ds on the file
server

4.2. Scalability Evaluation

No. of clients  dNFSP PVFSvl PVFS2

4 464.416  319.273 363.395
9 272.728 170.663 263.655
16 135.164  103.247 253.88
25 76.712 95.35 252.505
36 53.745 96.313 293.44
49 43.776 105.44 353.64

Table 1. Sample execution times (in seconds)
obtained for dNFSp and PVFS v1 in compari-
son to PVFS2

mance due the fact that the application doesn’t have enough
clients to stress the capability of storage offered by the file
systems. In this case dNFSp even has an small decrease
of performance as we add more nodes, this lost of perfor-
mance comes from the meta-servers communication that is
more significant when we have more meta-servers. The bet-
ter performance of PVFS lies on the size of messages, as we
have only four BTIO clients the amount of computation des-
ignated to each node is large resulting in larger writes on the
file system.

The second chart shows the transition case where both
file systems have a similar behavior. Using 25 clients BTIO
seams to have a block size that results in similar perfor-
mance to both file systems. They have an improvement of
performance as we add more nodes to the file system, reach-
ing a limit where adding more nodes increases the execution
time instead of reducing.

In the third chart we show a more stressing case, where
we have 49 clients accessing the file system. In this situ-
ation we can see that from 4 to 10 nodes dNFSp has an
improvement of performance as we increase the file sys-
tem size. When we achieve 12 |I0Ds and 12 meta-servers
the overhead added by the insertion of more nodes is not
compensated by the performance gain. The clients doesn’t
have enough writes to perform to stress the file system and
the communication between meta-servers is more expres-
sive, lying in the same situation shown by the four clients
sample. PVFS as shown a performance limitation when we
have small writes to the file system as the number of clients
is larger than the previous case, we have smalls chunks of
data being written.

As a subsequent analysis of our experiments we have
compared how both file systems reacts to the addiction of4.3. Overlapping of IODs and metaservers

more nodes to the file system. The number of IODs, meta-

servers and clients is the same as described in the previous As a last experiment, we have investigated the capabili-

section.

ties of dNFSp in saving cluster nodes for the deployment of

In Figure 3 we have three samples from our experiment. the file server. As usual in distributed file systems (and dis-
In the first chart we fixated the number of BTIO clients on tributed systems in general) like dNFSp and PVFS, each
4 and varied the number of IODs and meta-servers. We cartask of the system is usually performed on a distinct ma-
see that both file systems sustain a almost constant perforehine or compute node. For example, in the previous exper-
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Figure 3. Scalability comparison for dNFSp in favor of the overlapping configuration, since communica-
vs. PVFS using 4 and 49 BTIO clients pro- tion betweem the 10D and the metaserver on the same node
cesses is done faster (by means of memory copy). On the second

case, there are much more, smaller client writes, and con-
sequently the differences are not much evident. Increasing
the number of IODs also contributes to minimize the differ-

ences. As a conclusion, we can see that such an overlapping

iments we have always used distinct nodes for running the

IODs and the metaservers/manager. i . :
configuration can be employed without loss of performance,

It would be desirable, however, that one could make use - ;
: . . contributing to the amount of nodes dedicated to computa-
of as few nodes for the file server as possible, in order to

maximize the number of nodes available for the real com-

puting tasks. While the decision depends mostly on the

amount of storage desired for the server, some consider5, Related Work

ations can be made regarding performance and scalability

that might allow for a shorter number of nodes than thatini-  The increasing performance gap between 1/0 and pro-

tially accounted. This is specially true if the compute nodes cessor has placed the file system performance as the most

are dual-processed. severe bottleneck to applications that massively use the stor-
The results in Figure 4 correspond to the execution of age subsystem [12, 4]. Several approaches have been pro-

BTIO with dNFSp with IODs and metaservers running on posed since the deployment of the first large-scale parallel

the same nodes, compared to the original execution wheremachines. Many are based on the use of specialized tech-

the two entities run on separate nodes. Again, we show re-nologies (e.g. RAID, fiber optics) as a means to increase



performance, such as GPFS [13] and GFS [1]. This kind MDS failure, the client can access the LDAP server to ask
of system usually relies on the concept of a Storage Areafor an available MDS.
Network (SAN), which basically defines a common storage  As in dNFSp, PVFS version 2, or PVFS2 [9], has the
“device” composed of several physical devices. As such, option of running more than one manager. The main differ-
scalability is a direct consequence of this concept. Otherence lies on the way PVFS controls the distribution of meta-
projects like Petal/Frangipani [10, 16] and the Shared Log- data. Each manager stores the metadata information about
ical Disk [15] make use of the same concept, but the SAN a range of files, while in dNFSp each server has the meta-
is implemented in software over a network. Good perfor- data information about all the files. The PVFS approach can
mance and scalability thus depend heavily on the commu-result in a surcharged manager when all the clients access
nication technology. files in the same range.
Research projects like PVFS [5] and Lustre [14] follow
another trend. To achieve high performance on 1/O opera-g.  Conclusions and Final Considerations
tions, these file systems distribute the functionality of a file
system across a set of nodes in a cluster. To perform par- The execution of the BTIO benchmark with dNFSp and
allel /O operations, they stripe the data across the nodespyEs on the i-cluster2 has confirmed the objectives of our
keeping the striping transparent to the application. system in providing good performance and scalability while
PVFS is a parallel cluster file system composed of two keeping compatibility with NFS. The results show very
types of nodes: thO serverand themanager which is good, scalable performance in comparison to a dedicated
a metadata server. The nodes in the cluster used by the filgarallel file system. dNFSp is able to reach the same level of
system can be configured as I/O servers, and one of them aperformance of PVFS, and many times even reach beyond
a manager. Lustre is an object-based file system designed. We understand that this advantage comes from the fact
to provide performance, availability and scalability in dis- that dNFSp can tolerate a smaller size of writes than PVFS
tributed systems. Like PVFS, Lustre comprises two types before reaching the point where parallelism in no longer
of server nodes: Metadata Servers (MDS) are responsiblebenefic. When configured with a large number of clients,
for managing the file system’s directory layout, as well as dNFSp has outperformed PVFS in up to 50% of its execu-
permissions and other file attributes. The data is stored andion time.
transferred through the Object Storage Targets (OST). Fig-  Another positive aspect of our benchmarking is that
ure 5 shows the architecture of PVFS and Lustre in compar-dNFSp performs efficiently when 10Ds and metaservers
ison to that of dNFSp. have been put together on the same nodes. This allows for
High performance in PVFS is achieved by distributing a resource-saving configuration which maximizes the avail-
the contents of a file across the 1/0 server nodes (striping).ability of compute nodes without sacrificing performance.
Clients are allowed to access the contents of the file in par-Although the nodes of the i-cluster2 are dual-processed,
allel. The way the files are striped is handled by the meta-which favors this configuration, we believe that a simi-
data manager, which is also responsible for managing filelar approach, at least partial, should be possible on single-
properties and a name space to applications, but has no paprocessor clusters, since the I0Ds present a typical I/O-
ticipation in I/O operations. The I/O servers are accessed di-bound profile, while the metaservers do little disk activ-
rectly by the clients to deal with the data transfers. The userity. This evaluation was not possible on the i-cluster2, as
can access the file system through the PVFS library or us-it would require booting with a non SMP-enabled kernel,
ing an OS-specific kernel module. The latter allows the userbut we intend to carry it out as soon as possible.
to mount the file system using a POSIX interface, and ac-  Our future activities include further benchmarking with
cess files as any other file system. dNFSp and specially the implementation of a dedicated
In Lustre, similarly to PVFS, the client contacts the communication mechanism between meta-servers. One can
Metadata Servers to know which OST contains a given partnotice some loss of performance in a few of the experi-
of a file. After obtaining this information, the client estab- ments due to the relatively heavy lookup mechanism that
lishes direct connections to the OST performing reads andthe metaservers performs. A dedicated protocol should min-
writes. The MDS has no intervention in the I/O process, be- imize the impact of lookup operations by implementaing
ing contacted by the OST only to change file attributes like Some kind of prefetching and message aggregation for the
file size. Both types of nodes can have replicas working in €xchange of metadata.
pairs and taking the place of each other when a failure oc-
curs. Figure 5 shows aactiveMDS, and its replica is rep-  References
resented by théailover node. Information concerning the
overall system configuration is stored in a Lightweight Di- [1] The openGFS project, Apr. 2003.
rectory Access Protocol (LDAP) server. In the event of a http://opengfs.sourceforge.net.
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Introduction

La réalisation du calcul paralléle par moyen de grappes d’ordinat€lustér Com-
puting) est un champs de recherche qui s’est développé trés vite au cours des derniéres
anneées [1, 33], et pour lequel on dédie aujourd’hui une quantité importante de temps et
de ressources.

L'intérét pour les grappes vient principalement du fait que ses composants matériels et
logiciels font partie du marché « off-the-shelf », a la portée du grand public, ce qui apporte
immédiatement deux avantages significatifs : suivi rapide des évolutions technologiques,
comme les réseaux Gigabit Ethernet [15] e Myrinet [9], et faible codt, ceci principalement
par I'utilisation de logiciel libore comme GNU/Linux [3, 2, 4], PVM [14] et MPI [20].

Les origines du calcul haute performance basé sur grappes remonte au début des an-
nées 90, lorsque des chercheurs de la NASA ont assemblé les premiers prototypes de la
grappe Beowulf [33, 27, 34, 35]. Quelques années apres, I'idée étant déja diffusée partout
dans le monde, les grappes ont méme pu rentrer dans le TOP500, la liste des machines les
plus puissantes du monde.

Ayant hérité des réseaux Unix ses caractéristiques techniques, I'un des principaux
problemes liés a la gestion de grappes Beowulf est la performance et la passage alI'échelle
du systéme de fichiers. Idetwork File Systerf24], ou NFS, systéme de fichiers standard
pour le partage de fichiers dans les réseaux locaux, a aussi été emprunté dans les grappes.
Le serveur NFS étant toutefois centralisé, ce modéle n’est pas bien adapté aux grappes de
grande taille, en particulier dans les cas des applications gourmandes en entrée/sortie [28].

Pour attaquer ce probleme, deux approches ont été établies au cours des dernieres
anneées : soit I'utilisation de technologies plus performantes comme la fibre optique et les
disques RAID [22], soit la répartition des fonctionnalités du serveur de fichiers sur un
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ensemble de machines. Bien que le premier se montre plus performant, le dernier est plus
adapté au modele Beowulf.

C’est dans ce contexte que le projet NFSP a été établi, en 2001, au sein du Laboratoire
ID de Grenoble, avec le but principal d'offrir une solution de stockage répartie dans une
grappe, solution que doit étre performante et adaptée aux demandes d’entrée/sortie des
applications paralléles, mais qui peut également garder la compatibilité avec les clients
NFS standards, ainsi que les procédures de configuration et de gestion d’'un systéeme NFS
traditionnel. Le projet a depuis produit de nombreux travaux scientifiques d’'implantation
de prototypes, outils et publications d’articles.

Parmi les possibilités de recherche sur NFSP, on trouvera le sujet principal de la thése
présentée ici : le modele de distribution de NFSP n’étant congu que pour I'optimisation
des opérations de lecture de données, les écritures concurrentes souffrent encore du mo-
dele centralisé de NFS. Ceci est donc le principal probleme sur lequel nous avons travaillé,
dont les résultats sont présentés dans les pages suivantes.



Systemes de Fichiers a Haute
Performance

Le probleme de stockage efficace de données a toujours existé en calcul paralléle,
vu que les problemes présentant une grande quantité de données font souvent I'objet de
recherche dans les activités scientifiques. Par conséquent, plusieurs solutions d’optimisa-
tion des systémes de fichiers ont été proposées; dans ce chapitre, nous en présenterons
certaines, que nous considérons représentatives et qui sont adaptées au scénario envisage
pour le travail.

Pour bien organiser la présentation, nous avons divisé les systemes étudiés en deux
groupes :
— les systemesdisques partagé®u I'espace de stockage de tous les disques dispo-
nibles est traité de maniere égalitaire par toutes les machines
— les systémedistribués ou les fonctions du systeme de fichiers sont réparties sur un
sous-ensemble des machines

2.1 Terminologie

Nous présentons d’abord quelques mots et expressions-clé couramment utilisés dans
la littérature de systemes de fichiers.

Données Les informations enregistrées par les utilisateurs dans les fichiers.

Méta-données Les « données sur les données », ou bien les informations de contrble
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(taille, propriétaire, date de création/modification, etc.) qui forment, avec les don-
nées, la notion compléte d’un fichier.

Méta-fichier Certains systemes distribués utilisent des fichiers locaux pour garder les
méta-données de fichiers distants ; ces fichiers locaux sont les méta-fichiers.

Serveur d’entrée/sortie (IOD)  Utilisés souvent par les systemes distribués, les IODs
sont des démons dédiés a la lecture et I'écriture de blocs de données.

Serveur de méta-données Entité complémentaire aux IODs, sert a fournir des méta-
données a distance.

Striping Le striping consiste a diviser les données d’un fichier en plusieurs morceaux,
ou « tranches », afin de les faire manipuler en paralléle (e.g. par les I0ODs).

NAS (Network Attached Storage ) Caractéristiqgue d’'un élément de stockage qui lui
permet d’étre branché directement sur le réseau (par exemple par une connexion
Ethernet).

SAN (Storage Area Network ) Utilisation d'un ensemble de disques en tant qu’un
seul espace de stockage de facon transparente.

2.2 Systéemes a disques partagés

221 XFS

XFS [36] est un systeme de fichiers développé pour IRIX, de Silicon Graphics, depuis
1994. Son but principal est le support aux fichiers de grande taille (de I'orgretdbytég
aussi que la haute performance et le passage a I'échelle.

Le mécanisme de base est l'utilisation des arbres B+ dans les structures internes de
données, ce qui permet une manipulation efficace de blocs de données et de la gestion
de I'espace libre. XFS utilise également un systeme de transactions identique a celui des
bases de données, afin de supporter la tolérance aux pannes et une récupération rapide en
cas de défaillance.

Bien qu’il soit un systeme de fichiers a vocation généraliste, XFS présente des ca-
ractéristiques bénéficiant au calcul parallele, comme la possibilité d’acces concurrent a
la plupart des fonctions et ldirect 1/0, ou acces direct a I'E/S, qui permet & certaines
applications d’accéder directement aux disques.

XFS a été porté dans le noyau Linux et est donc librement distribué avec celui-ci.
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2.2.2 Frangipani/Petal

Le systeme de fichiers Frangipani/Petal [37] consiste de deux composants : la couche
Petal qui fournit un service de stockage distribué ayant la capacité de passage a I'échelle
et de tolérance aux pannesFeangipani qui implémente le systeme de fichiers propre-
ment dit, en créant les abstractions fichier et répertoire au dessus de la couche de base.

La couche Petal implémente un servicedilgue virtuel Le disque virtuel est com-
posé de plusieurs disques physiques situés dans des machines distinctes. Des démons
exécutant sur ces machines communiquent via le réseau pour coordonner la distribution
des opérations de lecture et d’écriture.

Dans la couche supérieure, le sous-systeme Frangipani fournit aux machines clientes
la vision de fichiers et de répertoires, en utilisant I'espace disque virtuel créé par Petal
comme si ¢’était un unique dispositif de stockage. Il implémente un mécanisme de verrous
distribués pour garantir la cohérence des données. Frangipani utilise aussi un systeme
d’historique de transactions pour la récupération de pannes.

2.2.3 GFS

Le Global File Systenj31, 23] est un systeme de fichiers a haute performance dé-
veloppé par I'Université de Minnesota. Il vise surtout I'utilisation des caractéristiques de
faible latence et de haut débit des technologies réseau comme Fibre Channel et Gigabit
Ethernet pour éliminer le réle central du serveur et construire ce que les auteurs nomment
« systeme symétrique multi-clients ».

Les dispositifs de stockage de GFS ont la caractéristique NAS, de sorte que chacun
d’entre eux (e.g. disque dur, volume RAID) est directement accessible par le réseau IP, ce
qui forme leNetwork Storage Pool

Plusieurs mécanismes de contrdle y ont été ajoutés depuis la version originale pour
garantir le passage a I'échelle : par exemplediegce lockpermettent des actions ato-
miques a grain fin sur les disques; Esiffed dinodegui consistent en l'inclusion de
données dans les propres i-nodes de méta-données ;exttdeslible hashingun méca-
nisme efficace pour I'enregistrement et la localisation d’informations sur les fichiers.

Sistina Software est devenue propriétaire des droits commerciaux en 2001, et un projet
paralléle OpenGFS continue le développement de la version libre sous Linux.
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2.24 GPFS

GPFS [29] est un projet développé par IBM depuis la fin des années 90, et est le
systéme actuellement utilisé dans la machine ASCI White.

Les disques partagés peuvent étre connectés directement au réseau, s'ils ont la capacité
NAS, ou bien gérés par un serveur local qui fait I'interface avec les clients. Dans les deux
cas, le protocole d’acces aux disques est défini par les fonctions usuelles d’acces aux blocs
de données.

Le systeme parallélise complétement I'acces aussi bien a un ensemble de fichiers qu’a
des blocs distincts au sein d'un méme fichier. La taille de blocs est volontairement grande,
afin de minimiser les pertes dles au temps de rechesgek (overhegd Dans le cas
de petits fichiers, il est aussi possible d’utilisersiris-blocgjui peuvent avoir jusqu’a
1/32éme de la taille d’'un bloc normal.

Un mécanisme de contrble d’acces est implémenté par un systéeme distribué de ver-
rous. Chaque noeud de calcul exécute un gestionnaire local de verrous, qui communique
avec le gestionnaire global pour obtenirtdeensde verrouillage.

2.3 Systemes distribués

2.3.1 NFS

NFS, ouNetwork File Systerfl1], est le standarde factopour le partage de fichiers
dans les environnements Unix, et par conséquent dans la communauté des grappes. Le
systéme a été congu par Sun Microsystems en 1985.

En réalité, NFS est un protocole pour I'acces distant et transparent d’un client au
systeme de fichiers d’un serveur. Son but initial n’est donc pas la haute performance,
mais l'utilisation dans des réseaux locaux de stations de travail comme le font AFS [25]
et Coda [26].

Le systéme a été congu pour &ans étatChaque requéte d’un client doit étre com-
pletement identifiée par la localisation du fichier, la position et la taille du bloc de données
manipulé (en ce sens, le serveur NFS peut étre considéré comme a la fois gestionnaire de
méta-données et serveur de données, dans le méme démon). Ceci favorise la tolérance
aux pannes : les pannes de clients n’affectent pas le serveur, et les pannes du serveur sont
supportés de facon simple et transparente par les clients, le fonctionnement redevenant
normal quand cesse la panne. Pour cette raison, NFS a été amplement diffusé dans les
environnements Unix. D’autres caractéristiques importantes sont le support a I'hétéro-
généité entre serveurs et clients et une sémantique propre d’acces (indépendante de tout
systeme d’exploitation), ce qui favorise la portabilité.
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Malgré les avantages cités, NFS pose un probleme potentiel de passage a I'échelle
dans les grappes de grande taille, & cause de sa centralisation a trois nivedax :
connexion réseau au serveilyle disque du serveur, @t) le processeur du serveur. Pour
cette raison, des nombreux projets de recherche essaient d’améliorer NFS ou de trouver
des solutions alternatives.

NFS"2[21] est une architecture d’intégration de plusieurs serveurs NFS sous le méme
espace de nommage. Un ensemble de serveurs NFS conventionnels est utilisé comme
espace de stockage ; un répartiteur de charge est introduit entre I'espace de stockage et les
clients, qui analyse les requétes recus et les dirige vers le serveur correspondant, ce qui
découple la localisation visible d’un fichier de sa localisation physique.

D-NFS [19], ouDistributed NFS est un projet de I'Université Tsinghua de Pekin,
Chine. Le principe de fonctionnement du systéme est la distribution du serveurs NFS
traditionnel en plusieurs copies, chacune exécutant dans une machine distincte, ou chaque
copie sert seulement un sous-ensemble des clients totaux. Si un client tente d’accéder a
un fichier qui est indisponible sur le serveur auquel il est connecté, il est nécessaire de
copier le contenu complet du fichier d’'un serveur distant, ce qui entraine une opération
lente de transfert de données via le réseau.

Bigfoot-NFS [18] suit une approche différente : la modification du logiciel client au
lieu de celui du serveur. L'envoi de requétes par les clients est fait par une bibliotheque
de RPCs en vecteur, grace a laquelle le méme service peut étre envoyé a plusieurs ma-
chines en méme temps. Le serveur de fichiers de Bigfoot-NFS est constitué d’un groupe
de serveurs NFS traditionnels, complétement indépendants les uns des autres. De méme
gue NFS"2 et D-NFS, Bigfoot-NFS stocke des fichiers entiers.

2.3.2 XxFS

XFS [5] est un projet de systeme de fichiers « sans serveur » développé dans I'Uni-
versité de Californie a Berkeley de 1993 a 1995. Il présente une structure complétement
distribuée, ou les données et les méta-données sont diffusées parmi I'ensemble des ma-
chines disponibles (soit la totalité, soit une partie d’entre elles) et peuvent de plus étre
migrées.

Le systeme est composé de 4 types d’entitésrveurs de stockaggestionnaires
ramasse-miettest clients. Les serveurs de stockage sont des serveurs d’entrée/sortie,
c’est a dire responsables de la lecture et de I'écriture de blocs de données sur les disques;;
les gestionnaires sont des serveurs de méta-données ; les ramasse-miettes sont des entités
particulieres de xFS qui exercent la fonction de défragmenter et recycler I'espace disque
de facon a récupérer de I'espace pour des futures opérations d’écriture.

Un mécanisme de cache coopératif est défini pour diminuer le retard da a la recherche
de données et de méta-données. Le principe de ce mécanisme est qu’un client peut obtenir

11



2 — Systemes de Fichiers a Haute Performance

des informations qui sont déja disponibles sur un autre client. Cela forme un cache a trois
niveaux dans xFS, avec un degré variable de retard : un bloc de données peut étre dans
le cache local d’'un noeud (retard de cache uniquement), dans le cache d’'un autre noeud
(retards de cache et réseau), ou bien sur les disques (retards de cache, réseau et disques).

Malgré des bons résultats, XFS n’a pas été poursuivi apres la conclusion du projet
NOW, et par conséquent aucun portage sous Linux n’est connu a ce jour.

2.3.3 PVFS

PVFS [12] est le systeme de fichiers conjoint entre le laboratoire PARL/Université
Clemson et le laboratoire ANL a Argonne, Etats-Unis. Son objectif est de fournir un
systeme de fichiers a haute performance pour les grappes Beowulf.

Le systeme peut étre considéré comme une version simplifiée de xFS. L'acces aux
données est réalisé par des serveurs d’entrée/sortie, et un gestionnaire unique (et donc
central) est responsable du stockage et de la diffusion des informations de méta-données.
Les clients disposent de trois méthodes pour accéder au systéme de fichiers : au moyen
d’'une interface dédiée, par des appels POSIX standards, ou encore via MPI-IO.

Chaque fichier de PVFS est divisé entre plusieurs serveurs d’entrée/sogigpag.
L'acces a un fichier est divisé en deux étapes : premiérement, le client contacte le gestion-
naire pour obtenir une spécification de la localisation du fichier ; deuxiemement, le client
contacte directement les serveurs d’E/S pour exécuter I'opération désirée. Le gestionnaire
n'a pas a étre contacté de nouveau pour des opérations sur le méme fichier.

2.3.4 DPFS

Le DPFS [30] Distributed Parallel File Systejma été développé dans I'Université
Northwestern, aux Etats-Unis, avec le but principal de récupérer les ressources de sto-
ckage éventuellement disponibles dans un réseau (e.g. les disques durs des stations de
travail), ce qui permet I'exécution d’applications manipulant des grands volumes de don-
nées, et en méme temps d’obtenir de bonnes performances grace a la combinaison du
parallélisme et de la distribution.

DPFS présente deux caractéristiques nouvelles par rapport aux autres systemes de fi-
chiers distribués rencontrés dans la littérature : la méthode n’est pas statique et peut méme
étre personnalisée par I'utilisateur final, et la gestion de méta-données est implémentée par
une base de données relationnelle, comme Postgres ou MySQL. L'accés au systeme de
fichiers par un client se fait de méme que dans PVFS, en deux étapes.

Le systeme définit troisiveaux de fichierhacun ayant une méthode correspondante
distincte pour faire lestriping. Pour la méthodénéaire, la division du fichier se fait en
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tranches de taille fixe. Pour la méthadelti-dimensionnelldes tranches sont regroupées
pour correspondre aux patrons d’acces typiques des applications scientifiques. Enfin, la
meéthodestriping par blog correspond spécifiguement aux patrons d’acces de HPF.

Le stockage des informations dans une base de données relationnelle permet ['utili-
sation d’'une interface de haut niveau et fiable, principalement grace aux mécanismes de
transactions atomiques, qui garantissent automatiquement la cohérence du systeme de fi-
chiers. Pour accéder au systeme, les clients DPFS doivent utiliser une interface spécifique,
ou bien unshellUnix modifié.

2.3.5 Lustre

Lustre [13] est I'un des plus récents systemes de fichiers distribués, développé par
Cluster File Systems, Inc., orienté spécifiquement vers les grappes d'ordinateurs. Ce sys-
teme mélange des caractéristiques bien connues comme la séparation entre données et
méta-données avec des techniques modernes de gestion comme LDAP et XML.

Lustre considére les fichiers comme des objets, dont la localisation est récupérée au
moyen des MDS Nletadata Serversserveurs de méta-données). Les MDS supportent
des opérations au niveau de I'espace de nommage du systéme de fichiers. Les opérations
d’acces aux blocs de données sont redirigées sublests de stockag®u OST Object
Storage Targeds qui gerent le stockage d’informations physiquement situées dans des
disques basés sur objetsu OBD (Object-Based Disks

Les MDS gardent un historique sur les transactions de modifications des méta-données
et sur I'état de la grappe, afin de supporter et récupérer des pannes éventuelles sur le réseau
et/ou du matériel. Un MDS a un réplicat qui prend en charge ses fonctions en cas de panne.

Lustre supporte I'hétérogénéité du réseau par l'utilisation d’une abstraction appelée
NAL (Network Abstraction Lay@r C'est une couche logiciel qui normalise les fonctions
d’acces au réseau, jouant le réle d’'intermédiaire entre le reste du systeme et la technologie
utilisée.

2.4 Evaluation des systémes présentés

2.4.1 Systemes a disques partagés

Il est relativement difficile d’analyser les systemes de fichiers dans ce groupe, car la
plupart d’entre eux exigent des technologies spéciales, normalement non disponibles pour
la réalisation de tests. En plus, la documentation existante est généralement plus commer-
ciale que technique. Les indicateurs de performance montrent toujours des débits et un
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passage a I'échelle tres bons, ce qui est compréhensible au vu des techniques employées,
mais cela reste une information donnée par le propre constructeur. De toutes fagons, on
constate que ces systemes sont effectivement utilisés dans des machines paralléles com-
merciales de nos jours, ce qui justifie leur étude.

2.4.2 Systemes distribués

Les systémes de fichiers distribués étant plus proche des objectifs du travail développé,
une analyse plus détaillée en est faite dans cette section.

2.4.2.1 Gestion de données

Les systemes exposés présentent des formes différentes de traiter les données des
fichiers. Dans NFS et ses dérivés, les données d’un fichier son traitées intégralement,
c’est a dire sans l'utilisation d’aucun mécanismestiging. Cela favorise la simplicité
du systeme.

Une autre possibilité est effectivement I'utilisation steiping, comme le font xFS,
PVFS, DPFS et Lustre. La division du contenu des fichiers en tranches permet que plu-
sieurs processeurs puissent accéder en paralléle aux blocs de données, ce qui améliore
I'exécution des opérations. De plus, ce mécanisme sert a réduire les problémes de conten-
tion lorsque plusieurs processeurs essayent d’accéder a un méme fichier, car il est probable
gue tous les processeurs n'accedent pas aux méme blocs.

On consideére, par conséquent, qustigping de données est une caractéristique es-
sentielle pour la haute performance dans un systéme de fichiers distribué.

2.4.2.2 Gestion de méta-données

La gestion de méta-données est réalisée de deux manieres principales : centralisée et
distribuée. Dans le cas centralisé on trouve la plupart des systémes, grace a sa simplicité
d’'implémentation, mais aussi parce que la plupart des opérations d’E/S d’une application
scientifique manipulent les données proprement dites, le colt d’accés aux méta-données
devenant masqué par le précédent. Au niveau de I'implémentation, NFS ne sépare pas la
gestion de données et de méta-données, les deux étant gérés par lenfsdrogure I'on
considere le serveur proprement dit. Des systemes comme PVFS, DPFS et Lustre, par
contre, présentent un serveur dédié pour la gestion de méta-données. Cette approche est
relativement simple & implémenter et ne pose pas de problemes de performance comme
nous venons d’exposer.

Dans les cas de xFS e D-NFS, aussi que pour la version 2 de PVFS, la gestion de
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méta-données est distribuée. Cela signifie que les informations sur la localisation des
blocs de données d’'un fichier se trouvent réparties sur les machines disponibles, voire
méme répliquées. L'avantage de cette approche est la possibilité de tolérance aux pannes
des la réplication d’'informations, ainsi que I'élimination du point centralisé d’accés aux
méta-données. En revanche, ce mécanisme est plus complexe a gérer, car il faut garan-
tir la cohérence des méta-données afin d’éviter qu’aucun client n’obtienne de données
périmeées.

2.4.2.3 Tolérance aux pannes

La tolérance aux pannes peut étre distinguée dans différents niveaux des systemes étu-
diés. On la trouve associée a la gestion de données, de méta-données, ou méme dans le
domaine du temps. Ceci est le cas pour NFS, ou les interruptions temporaires de commu-
nication entre serveur et client peuvent étre tolérées de facon transparente.

DPFS présente un mécanisme indirect de récupération de méta-données, grace a I'uti-
lisation d’'un gestionnaire de base de données. Dans xFS et Lustre, aussi bien la gestion
des données que celle des méta-données utilisent des techniques de tolérance aux pannes.
XFS présente une distribution d’'informations semblabe a la technique RAID. Lustre uti-
lise également RAID et présente un serveur secondaire de méta-données pour le cas de
pannes dans le serveur primaire.

De plus, tous les systémes de fichiers étudiés peuvent bénéficier des techniques de
journalisation des systemes de fichiers locaux (e.g. ext3, ReiserFS) couramment utilisées
de nos jours, ce qui permet déja un niveau minimal de tolérance aux pannes.

2.4.2.4 Adaptation au modele Beowulf

Ce point est assez subjectif, mais considéré important étant donnée la popularisa-
tion du modele Beowulf de calcul paralléle. En réalité, le seul systéme distribué non-
conformant est XFS, qui n'a pas d’'implémentation pour Linux. Par contre, peu de ces
versions libres peuvent étre considérés mares et présentent un cycle stable de développe-
ment, les exceptions étant PVFS, Lustre et NFS. De ce point de vue, ces derniers seraient
les choix possibles pour une grappe actuelle.

2.4.3 Bilan

Apres cet exposé, nous pouvons constater que les systéemes de fichiers les plus adaptés
au modéle de grappe Beowulf sont ceux distribués, grace principalement a la disponibilité
du logiciel et la non-exigence de technologies spécifiques. Parmi les techniques utilisées,
on peut distinguer lestriping comme l'une des plus performantes. En ce qui concerne
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TAaB. 2.1 Comparaison des caractéristiques des systemes étudiés

Gestion Gestion Tolérance Caractéristique
Systeme de Données de Méta-Données aux Pannes @2 Beowulf
XFS SAN SAN M pleine
Frangipani/Petal SAN SAN D/IM moyenne
GFS SAN SAN D moyenne
GPFS SAN SAN D/IM aucune
NFS fichier centralisée temporaire pleine
NFS™2 fichier centralisée ? moyenne
D-NFS fichier distribuée temporaire moyenne
Bigfoot-NFS fichier centralisée ? moyenne
xFS RAID distribuée D/IM aucune
PVFS striping centralisée aucune pleine
DPFS striping centralisée M moyenne
Lustre RAID centralisée D/IM pleine

4D = données ; M = méta-données

la tolérance aux pannes, bien gu’elle soit désirable a différents niveaux, elle n’est pas
implémentée par tous les systemes.

Le tableau 2.1 présente une comparaison des principales caractéristiques observées
dans les systemes de fichiers présentés.
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Parmi les systemes de fichiers étudiés, nous pouvons distinguer un sous-ensemble
basé sur le protocole NFS standard. La motivation principale pour ce modele vient des
caractéristiques de stabilité et de qualité d'implémentation de NFS, acquises au long de
20 années de développement. Suivant le méme esprit, le projet NFSP a été établi en 2000
au sein du Laboratoire Informatique et Distribution (ID) de 'IMAG, a Grenoble, en tant
gue partie d'un projet d'implantation d’une grappe de grande taille. Dans ce chapitre
nous présenterons donc les principales caractéristiques de NFSP, qui fournit la base pour
le développement de cette these.

3.1 Structure de NFSP

L'architecture de NFSP est inspirée de PVFS. Le but principal est de paralléliser au
maximum les opérations d’acces aux blocs de données, toutefois sans entrainer des mo-
difications importantes dans les procédures standards d’installation et de fonctionnement
du protocole NFS.

Les clients dans un systeme NFSP sont des clients NFS standards (e.g. ceux dispo-
nibles dans le noyaux Linux). Cette caractéristique, envisagée depuis le début du projet,
permet que des outils de gestion déja existants puissent toujours étre utilisés, et que la
grappe soit encore compatible avec des solutions commerciales comme celles de Man-
drakeSoft ou Red Hat. L'amélioration de la performance vient donc de la parallélisation
des fonctions du serveur, lequel est séparé dans deux entitégtdeserveuet lesser-
veurs d'E/Sou I0Ds.
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Figure 3.1 Fonctionnement de NFSP

Les IODs sont des processus indépendants exécutant sur plusieurs noeuds de la grappe.
Leur réle est uniguement le stockage et la récupération de données. Les informations sont
enregistrées dans les disques des machines en utilisant la technitipidg.

Le méta-serveur est un démon, lancé sur I'un des noeuds, qui apparait pour les clients
comme le serveur NFS d’une installation traditionnelle. Cela signifie que le méta-serveur
recoit les requétes de montage/démontage et d’accés aux blocs de données comme dans
le cas standard. De méme que pour NFS, NFSP exporte une ou plusieurs hiérarchies de
répertoires existants dans le systéme de fichiers local du méta-serveur ; toutefois, la hié-
rarchie ne contient pas les fichiers exportés, mais plutét un ensemivliétddichiersou
chacun contient des informations sur la localisation des données du fichier correspondant.

Lorsque le méta-serveur recoit une requéte de I'un des clients, il récupére d’abord
les informations contenues dans le méta-fichier en question, et ensuite redirige la requéte
au(x) 10D(s) impligué(s). L'lOD exécute I'opération désirée (lecture ou écriture de don-
nées) et renvoie le résultat au climdmme si c’était le serveur NF@n utilisant des
techniques dé& spoofing si nécessaire). Quand des requétes sont envoyeées par plusieurs
clients en méme temps, on obtient I'amélioration de la performance grace a I'exécution
parallele des I0Ds. La figure 3.1 illustre ce modele de fonctionnement.

3.2 Implémentation de prototypes

Plusieurs prototypes du modéle NFSP ont été implémentés depuis le début de ce pro-
jet. Motivé par la possibilité d'un cycle rapide de modifications et de tests, le premier pro-
totype a été basé sur I'implémentation au niveau d'’utilisateur de NFS (version 2.2beta47).
Cette version de NFSP est par conséquent nommeé uNFSP.

Une évaluation de performance a été conduite dans la grappe i-cluster, en faisant lire
en parallele par les clients un fichier de 1 Go, et en mesurant le débit global de transfert de
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Figure 3.2 Débit en lecture pour les deux prototypes de NFSP

données. Les résultats obtenus ont montré une atténuation tres forte par rapport au débit
maximal théorique (limité par les connexions réseau selon le nombre de clients et de IODs
dans chaque expérience). Une investigation détaillée du fonctionnement de ce prototype

a détecté des pertes importantes de performance a cause de plusieurs copies de données
entre les processus et le noyau du systeme d’exploitation.

L'équipe NFSP a donc décidé de porter I'implémentation dans le serveur NFS du
noyau Linux, produisant KNFSP. La méme évaluation de performance étant réalisee, les
améliorations sont nettement visibles. La figure 3.2 présente les résultats obtenus pour les
deux versions de NFSP en comparaison avec le débit théorique maximal.

Une autre expérience a été conduite en lancant des méta-serveurs sur plusieurs ma-
chines de la grappe, l'idée étant de fournir plusieurs points d’acces aux clients afin de
soulager le méta-serveur unique (tres chargé dans le cas des écritures, car il doit recevoir
et rediriger la totalité des données écrites). Chague méta-serveur exporte ses méta-fichiers
régulierement, mais aussi les méta-fichiers des autres serveurs, lesquels sont accédés au
moyen d’un montage NFS standard.

Apres la re-exécution du test de performance, en utilisant 4 méta-serveurs, on a pu
constater une amélioration effective du débit de transfert, lequel a atteint jusqu’a deux
fois la valeur précédente, méme avec la version uNFSP. Le point faible de cette approche,
toutefois, est la perte de transparence dans I'espace de nommage, car les répertoires ex-
portés de chaque méta-serveur doivent étre explicitement indiqués, conatamO
et/meta/m1l . Néanmoins, c’'était une piste importante pour la poursuite d'activités dans
le projet.
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Le Modele de Distribution Propose :
dNFSP

Dans le chapitre précédent, nous avons présenté les principales caractéristiques du
projet NFSP, sur lequel le travail s’est basé. Comme nous 'avons montré, NFSP est en
effet capable d’apporter une amélioration importante aux performances d’'un systeme de
fichiers pour grappe. Toutefois, cette amélioration ne porte que sur les opérations de lec-
ture de données, I'écriture suivant toujours le modeéle centralisé défini par NFS. Beau-
coup d’applications réalisent en majorité des opérations de lecture et bénéficient donc de
I'amélioration de NFSP, mais il est également désirable que le systéme puisse réaliser des
opérations en écriture de fagon optimisée. C’est dans ce but que nous avons développé
cette these, dont la contribution principale est présentée dans ce chapitre.

Les systemes de fichiers présentés dans le Chapitre 2 nous ont permis d’observer
plusieurs techniques d’optimisation de performance. Aprés une période d'études réalisée
en 2003 au sein du Laboratoire ID de Grenoble, correspondant au séjour en France qui
fait partie de la co-tutelle, une extension a NFSP a été congue qui permet la répartition des
opérations en écriture, dont les détails sont présentés dans les pages suivantes. Il faut bien
observer des maintenant que I'extension proposé s’aligne aux principes de conception
du projet NFSP, en particulier I'intrusivité minimale qui permet aux clients de rester tels
quels.

Parmi les principaux objectifs de la thése, on peut distinguer :

— aboutir & une extension du modele NFSP qui puisse permettre 'augmentation de la
performance aussi que de du passage a I'échéle a des applications plus gourmandes
en opérations d’écriture de données

— permettre d’améliorer la performance d’une grappe du type Beowulf sans I'utilisa-

21



4 — Le Modele de Distribution Proposé : dNFSP

?’//////7/ ////'/ //////;/,:
iy % méta—serveur global
n n % =
s
7 /// / 7

i fii
QQ@Q O =
O O O i

Figure 4.1 Architecture proposé pour dNFSP

tion des technologies colteuses

— atteindre le délicat équilibre entre haute performance et maintien des procédures
administratives de la grappe ; nous n’esperons pas atteindre la performance maxi-
male pour le systeme de fichiers, mais plutdt une amélioration importante qui soit
possible d’obtenir sans perdre I'esprit NFS d’utilisation et de gestion

— éviter une situation généralisé de concurrence avec d’autres systemes et/ou inter-
faces d’acces a la stockage permanente, en ce qui concerne l'offre d’une solution
« unique ». Par exemple, on peut citer I'interface MPI-1O, qui est probablement
plus adaptée a la programmation E/S fine, mais qui par contre exige la connais-
sance d’une interface de programmation spécifique, tandis que le NFS peut étre
utilisé par l'interface POSIX standard.

4.1 Vision générale de la solution proposée

Ayant pour principal objectif 'augmentation de la performance et de la passage a
I'échelle dans les opérations d’écriture de données, le modéle proposé est basé sur la
distribution du méta-serveur. La figure 4.1 illustre I'architecture envisagée. La mise en
place de plusieurs réplicats du méta-serveur permet la formation de groupes de clients,
de facon que chaque groupe ne voie qu’un seul réplicat en tant que serveur NFS. Le
nombre de clients dans chaque groupe étant inférieur au nombre total de clients, le débit
demandé sur chaque réplicat est plus léger, ce qui réduit la charge sur le méta-serveur et
en conséquence permet d’atteindre des meilleures performances.

Les sections suivantes détaillent le modéle proposé.
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4.2 Optimisation des opérations d’écriture dans
NFSP : dNFSP

Comme présenté dans le chapitre précédent, NFSP transforme le serveur NFS dans un
méta-serveur, qui repasse les requétes a des serveurs d’entrée/sortie dédiées. Bien que la
lecture des données soit faite par ces serveurs, qui repassent les informations lues direc-
tement aux clients, I'écriture reste centralisée, les données devant toujours passer par le
méta-serveur.

La solution la plus immédiate est donc de distribuer les points d’acces aux clients,
pour offrir plus de bande passante.

Pour bien évaluer l'efficacité de cette méthode, nous avons réalisé une expérience
avec le prototype NFSP originel, toutefois en faisant démarrer plusieurs copies du méta-
serveur, qui accedent toutes au méme ensemble d’'1ODs. Cette réplication n’étant pré-
vue dans le prototype originel, il a fallut forcer chaque client a travailler dans un sous-
répertoire unigue (nommeé apres son « hostname ») a fin d’éviter la création des fichiers
de méme nom.

Cette expérience a été exécuté dans la grappe i-cluster, en utilisant 8 10D, 8 méta-
serveurs et 8 clients. L'exécution consiste dans la création d’un fichier de 1 Go par chaque
client. L'amélioration de I'écriture a été observé immédiatement, le débit en écriture s’éle-
vant jusqu’aux 70 Mo/s, ce qui est bien plus performant que les 11 Mo/s que I'on peut
obtenir avec un serveur centralisé.

En analysant les résultats obtenus, la conclusion est que la réplication du méta-serveur
suffit pour les objectifs proposés en ce qui concerne la performance et la « philosophie »
NFSP. Celui-ci a donc été choisi comme le modele le plus adapté a la thése. Pour bien
identifier le modele proposé, nous adoptons la dénominalidiSE avec und comme
distribué'.

La réplication des méta-serveurs dans dNFSP a pour conséquence la possibilité de
conflits d’acces aux données lorsque des clients liés a plus qu’'un méta-serveur accedent
aux méme fichiers. Le probléeme du maintien de la cohérence est I'objet de la section
suivante.

10u biendistributed comme on voudra
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Figure 4.2 Etapes du mécanisme de mise a jour de méta-fichiers dans dNFSP

4.3 Maintien de la cohérence entre les
méta-serveurs

Des la simple réplication des méta-serveurs, le probléme surgit dans un cas tres simple :
lorsqu’un clientA crée un fichier quelconque, ce fichier ne sera pas visible sur un Blient
si celui-ci n’est pas lié au méme méta-serveur. Cela vient du fait que les méta-fichiers font
partie du systeme de fichiers local a un méta-serveur, n’étant donc visible que dans cette
machine.

La solution choisie pour dNFSP se base sur le mécanisme de LRGzgRelease
Consistency17], classiquement utilisée dans les systemes de mémoire partagée distri-
buée. Les mises a jour s’effectuent seulement en réponse a la sollicitation d’'une donnée
modifiée, ce qui permet d’économiser des messages. De méme, dNFSP vérifie la cohé-
rence des méta-données seulement quand un client accéde a un fichier précis : le systeme
retarde la diffusion de mises a jour de méta-données jusqu’au moment ou celles-ci sont
réellement nécessaires.

En plus, la vérification de cohérence n’est forcément toujours nécessaire. Le méca-
nisme de mise a jour de méta-données n’est déclenché que lors d’une possible erreur dans
le systeme de fichiers, ce qui signifie que dans la plupart des cas (opérations de lecture et
d’écriture) aucun procédure n’est nécessaire.

Par exemple, la figure 4.2 illustre une situation ou la mise a jour est réalisé. Le client
envoie au méta-serveur une requéte de lecture d’'un bloc de données d’'un fichier quel-
conque. Ce fichier n’éxistant pas dans le serveur, une defd@ENTSe serait normale-
ment produite ; néanmoins, c’est plutdt une indication que le fichier a été créé dans un
autre méta-serveur, et comme ca il faut récupérer le méta-fichier correspondant afin de
compléter I'opération.

Dans une autre situation, on peut imaginer que deux clients (liés a deux méta-serveurs
distincts) accedent a un méme fichier et que I'un des deux apporte une modification au fi-
chier. Dans ce cas, aucune actualisation n’est nécessaire, car les modifications de données
ont lieu sur les 10Ds, et le méta-fichier existant est toujours capable d'y accéder.
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Nous envisageons au moins trois situations ou I'actualisation est nécessaire :

— si le méta-fichier n’existe pas, comme nous venons d’exemplifier ;

— sile méta-fichier n’est pas a jour : par exemple, si un client essaie d’accéder au dela
de la fin d'un fichier, cela peut indiquer que le fichier a été augmenté

— si 'opération exige une actualisation explicite : certains opérations comme ['ef-
facement d'un fichier doivent étre synchronisé parmi tous les méta-serveurs, afin
d’éviter qu’un client puisse lire d'informations obsolétes. Bien que cette opération
implique des pertes importantes, nous n’esperons pas gu’elle soit courante dans des
applications paralléles

4.4 Politiques d’actualisation des méta-fichiers

Comme expliqué ci-dessus, pour actualiser un méta-fichier, le méta-serveur doit entrer
en contact avec d’autres méta-serveurs et leur demander I'information nécessaire. Il doit
donc déterminer quel(s) méta-serveurs contacter afin de trouver le fichier désiré. Une
politique de recherche est donc nécessaire afin de minimiser le temps dépensé dans cette
opération.

On distinguera ici quelques politiques de recherche :

— recherche par proximité (voisinage) : cette politique repose sur une relation de voi-
sinage entre les méta-serveurs, en les numérotanh © &, de facon circulaire.

La recherche commence donc par les méta-serveurs les plus proches et, si néces-
saire, continue envers les plus distants. Par exemple, le méta-serveur #1 demande
d’abord aux serveurs #0 et #2, puis aux servens+#l) et #3, et ainsi de suite.

Cette politique est plus adaptée aux cas ou la connexion réseau des serveurs est plus
performante que celle des clients, ce qui permet que plusieurs clients soient liés au
méme serveur.

— recherche hiérarchique : dans le cas ou il y a un grand nombre de (méta-)serveurs,
I'organisation sous forme de hiérarchie peut étre intéressant pour des applications
qui travaillent sur des groupes de fichiers

— recherche aléatoire : une autre possibilité est le simple choix aléatoire du méta-
serveur a contacter, s'il n'y a aucun critére spécial d'allocations de noeuds et/ou
des connexions réseau différents.

4.5 Considérations sur le modele propose

Comme présenté ci-dessus, le modele proposé, dNFSP, vise a augmenter la perfor-
mance d’'une installation NFSP par la répartition du méta-serveur et la mise en place d’'un
mécanisme lache de maintien de la cohérence, sans abdiquer des principes de base du
projet. Les modifications apportés au modéle NFSP d’origine ont permis d’aboutir a une
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proposition qui atteigne ces objectifs.

Il faut cependant insister sur le fait suivant : le modéle est dédié aux environnements de
calcul haute-performance, et non a une utilisation basée sur le partage de fichiers comme
d’habitude avec NFS. En conséquence, certains caracteristiques des systémes de fichiers
traditionnelles comme les « hard links » n’ont pas été considérés.

Une autre caractéristique modifiée par rapport a NFS standard est la cohérence plus
lache en ce qui concerne les méta-données. Il est néanmoins important d’observer que
le propre NFS présente un mécanisme lache de maintien de cohérence, ce qui est de la
connaissance des utilisateurs.

Pour valider la proposition, une série d’expériences ont été conduites, impliquant des
benchmarks et des applications réalistes. Ces expériences et les résultats obtenus, ainsi
gu’une analyse de ceux-ci, font I'objet du chapitre suivant.
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Validation de dNFSP :
Implémentation et Mesures

Dans ce chapitre, nous présenterons les détails d'implémentation et les résultats expé-
rimentaux obtenus avec un prototype du modéle dNFSP.

5.1 Implémentation sur uNFSP

Le prototype dNFSP a été implémenté a partir de la version uNFSP, di aux raisons
suivantes :

— limplémentation étant réalisée au niveau d'utilisateur, des taches comme lancer/arréter
des processus ou méme le débogage bénéficient des facilités propres de ce niveau

— des caractéristigues existantes dans I'implémentation au niveau d'utilisateur de NFSv2,
comme la réexportation de répertoires, ne sont pas disponibles dans le serveur NFS
du noyau Linux

— le développement au niveau d'utilisateur permet un cycle de test/débogage plus
rapide, car les modifications dans le noyau demandent souvent le redémarrage de la
machine

— enfin, une investigation complémentaire des possibilités d’amélioration de perfor-
mance sur la version uNFSP était intéressant pour le projet
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TaB. 5.1 Mesures de débit maximale des disques et du réseau dans les grappes utilisées

Disques
Grappe Réseau Lecture Ecriture
i-cluster 11,2 42,72 35,60
LabTeC 11,1 43,22 40,63

5.1.1 Adaptations au méta-serveur

Pour bien identifier chaque méta-serveur dans le contexte dNFSP, un nouveau fichier
de configurationgdms.conf , a été créé. Ce fichier doit contenir I'identification du méta-
serveur local et une liste des adresses IP de tous les méta-serveurs, dans I'ordre corres-
pondant a la numérotation définie.

Dans le modele dNFSP, il faut impérativement que les méta-serveurs puissent se com-
muniquer, afin que les uns puissent copier les méta-fichiers des autres. Le mécanisme
choisi pour cette tache estiep, par des raisons diverses : cette commande est aisément
disponible dans tous les environnements Unix; les appels a la commande peuvent étre
facilement intégré dans I'implémentation av@stem() ; et la copie de fichiers avec
rcp entraine implicitement le maintien de plusieurs méta-données. Un probleme possible
avec l'utilisation decp est le colt d’exécution de cette commande ; ceci a donc fait partie
de nos évaluations de performance.

En ce qui concerne les politiques d’actualisation de méta-fichiers, deux en ont été
implémentées : une politique appeléeaire, ou la recherche commence toujours par le
méta-serveur #0 s'élevant jusqu’'a(n#- 1), et la politique par proximité. La premiére
politique sert a mesurer des conditions de pire cas.

5.2 Mesures expérimentales

5.2.1 Disques et réseau

Ces données ont été mesures afin de définir les limites physiques de performance que
pourraient étre obtenues. Les expériences consistaient a la création et lecture de fichiers
locaux, pour le cas des disques, et a I'exécution du « ping-pong » pour mesurer le débit
maximale du réseau entre deux machines.

Deux environnements ont été considérés, correspondant aux deux grappes utilisées
dans les expériences : la grappe i-cluster de I'ID/IMAG, et la grdgipec de I'Institut
d’'Informatique de la UFRGS. Les résultats obtenus sont présentés dans le tableau 5.1. On
peut constater alors que le facteur limitant du débit pour chaque noeud est la connexion
réseau.
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Figure 5.1 Débit obtenu pour les opérations de lecture avec dNFSP

5.2.2 Lectures et écritures séquentielles

Dans cette expérience, les clients réalisent, en paralléle, la création (i.e. écriture) et
la lecture séquentielle de fichiers de 1 Go. L'exécution a été conduite dans la grappe i-
cluster en utilisant 12 10Ds, 7 méta-serveurs et 21 clients, totalisant 40 noeuds, le temps
total d’exécution étant mesure. Le débit reporté est calculé par

_ ncK
ot

Vv

ounc est le nombre de clientk est la taille du fichier (1 Go dans ce cas) est le temps
d’exécution.

La figure 5.1 présente les résultats obtenus pour les opérations de lecture, en com-
paraison avec ceux des deux version de NFSP, et aussi avec le débit théorique, donné
par

ncR sinc<n
Vi = ,
nR au cas contraire

ou R est le débit du réseau (environs 11 Mo/s).

Bien que ce n’était pas son objectif, ANFSP a pu apporter une amélioration importante
aux opérations de lecture par rapport aux versions uNFSP et KNFSP. Nous avons constaté
gue l'existence de plusieurs réplicats du méta-serveur sert a réduire la charge impliqué
par un tel nombre de requétes, et par conséquent la performance augmente.

Dans le cas des opérations d’écriture, le comportement des courbes est différent. Li-
mitée aussi par le nombre de méta-serveurs, le débit total du réseau est fortement dégradé
a chaque fois que le nombre de clients dépasse un multiple entier du nombre de méta-
serveurs.
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Figure 5.2 Débit obtenu pour les opérations d'écriture avec dNFSP

Mathématiquement, le temps total de I'écriture concurrente est donné par

1

te= —
T 11

(((nc—1) div ny) + 1)

qui est le temps de transfert d’'un seul fichier (1 Go / 11 Mo/s) multiplié par le nombre le
plus grand de clients d’'un seul méta-serveur. Le débit maximale en écriture est donc

- nclG

Ve
e to

ou
1inc

Ve= (o= 1) divim) + 1

Les courbes obtenues sont présentées dans la figure 5.2. L'amélioration de la perfor-
mance est bien évidente, le débit s’élevant jusqu’au 60 Mo/s au lieu des 11 Mo/s dans le
cas centralisé. Ce résultat confirme I'efficacité du modele proposé dans le but d’augmenter
la performance de NFSP.

Bien qu'il faille considérer la simplification du modele mathématique appliqué, la
dégradation prévue a été confirmée dans les résultats, comme observable dans les cas de
8 et de 15 clients.

5.2.3 Sur-codt de récupération de méta-fichiers

Comme nous I'avons précédemment mentionné, I'utilisatiorcdeomme protocole
de base pour la communication entre les méta-serveurs a di étre évaluée par rapport au
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Figure 5.3 Temps de retard d’actualisation de méta-fichiers a distance

codt d’exécution. Une telle évaluation a donc été conduite en utilisant la politique linéaire
d’actualisation de méta-fichiers.

L'expérience consiste a faire lire le contenu d’un ensemble de fichiers distants. Pour
en évaluer juste le temps de récupération des méta-fichiers, la taille des fichiers (créés
d’avance) est zéro.

Pour I'exécution, nous avons utilisé une configuration avec 16 clients, 16 méta-serveurs
(en correspondance 1 :1) et 1 IOD seulement. Premierement, 100 fichiers de taille nulle
ont été créés sur le client #15. Ensuite, allant du client #14 jusqu’au client #0 (un client par
fois), nous avons mesuré le temps nécessaire pour que chacun lise la totalité des fichiers.

Les fichiers n’existant que sur le client #15, le premier acces du client #14 déclenchera
sur le méta-serveur #14 une opération d’actualisation de méta-fichier, laquelle, d’apres la
politique linéaire, commencera par le méta-serveur #0, et par conséquent ne trouvera le
fichier que 15 essais aprées. Le méme se produit pour chacun des 100 fichiers, et de facon
similaire pour tous les clients, a I'exception du nombre d’essais qui diminue a chaque
tour.

Les résultats sont présentés dans la figure 5.3. Chaque mesure a été divisée par 100
pour représenter le temps de récupération par fichier. Le comportement étant pratiquement
linéaire, le retard par fichier a été mesuré a 66 ms, ce qui a été considéré acceptable
par rapport au temps de transfert d’un fichier de grande taille comme utilisé dans les
applications scientifiques.
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Figure 5.4 Comparaison de performance entre dNFSP, PVFS et NFS avec BTIO

5.3 Benchmarks

Nous avons également soumis le prototype de dNFSP a I'exécutiberddamarks
traditionnellement utilisés dans I'évaluation de systémes de fichiers, dont les résultats
nous présenterons ci-apres.

5.3.1 BTIO

BTIO est une adaptation caenchmarlBT (composant dWAS Parallel Benchmark8])
pour enregistrer les résultats sur disque tout le 5eme itération. Par conséquent, il est sou-
vent utilisé pour évaluer la performance de systémes de fichiers paralleles.

Parmi les variantes de BTIO, nous avons utiBSBHO-epiq qui n’éxige pas I'emploi
de MPI-10 (qui demande a la fois NFSv3, a cause de I'utilisation de verrous). Nous avons
compare la performance de dNFSP avec celle de PVFS et de NFS (niveau utilisateur).

L'expérience a été réalisé sur la grappe Labtec en utilisant 4 noeuds pour le serveur
de fichiers et 1, 4, 9 et 16 noeuds en tant que clients (BTIO demande un nombre carré
de clients). La figure 5.4 montre les résultats. On peut constater la bonne performance de
dNFSP dans tous les cas, s’équivalant pratiguement a celle de PVFS, et arrivant jusqu’a
32% d’amélioration par rapport & NFS.
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Figure 5.5 Résultats obtenus avec GADGET

5.4 Application : GADGET

GADGET [32] est une application de simulation cosmologique de N-corps/SRidg-
thed Particle HydrodynamigsL'objectif de son exécution n’est pas d’obtenir un résultat
en tant que « valeur », mais d’observer I'évolution d’'un ensemble de corps dont les forces
gravitationnelles interagissent les unes avec les autres.

Pendant une exécution, il est possible de gérer des points de récupé&atipshots
afin de pouvoir poursuivre la simulation depuis un instant futur. La génération des points
de récupération consiste dans la création de fichiers dont le contenu représente I'état des
corps. Nous avons donc utilisé cette caractéristique comme forme d’évaluation de dNFSP.
Le temps d’exécution étant fixé, le réflexe d’'une amélioration sur le systéme de fichiers
est la complétion d’'un nombre plus grand d’itérations.

L'exécution a été conduite sur la grappe labtec, en utilisant également 4 noeuds pour
le serveurs et jusqu’a 6 clients. La figure 5.5 présente les résultats, correspondant a des
exécutions de 30 minutes. Encore dans cette expérience, les systemes de fichiers paralléles
ont montré meilleure performance par rapport a NFS, avec une marge d’environs 15% de
gain.
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5.5 Bilan

Apres la réalisation de ces expériences, nous considérons que les objeticfs du travail
ont été atteints. Les modifications apportées a NFSP ont effectivement permis une aug-
mentation de performance, aussi bien dans le cas des écritures que dans celui des lectures,
néanmoins sans abdiquer de la compatibilité avec les clients NFS standards et les procé-
dures de gestion NFS en général.
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Conclusions

L'importance du calcul parallele avec des grappes d’ordinateurs, intéressant par des
diverses raisons techniques et économiques, motive de facon constante la recherche sur
des mécanismes d’amélioration de performance. La gestion d’entrée/sortie étant 'un des
principaux problémes des grappes de grande taille, le projet NFSP de I'ID propose une so-
lution basée sur NFS afin de bénéficier de ses caractéristiques de stabilité et de procédures
de gestion bien connues.

Le travail développé dans cette thése, dNFSP, apporte une extension au modeéle d’ori-
gine de NFSP, afin de permettre une amélioration de performance dans le cas des écritures
distribuées. L'extension proposée s’appuie sur deux points principgua réplication
du méta-serveur et consequent distribution des méta-données, ce qui permet un meilleur
passage a I'échelle et réduit la charge sur le serveur unique d’origingyetmécanisme
lache de maintien de la cohérence de méta-données, basé sur LRC, qui minimise le colt
de synchronisation d’informations entre les réplicats.

Parmi les objeticfs atteints, on peut distinguer :

— Débit et passage a I'échelle plus performants dans le cas d’écriture distribuée de
données, comme présenté poub&nchmarkBTIO, avec un gain d’environs 32%
par rapport a NFS, et méme une amélioration sur les opérations de lecture

— Codttolérable de maintien de cohérence, malgré I'utilisation d’'un mécanisme « lourd »
de transport commeep

— Maintien d’un bas niveau d'intrusivité sur les procédures d’installation, configura-
tion et gestion d’'une grappe basée sur NFS, en particulier la compatibilité avec les
clients NFS standards

La confidence sur le travail développé se renforce avec la constatation que la version 2

de PVFS, lancé officiellement en novembre 2004, introduit la gestion distribuée de méta-
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données, caractéristique également proposée dans cette thése.

Parmi les contributions du travail, on distingue principalement l'investigation sur les
possibilités de NFS comme un systeme de fichiers pour grappes et la contribution au projet
NFSP de facon générale. Il faut également distinguer le renforcement de la coopération
entre I'ID et la UFRGS, par la réalisation en co-tutelle de cette these, et par une nouvelle
activité déja établie : 'academicien Everton Hermann démarre son Master a la UFRGS
avec NFSP comme sujet de travalil.

Les articles suivants ont été publiés au long de la these :

— CCGrid 2005 accepté pour publication, intituevaluating the Performance of the

dNFSP File Systeifi6]

— SBAC-PAD 2004article Performance Evaluation of a Prototype Distributed NFS

Server|6]
— WSGPPD 2003intitulé A Comparison on Current Distributed File Systems for
Beowulf Cluster$7]

Enfin, nous envisageons, comme travaux futurs : 'implémentation d’un protocole dé-
dié de communication entre les méta-serveurs, afin de réduire encore le sur-colt d’actuali-
sation de méta-fichiers ; 'implémentation de la tolérance aux pannes entre les IODs, pour
bien garantir la correction des données; I'intégration de dNFSP dans la version KNFSP,
qui présente des améliorations implicites grace a I'exécution au niveau du noyau; et le
passage a la version NFSv3, pour bien supporter des applications importantes comme
celles basées sur MPI-I0.

36



Bibliographie

[1] The Berkeley NOW project, 1995. Available atchttp ://now.cs.berkeley.edu
Access in : Jan. 2005.

[2] Free software foundation, 2005. Available athttp ://www.fsf.org>. Access in :
Jan. 2005.

[3] The Linux homepage, 2005. Available akhttp ://www.linux.org>. Access in :
Jan. 2005.

[4] Open source initiative, 2005. Available athttp ://www.opensource.org Access
in : Jan. 2005.

[5] Thomas E. Anderson, Michael D. Dahlin, Jeanna M. Neefe, David A. Patterson,
Drew S. Roselli, and Randolph Y. Wang. Serverless network file systeni&om
of the 15th Symposium on Operating Systems Pringiplages 109-126, Copper
Mountain Resort, Colorado, December 1995. ACM.

[6] Rafael Bohrer Avila, Philippe O. A. Navaux, Pierre Lombard, Adrien Lebre, and
Yves Denneulin. Performance evaluation of a prototype distributed NFS server. In
Jean-Luc Gaudiot, Mauricio L. Pilla, Philippe O. A. Navaux, and Siang W. Song,
editors,Proceedings of the 16th Symposium on Computer Architecture and High-
Performance Computingages 100-105, Foz do Iguacu, Brazil, 2004. Washington,
IEEE.

[7] Rafael Bohrer Avila, Philippe Olivier Alexandre Navaux, and Yves Denneulin. A
comparison on current distributed file systems for Beowulf clust®©adernos de
Informatica 3(1) :121-126, June 2003. Work presented in the 1. Workshop do
Grupo de Processamento Paralelo e Distribuido.

[8] D. H. Bailey, T. Harris, W. Saphir, R. van der Wijngaart, A. Woo, and M. Yarrow.
The NAS parallel benchmarks 2.0. Technical Report NAS-95-020, NASA Ames
Research Center, Moffett Field, CA, December 1995.

[9] N. Boden et al. Myrinet : a gigabit-per-second local-area netwdBEE Micro,
15(1) :29-36, February 1995.

[10] Rajkumar Buyya, editorHigh Performance Cluster Computing : Architectures and
SystemsPrentice Hall PTR, Upper Saddle River, 1999.

[11] B. Callaghan, B. Pawlowski, and P. StaubadRS Version 3 Protocol Specification :
RFC 1831 Internet Engineering Task Force, Network Working Group, June 1995.

37



BIBLIOGRAPHIE

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

38

Philip H. Carns, Walter B. Ligon Ill, Robert B. Ross, and Rajeev Thakur. PVFS : a
parallel file system for Linux clusters. Rroc. of the 4th Annual Linux Showcase
and Conferencepages 317-327, Atlanta, GA, 2000. Best Paper Award.

Cluster File Systems, Inc. Lustre : A scalable, high-performance file system, 2002.
Available at http ://www.lustre.org/docs/whitepaper.pdf (July 2004).

Al Geist et al.PVM : Parallel Virtual Machine MIT Press, Cambridge, 1994.

IEEE. IEEE 802.3z-1998 : Information technology—telecommunications and
information exchange between systems—local and metropolitan area networks—
specific requirements—part 3 : Carrier sense multiple access with collision detection
(CSMA/CD) access method and physical layer specifications, 1998.

Rodrigo Kassick, Caciano Machado, Everton Hermann, Rafael Avila, Philippe Na-
vaux, and Yves Denneulin. Evaluating the performance of the dNFSP file system.
In Proc. of the 5th IEEE International Symposium on Cluster Computing and the
Grid, CCGrid, Cardiff, UK, 2005. Los Alamitos, IEEE Computer Society Press.

Pete Keleher, Alan L. Cox, and Willy Zwaenepoel. Lazy release consistency for soft-
ware distributed shared memory. In David Abramson and Jean-Luc Gaudiot, editors,
Proc. of the 19th Annual International Symposium on Computer Architegages
13-21, Gold Coast, Queensland, Australia, 1992. New York, ACM Press.

Gene H. Kim, Ronald G. Minnich, and Larry McVoy. Bigfoot-NFS : a parallel
file-striping NFS server, 1994. Available at http ://public.lanl.gov/rminnich/vecrpc/-
bigfoot.ps.

Wei Liu, Weimin Zheng, Meiming Shen, Xinming Ou, and Min Wu. Design and
implementation of a distributed NFS server on cluster of workstation®rdn. of

the 12th IASTED International Conference on Parallel and Distributed Computing
and Systemgages 7-12, 2000.

MPI Forum. The MPI message passing interface standard. Technical report, Uni-
versity of Tennessee, Knoxuville, April 1994.

Dan Muntz. Building a single distributed file system from many NFS servers. Tech-
nical Report HPL-2001-176, HP Laboratories, Palo Alto, July 2001.

David A. Patterson, Garth A. Gibson, and Randy H. Katz. A case for redundant
arrays of inexpensive disks (RAID). IRroceedings of the ACM SIGMOD Inter-
national Conference on Management of Dgtages 109-116, Chicago, IL, 1988.
New York, ACM Press.

Kenneth W. Preslan, Andrew P. Barry, Jonathan E. Brassow, Grant M. Erickson,
Erling Nygaard, Christopher J. Sabol, Steven R. Soltis, David C. Teigland, and Mat-
thew T. O’'Keefe. A 64-bit, shared disk file system for Linux. Pmoc. of the

16th IEEE Symposium on Mass Storage Syst@ages 22—-41, San Diego, Cali-
fornia, March 1999. Los Alamitos, IEEE Computer Society.

Russel Sandberg, David Goldberg, Steve Kleiman, Dan Walsh, and Bob Lyon. De-
sign and implementation of the Sun Network FilesystemPioc. of the Summer
USENIX Conferenggages 119-130, Portland, OR, USA, 1985.



BIBLIOGRAPHIE

[25] Mahadev Satyanarayanan. Scalable, secure, and highly available distributed file
accesslEEE Transactions on Computei23(5) :9-21, May 1990.

[26] Mahadev Satyanarayanan, James J. Kistler, Puneet Kumar, Maria E. Okasaki, El-
len H. Siegel, and David C. Steere. Coda : A highly available file system for a distri-
buted workstation environmentEEE Transactions on Computei®9(4) :447-459,

April 1990.

[27] Daniel F. Savarese and Thomas Sterling. Beowulf. In Buyya [10], chapter 26, pages
625—-645.

[28] Erich Schikuta and Heinz Stockinger. Parallel I/0 for clusters : Methodologies and
systems. In Buyya [10], chapter 18, pages 439-462.

[29] Frank Schmuck and Roger Haskin. GPFS : A shared-disk file system for large
computing clusters. IProc. of the Conference on File and Storage Technologies
pages 231-244, Monterey, CA, 2002.

[30] Xiaohui Shen and Alok Choudhary. Dpfs : a distributed parallel file system. In Lio-
nel M. Ni and Mateo Valero, editor®roceedings of the International Conference
on Parallel Processingpages 533-544, Valencia, Spain, 2001. Los Alamitos, IEEE
Computer Society.

[31] Steve Soltis, Grant Erickson, Ken Preslan, Matthew O’Keefe, and Tom Ruwart. The
design and performance of a shared disk file system for IRIX.Proc. of the
6th Goddard Conference on Mass Storage Systems and Technpfmges 41-56,
College Park, Maryland, March 1998.

[32] Volker Springel, Naoki Yoshida, and Simon D. M. White. GADGET : a code for
collisionless and gasdynamical cosmological simulatiadew Astronomy6 :79—
117, 2001.

[33] Thomas Sterling, Donald J. Becker, Daniel Savarese, John E. Dorband, Udaya A.
Ranawake, and Charles V. Packer. BEOWULF : a parallel workstation for scienti-
fic computation. InProceedings of the 24th International Conference on Parallel
Processingpages 11-14, Oconomowoc, WI, 1995.

[34] Thomas L. Sterling, John Salmon, Donald J. Becker, and Daniel F. Savaiese.
to Build a Beowulf : a Guide to the Implementation and Application of PC Clusters
MIT, Cambridge, 1999.

[35] Thomas Lawrence SterlingBeowulf Cluster Computing with LinuxMIT Press,
Cambridge, 2002.

[36] Adam Sweeney, Doug Doucette, Wei Hu, Curtis Anderson, Mike Nishimoto, and
Geoff Peck. Scalability in the XFS file system.Pnoceedings of the USENIX 1996
Technical Conferen¢g@ages 1-14, San Diego, CA, USA, January 1996.

[37] Chandramohan A. Thekkath, Timothy Mann, and Edward K. Lee. Frangipani :
A scalable distributed file system. Rroceedings of the 16th ACM Symposium on
Operating Systems Principlgsages 224-237, Saint Malo, France, 1997. New York,
ACM Press.

39



ResuméUn Modeéle de Distribution du Serveur de Fichiers pour Grappes

L'utilisation de grappes d'ordinateurs de grande taille comme plateforme pour le calcul paralléle trouve
dans la gestion d’entrée/sortie I'un de ces principaux problémes. L'emploi de solutions centralisés tradi-
tionnelles comme NFS forme des goulots d'étranglement qui ne sont pas acceptables sur le systéme de
fichiers. Plusieurs solutions pour ce probléme ont été proposées, aussi bien par I'utilisation de technologies
comme le RAID ou la fibre optique que par la distribution des fonctions du serveur de fichiers. Suivant cette
approche, NFSP est un projet qui vise a I'augmentation de la performance et du passage a I'échelle des
opérations de lecture sur un serveur NFS standard tout en bénéficiant de ses aspects de stabilité et de proceé-
dures de gestion bien connues. Le modeéle présenté dans cette thése, dNFSP, est une extension de NFSP dont
I'objeticf est I'amélioration de la performance des applications présentant aussi bien des opérations de lec-
ture que celles d’écriture de données. L'extension proposée s'appuie sur deux points principaux : la gestion
distribuée de méta-données, ce qui favorise le passage a I'échelle et réduit la charge sur le serveur unique
d’origine, et un mécanisme lache de maintien de cohérence basé suLBRCRelease Consistencyui

minimise le colt de synchronisation d'informations. Un prototype de ce modeéle a été implémenté et évalué
avec un ensemble de tedtenchmark®t applications. Les résultats obtenus confirment 'augmentation de

la performance des applications sans abdiquer de la compatibilité avec les procédures standards de gestion.

Mots-clés :systemes de fichiers, NFS, gestion de méta-données, Lazy Release Consistency et grappes
de calcul

Abstract A Proposal for Distributing the File Server on Clusters

The evolution of Cluster Computing has led to the construction of each time larger and larger parallel
machines, in which one of the main problems is the management of 1/O, since centralised file storage
solutions like NFS rapidly become the bottleneck of this part of the system. Over the last years, many
solutions to this problem have been proposed, both making use of specialised hardware such as RAID and
fibre optics as well as by distributing the functionalities of the file server. Following this second trend,
NFSP is a proposal which extends the standard NFS server in order to provide improved read performance
and scalability while taking benefit from its stability and well-known management practices. The proposal
presented in this thesis, referred to as dNFSP, is an extension of NFSP with the main goal of providing better
performance to applications exploring both read and write operations. The basis for the proposed system is a
distributed metadata management model, which allows for better scalability and reduces the computational
cost on the original NFSP metaserver, and also a relaxed mechanism for maintaining metadata coerence
based on LRC (Lazy Release Consistency), which enables the distribution of the service without incurring
in costly data sinchronization operations. A prototype of the dNFSP model has been implemented and
evaluated by means of a series of tests, benchmarks and applications. The obtained results confirm that
the model can provide better performance to applications and at the same time keep a high degree of
compatibility with standard tools and procedures.

Keywords : File systems, NFS, metadata management, Lazy Release Consistency, and cluster compu-
ting



