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Abstract

Theperformancemismatchbetweenstoragesubsystemsandmicroprocessorsin computer

systemsformsa bottleneckin high-performancecomputing.Thecausesfor themismatch

arethelower bandwidthandhigherlatency of harddisk drivesascomparedto mainmem-

ory. Threetechniques– prefetching,write-behind,andparallelism– areutilized to solve

thisproblem.

In this thesis,we designandimplementauser-level ParallelDisk Input-OutputLibrary

(PDIOL). The goal of PDIOL is to improve the performanceof sequentialapplications

throughtheparallelizationof I/O operationsacrossall workstationsin acluster. Prefetching

andwrite-behindareusedin PDIOL aswell. Weevaluatetheperformanceof PDIOL with

asuiteof applicationbenchmarks,which includegrep, sortandbzip2. Fromtheresults,we

�nd that I/O-intensive applicationsbene�t mostwhile computation-intensive applications

bene�t least,which is consistentwith our intuition.
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Chapter 1

Intr oduction

In thischapter, we will �rst discussthedevelopmenttrendsin microprocessors,harddisks,

andnetworks. Thetechniquesusedto make up for the increasingmismatchbetweendisk

I/O systemsandmicroprocessorswill thenbepresented.Finally, we will introducea user-

levelLibrary for ParallelDisk Input-Output(PDIOL),thatprovidesaUNIX I/O Application

ProgrammersInterface(API) for accessing�les stripedacrossaworkstationcluster.

1.1 Moti vation

The mismatchbetweenthe storagesubsystemandCPU in computersformsa bottleneck,

especiallyin disk I/O-intensive applications,suchastext retrieval systems.This mismatch

hasbeenincreasingever sincethe �rst appearanceof computers.Much of the effort in

storagedesignhasbeendevotedto �nding waysof maskingthis enormousdiscrepancy in

bandwidthandaccesslatency. Thedemandfor largestoragecapacityandhighperformance

in moreandmoredata-intensive applicationsexacerbatesthe problem. The introduction

of thehigh-speedswitchedlocal network createschallengesandopportunitiesfor storage

systems.In the following paragraphs,the developmentof main hardwarecomponentsof

thecomputersystemaredescribed.

1. Microprocessors

The improvementsin microprocessorsconformto Moore's Law, i.e., the transistor

densityroughlydoublesevery 18 months.Table1.1shows thenumberof transistors

in onemicroprocessor, andthe processingpower of varioustypessincethe 1970s.

Moore'sLaw hasbeenmaintainedandstill holdstruetoday. It is expectedto continue

to bevalid at leastthroughtheendof thisdecade.

1



CPU Yearof Numberof Millions of
Model Introduction transistors InstructionsperSecond

4004 1971 2,300 0.06
8008 1972 3,500 0.06
8080 1974 4,500 0.64
8086 1978 29,000 0.33
286 1982 134,000 0.90
386 1985 275,000 5.00
486 1989 1,200,000 20.00

Pentium 1993 3,100,000 60.00
PentiumPro 1995 5,500,000 200.00
PentiumII 1997 7,500,000 300.00
PentiumIII 1999 28,100,000 733.00
Pentium4 2000 42,000,000 155.00
Itanium2 2002 291,000,000 6000.00

Table1.1: The trend in the number of transistors and processingpower of Intel micro-
processors. Thetableis adaptedfrom [3].

2. Disk storagesystems

With thedevelopmentsin harddiskdrivesandharddiskdriveconnections,theperfor-

manceof diskstoragesystemsin termsof capacityhasimprovedcontinuallyover the

lastfew decades.Fromthe10MB harddisksinstalledin IBM/XTs in theearly1980s

to thecurrent120GBharddisks,thecapacityhasexpanded12,000times– a factor

which is evengreaterthantheproportionalimprovementin microprocessorsover the

sameperiod.However, thebandwidthand(especially)thedataaccesslatency, which

arelimited by mechanicalcomponents– notablyspindlespeedandread/writehead

movement– hasnot improvedmuch.Table1.2shows themostcommonPCspindle

speedsandtheaveragerotationallatency in early2000[5]. From3,600RPM in the

early 1980sto the currentlymostpopular7,200RPM, the spindlespeedhasonly

doubled. Even for the high-endSCSIdiskswith 15,500RPM, the improvementis

only 5 times,comparedwith early 3,600RPM harddisks. The averagerotational

latency of a 15,550RPM disk is: 60 seconds/ 15500/ 2 = 1.93milli seconds.Com-

paredwith the accesslatency of main memory, which is tensof nanoseconds[29],

themismatchis huge,withouteventakinginto accountthespeedof microprocessors.

Furthermore,disk headmovementlatency bringsmoreoverhead.The badnews is

thattheperformanceof read/writeheadshasnot improvedagreatdealeither.

Themechanically-relatedoverheadcausesdiskperformanceto lag farbehindmicro-
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SpindleSpeed AverageLatency SeekTime Typical
(RPM) Half Rotational (ms) Applications

Time(ms)

5,400 5.6 12.0 Low-endIDE/ATA
7,200 4.2 9.0 High-endIDE/ATA, Low-endSCSI
10,000 3.0 5.2 High-endSCSI
12,000 2.5 5.0 High-endSCSI
15,000 2.0 3.6 Top-of-the-lineSCSI

Table1.2: The performanceof contemporary hard disks [5].

processors– asituationwhich is expectedto continuein thecurrentsituation.

3. Network systems

Switchedlocal areanetworks, suchasMyrinet [8], provide high bandwidthin the

hundredsof megabytes/secondrange[29] – a ratewhich canscalefurther with the

numberof machinesin a network systems. Furthermore,new network protocols

with lesscomputationaloverheadandlower latency (lessthana few microseconds),

enablemachinesto cooperateto perform�ner granularitywork thanpreviously. For

example,178Myrinet clusterswerelistedin theJune2003TOP500List [23].

Suchinnovationsbringaboutnew challengesfor storagesystems.For example,only

a few workstationsprocessingmultimediadatacanover�ow acentral�le system.

4. Demandfrom disk I/O-intensive applications

I/O-intensiveapplications,suchassatellitedataprocessing,medicalimagedatabases,

high-performancerelationaldatabases,datamining,anddetailedscienti�c modeling

of complex phenomena,not only requirea hugecapacityto storedata,but alsohave

a needfor high-accessspeed.Disk I/O systemsmustbe designedto accommodate

suchrequirements.

1.2 Techniques

Amdahl's Law tellsusthatwithout trackingcomputingperformance,disk I/O systemswill

limit the improvementsto high-performanceI/O-intensive computation.Thereareseveral

techniquesavailableto addressthisproblem:

1. PrefetchingandWrite-behind
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Prefetchingis a techniqueto delegatea proxy, suchasanoperatingsystem,to load

dataprior to processingit and write-behindis a techniqueto delegatea proxy to

storedataafter processingit. Throughprefetchingand write-behind,applications

canoverlapcomputationtimewith I/O waiting time,andpipelineI/O operations.

2. CachingandBuffering

Databuffered in cachescanbe reusedwithout accessingdisks. However, this ap-

proachdependson the locality of dataaccess.For applicationswith poor locality,

buffering brings little or no bene�t becausefew dataare reused. However, when

combinedwith prefetching,cachescanbe usedto buffer the datathat will be used

andthusplayanimportantrole,evenin applicationswith poorlocality. Theprefetch-

ing andcacheapproachesneedto bebeconsideredtogether.

3. ParallelismthroughDisk Striping

Throughdisk striping,a bodyof datais divided into blocksandthedatablocksare

spreadacrossseveral partitionson several harddisks. Disk I/O bandwidthcanbe

improvedby utilizing theaggregatebandwidthof multiple disks. At thesametime,

thedecreasingpriceof disksmakesit costeffective to utilize paralleldisk systems.

However, paralleldisksystemsaremorecomplex thansingledisksystems.

1.3 Parallel Disk Input-Output Library

With the developmentof commoditycomputerhardwareandopen-sourcesystems,it has

becomecost-effective to utilize workstationclustersystemsto implementa paralleldisk

system[14, 10]. In this thesis,we implementa user-level library for paralleldisk input-

output(PDIOL) on aworkstationcluster.

Thecontributionsof thethesisinclude:

1. Implementauser-level library basedon theUNIX API for paralleldisk input-output;

2. Use a windows-basedprefetchingalgorithm and write-behindtechniquein the li-

brary;

3. Experimentwith benchmarkingthe performanceof network and disk drives, and

benchmarkingandtuningtheperformanceof PDIOL.

Thecontentsof this thesisareasfollows: Thebackgroundknowledgeandrelatedre-

searchwill bediscussedin Chapter2. Thedesignandimplementationof thePDIOL will be
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describedin Chapter3. In Chapter4, themicrobenchmarkfor PDIOL andseveralbench-

marksof real applicationswill be described.Chapter5 servesastheconclusionandwill

discusspossibledirectionsof future research.The usageof the PDIOL library andAPIs

will bedescribedin AppendixA andAppendixB. During thedevelopmentof the library,

anauxiliary tool calledThreadLog Viewer(TLV) wasdevelopedto aidwith tuningperfor-

mance.It will bedescribedin AppendixC.

5



Chapter 2

Background and RelatedWork

The gapbetweenthe performanceof microprocessorsanddisk I/O systemscontinuesto

widen[12]. Improvementsin microprocessorswill resultin marginalperformanceimprove-

mentsin overall systemperformanceif thereareno accompanying improvementsin disk

I/O systems.Oneof themostimportantsolutionsto theseproblemsis thatof distributing

data,for example,striping,acrossparalleldisks.

In orderto improve paralleldisk storagesystemperformance,muchresearchhasbeen

donein thefollowing areas.

1. Increasingaggregatebandwidthfrom disksthroughparalleldisk systems;

2. Exploring I/O concurrency throughprefetching,combinedwith cachemanagement

andeffective schedulingof data-accesstechniques;

3. Exploiting theparallelismof parallelstoragesystemswith parallel�le systems.

In this chapter, somebackgroundmaterialwill bepresentedandsomerelatedresearch

will bediscussed.

2.1 Parallel Disk Systems

Like multi-processors,multiple diskscanimprove capacity, performance,andavailability

in storagesystems.Thereare two main kinds of disk parallelism: RedundantArray of

Independent(or Inexpensive) Disks(RAID) andnetwork storage.

2.1.1 RedundantArray of IndependentDisks (RAID)

RAID [31] began as a researchproject at the University of California, Berkeley in the

1980s.It utilizesparallelismbetweenmultipledisksto improveaggregateI/O performance.
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By stripingdataacrossparalleldisks,RAID increasesthebandwidthof disk systems.At

thesametime,RAID improvesreliability andavailability throughredundancy. RAID uses

device virtualizationto representinternaldisksasa largervirtual drive, andtheserver and

applicationview theRAID systemasa singledisk system.Therearesevencon�gurations

of RAID, rangingfrom RAID 0 to RAID 6, which differ in interleaving granularity, their

algorithmfor redundancy, andtheir placementof redundantdata. The 7 RAID levels are

shown in Figure2.1.

AlthoughthedifferentRAID levelsareoptimalfor differentapplications,RAID 5 is one

of themostcommonimplementationsof RAID in themarket. By computingaparityblock

andstripingdataacrossanarrayof disks,RAID 5 improvesthebandwidthandreliability

of storagesystems.

However, RAID systemsimprove performanceprimarily by increasingthroughputvia

multiple read-writeoperations.For applicationswith a throughputbottleneck,RAID im-

provesperformance.Exceptfor RAID level 0, which utilizesonly thestriping technique,

theotherRAID levelsmayincreasethelatency of writing dueto theneedfor morewriting

operationsfor redundancy, andthecomputationoverheadfor paritydatageneration.

Anothershortcomingof RAID is that the �le server which managesa RAID system

mayform a bottleneck.If thespeed-upof thedisk arrayexceedstheprocessingpower of

theserver, thehigh performanceof RAID cannotbedeliveredto theclient side. It canbe

saidthatRAID is moderatelyscalable.For RAID systems,thestripingunit, which is the

maximumamountof consecutive dataassignedto a singledisk, is animportantcharacter-

istic. Much research[16, 36, 15] hasbeendoneonhow to selectappropriatestripingunits,

accordingto theworkload.

By striping dataacrossworkstationclusters,PDIOL implementsa kind of RAID 0

library andutilizes theaggregatebandwidthof multiple disks. Note thatPDIOL doesnot

currentlysupportredundancy.

2.1.2 Network Storage

Thedemandfor high-performancestorageandtheintroductionof high-speedswitchedlo-

calareanetworksbringabouttheuseof network storage.By comparingthenetwork speed

anddirect-attacheddisk speed,we candraw theconclusionthatby distributing dataacross

a bundleof storageserversconnectedon a network, storagesystemperformancecanbe

improved.At thesametime,scalabilityandreliability canalsobeenhanced.

Thearchitectureof thenetwork storageis shown in Figure2.2.
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Q Algo.P Algo.

RAID Level 6 - P+Q Redundancy Parity with 4 data disks and 2 parity disks

RAID Level 1 - Mirrored with 1 data disk and 1 mirror disk

RAID Level 4 Block-Interleaved Parity with 4 data disks and 1 parity disk

RAID Level 3 Bit-Interleaved Parity with 4 data disks and 1 parity disk

RAID Level 2 - Memory-Style - with 32 data disks and 2 ECC disks

RAID Level 5 - Block-Interleaved Distributed Parity,  with 6 combined data and parity disks

...

RAID Level 0 -  Non-Redundant partiy with 5 data disks
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Figure2.1: RAID level 0 - RAID level 6 data distribution.
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Figure2.2: Ar chitecture for the network storage.

TheStorageAreaNetwork (SAN) andNetwork AttachedStorage(NAS) [20, 19, 21]

aretwo approachesto network storage.SAN is a network of disksthat interactwith a �le

server via SCSIoperationsacrossa network andNAS is a setof disk serversthat interact

with otherservicesvia �le systemoperationoveranetwork. Thedifferencebetweenthemis

thatNAS systemsoffer �le systemfunctionalitywhile SAN systemsdo not. SAN systems

aremorelike traditionalattacheddisks,while NAS systemsresemblea traditionallocal �le

system.Usually, NAS systemsarebuilt uponSAN systems;however, it is worthnotingthat

thereis considerablecross-developmentbetweenSAN andNAS.

Comparedwith direct-attachedstorage(DAS) systems,wheredisksareattachedto a

singleserver not via anetwork, network storagehasthefollowing advantages:

1. Scalability.All thestorageserversin anetwork storagesystemareconnectedthrough

a Local AreaNetwork (LAN). In theory, thereis no limit on thenumberof storage

servers. A traditionalDAS system,however, hasa limit on the numberof devices

thatcanbeattachedto a typical server (i.e., limited numberof SCSIports).

2. Availability. Theavailability in anetwork storagesystemis inherent.With redundant

storageservers,network storagecanmaintainhigh availability, sincea failedserver

doesnotpreventotherserversfrom accessingthesamediskacrossanetwork.

Themaindisadvantageof network storagesystemsis their complexity. In additionto

thecomplexity of thedatanetwork, network storagesystemshaveto addressproblemssuch

as,dataintegrity after faultsanddataconsistency amongstorageservers. Much research
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hasbeendoneonnetwork storagesystemsin termsof performanceimprovement.

Gibsonetal. [20] proposedaNetwork-AttachedSecureDisk (NASD) storagearchitec-

tureto shortenthedatatransferpath.Theideaof utilizing theaggregateprocessingpower

of networked diskswasproposed[34]. With on-drive processingandsoftwaredownload-

ability, the disks can executeapplication-level processingand reducedata traf�c. This

techniqueis especiallyuseful for somebasicdataprocessingtasks. A kernel-basednet-

work memorysystemwasalsodeveloped[6]. It managesthememoryof clusternodesasa

shareddistributedpagecachein thekernel,andimprovesdata-intensive applicationsby re-

placingdisk I/O operationswith memory-to-memorytransferacrossahigh-speednetwork.

Implementinga storagenetwork on a workstationclusteris alsopossible.A worksta-

tion cluster-basedstoragenetwork hasseveral advantages:maximizingthe utilization of

the disks in a workstationcluster;usingthe main memoryin the workstationsascaches

andreplacingdisk I/O operationswith memorycopy; andimproving theutilization of idle

workstationsin thecluster. Theincreasingnetwork bandwidthandnew protocols[8] make

thisapproachfeasible.

2.2 Prefetchand CacheManagement

Throughprefetching,the latency of disk dataaccesstime can be overlappedwith com-

putation. Especiallyfor sequentialapplications,it is dif�cult to utilize the parallelismof

paralleldiskswithoutprefetching,sincethereis alwaysonly oneI/O operationin progress.

Sinceprefetcheddatamustbestoredin caches,thesetwo techniquesshouldbeconsidered

together. With paralleldisksystems,cachemanagementbecomesmorecomplex [24].

In theory, prefetchingcanbedoneon threelevels:

1. Theapplicationlevel. With asynchronousI/O commands,applicationscanprefetch

data.Theadvantageof this approachis thatonly thedataneededwill beprefetched.

However, thisapproachcreatesburdensfor theapplicationdeveloper.

2. The�le systemlevel. Almostall �le systemsprovide somekind of prefetchingalgo-

rithm. However, without accurateaccess-patternsinformation,it is ratherdif�cult to

prefetchdataprecisely. How to provideaninterfaceto passapplicationaccess-pattern

informationto �le systemsandhow to utilize suchinformationremainimportantre-

searchtopics.

3. Thestoragesystemlevel. Thediskshave noknowledgeof thedatadistribution. One
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caseis that adjacentblockson the storagesystemdo not necessarilybelongto the

same�le or object. Thus, the storagesystemcannotprefetchdatafor sequential

access,let alonefor amorecomplex accesspattern.

It is critical for �le systemsto know the accesspatternsof applicationsin order to

prefetchdataprecisely. In the following section,we will review someresearchon how

�le systemsutilize accesspatternsto prefetchdata,andhow applicationspasssuchaccess-

patterninformationto the�le systembelow.

Therearethreewaysfor �le systemsto obtainaccesspatterns:

1. Predictionfrom pastaccesspatterns.

All �le systemshave somemechanismfor deducingaccesspatternsfrom pastdata

accesses,andfor predictingfutureaccesses.Thisapproachis completelytransparent

to applicationdevelopers.However, mostof themfocusonly onsequentialprefetch-

ing. For example,if block N andN+1 of a �le have beenreferenced,blockN+2 will

be prefetched.Although �le systemswhich predictmorecomplex accesspatterns

exist [26, 22], without hints from applications,thesesystemmay not prefetchdata

correctlyandmayreduceperformance.

2. Application-providedaccesspatterns.

Applicationdevelopersmay know the prefetchaccesspatternsof their programsin

detail. Throughhints,suchinformationcanbepassedto �le systems.With thead-

vanceknowledgeof future reference,Cao et al. [13] proposeda two-level cache

managementstrategy. In the kernel,an algorithmcalledLRU-SP(Least-Recently-

Usedwith Swappingand Placeholder)is usedto managethe cacheamongmulti-

ple processes.With a policy namedcontrolledaggressive policy, eachprocessuses

application-speci�cinformationto manageits own cachingandprefetching.A proto-

type�le system,ApplicationControlledFile System(ACFS),utilizing thisalgorithm

wasimplemented.However, this algorithmdoesnot addresstheissueof unbalanced

disk workload.

In InformedPrefetching[33], acost-bene�tanalysismodelis usedto allocatebuffers

amongthreecompetingdemands:prefetchinghintedblocks,cachinghintedblocks

for reuse,andcachingrecently-useddatafor unhintedaccesses.Differencesbetween

InformedPrefetchingandACFSinclude: (1) Different levels of abstractions.The

hints in ACFSspecifytheto-be-prefetchedblocksand�les, while hintsin Informed
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Prefetchingspecify the accesspatternof �les. (2) InformedPrefetchingaddresses

the problemof how far aheada prefetchshouldbe done,with respectto a certain

diskworkload,while ACFSfocusesonprefetchingandcachingaccordingto thedata

blockassesssequence.

Collaborationamongresearchers[13, 33, 24] hasbroughtaboutmoreadvancedal-

gorithms. In Kimbrel et al. [24], four algorithmsarecomparedunderthe multiple

disk environment,in which a singleprocessis runningwith full advanceknowledge

of references.The�rst threealgorithmspresentedare:�x edhorizon[13], aggressive

prefetching,andreverseaggressiveprefetching[13]. Thereverseaggressiveprefetch-

ing algorithmworksbestunderdifferentsituationsbut needsto know thecomplete

accesssequencein advance. Forestall,a new algorithmwhich combinesthe above

threealgorithmsis then proposed.The idea behindforestall is that, throughesti-

mating the point to prefetch,the shortcomingsof aggressive prefetchingand �x ed

horizonareovercome.

3. Compiler-foundaccesspatterns

Mowry etal. [28] usedcompilertechnologyto staticallyderive the�le accesspattern

especiallyfor loops and issueprefetchingcommands,accordingly. The compiler,

OS, and a run-time library cooperateto make prefetchingwork. A. Brown et al.

[11] improvedtheearlierwork [28] by lettingapplicationsreleasepagespro-actively,

which is bettercachemanagement.

Yangetal. [39] proposeamethodto dynamicallyprefetchthroughaprefetchingthread.

Their methodconvertsoriginal sourcecodeinto a computationthread,which executesall

theinstructionsof theoriginalprogram,andaprefetchthread,whichexecutesonly thedisk

access-relatedinstructions.At run-time,theprefetchthreadrunsfar aheadof thecompu-

tation thread,andprefetchesall datablocksinto thecachebeforethecomputationthread.

Althoughlimitationsexist becauseof thecomplexity of data-dependency analysis,theidea

is distinctfrom thatof prefetchingwith knowledgeof accesspatterns.

2.3 Parallel File Systems

In termsof level of abstraction,PDIOL is mostcomparableto otherparallel�le system,so

wemakemoreexplicit comparisonsbetweenPDIOL andtherelatedwork in thissection.

Throughparallel �le systems,the parallelismof network storagecanbe exposedand
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utilized. Fromthesimplest�le sharingsystem,Network File System(NFS),to morecom-

plex systems,suchasVaxClusters[25], therearemany kindsof parallel�le systems.With

respectto granularity, VaxClustersallows block-level striping in a clusterenvironment,

while themountunit of NFSis adirectoryand�les cannotspanovermultipleworkstations.

Althoughmuchresearch[14, 10, 7] onparallel�le systemsis in progress,therearenostan-

dard,widely availableparallel�le systemson Linux operatingsystems.Here,we discuss

severaltypicalparallel�le systems.

2.3.1 Network File System(NFS)

TheNFS�le systemis themostcommondistributed�le systemin theUNIX world. NFS

usesabasicclient-server approach,andhasthefollowing limitationsfor high-performance

computation.

1. Coarsegranularity. AlthoughNFS distributesa �le systemacrossmany serversby

partitioningdirectory trees,a �le is alwaysat oneserver, thereforea hot spotcan

developfor asingle�le.

2. Weak cacheconsistency. In NFS, the client is responsiblefor cachingdata. No

consistency is guaranteedasNFSdoesnot de�ne strict semanticsfor thecachecon-

sistency amongclients.

Unlike NFS,PDIOL alwaysspansasinglelogical �le acrossmultipleclusternodes.

2.3.2 ServerlessNetwork File System(xFS)

xFS[7], aserverlessnetwork �le systemshasbeenproposed.Withoutacentralizedserver,

xFStriesto breakthebottleneckof traditionalcentralized�le servers.Thetechniquesused

in xFS include: distribution of the control of �le systemmetadatacontrol over systems;

implementationof a softwareRAID acrossstorageservers;andutilization of cooperative

cachingto form aglobal�le cache.

ThedifferencebetweenxFSandPDIOL is thatwhile xFSprovidesacomplete�le sys-

tem,PDIOL providesa simpleuser-level library to utilize paralleldisksovera workstation

cluster.

2.3.3 Parallel Virtual File System(PVFS)

PVFS[14] is a parallel�le systemfor Linux clusters,implementedby ArgonneNational

Laboratory. Its goalis to provide high-speed�le dataaccessfor parallelapplicationsanda
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NFS xFS PVFS GPFS PDIOL

Interface OS OS OS OS User-level API
Deployment InsideOS InsideOS InsideOS InsideOS User-level library
StripingFile N Y Y Y Y
MetaData N/A Distributed Centralized Distributed N/A

Supportconcu- Y Y Y Y N
rrentprocess
SharedDisk N N N Y N

Table2.1: Comparisonof NFS,xFS,PVFS,GPFS,and PDIOL.

cluster-wide consistentnamespace.It is designedasa client-server systemwith multiple

servers. Theclient interactswith a PVFSserver throughthePVFSlibrary. In this respect,

PDIOL is similar to PVFS.However, thegoalof PVFSis to improve theaccessspeedfor

parallelapplicationsthroughaconcurrentread/writeinterface,while PDIOL is designedto

improve theperformancefor sequentialapplications.In PVFS,asinglemanageris respon-

sible for the PVFS�le metadata,which describethe characteristicsof a �le, suchasthe

physicaldistribution of the�le data.Thedistribution andstripesizearespeci�c to certain

PVFS�les, providing more�e xibility thanPDIOL.

2.3.4 GeneralParallel File System(GPFS)

GPFS[35] for Linux is a shared-disk�le system(i.e. SAN), which hasbeenrun on IBM

RS/6000SPandprovidesan interfaceascloseaspossibleto the standardUNIX I/O �le

interface.It usesa data-stripingtechniqueto distributedataacrossmultipledisksandmul-

tiple nodes,andto improve I/O performancethroughprefetchingandwrite-behind.With

distributedlocksandcentralizedmanagementfor consistency of �le dataandmetadatacon-

sistency, it achievesdataconsistency amongmultiplenodes.ThedifferencebetweenGPFS

andPDIOL is that thenodesin theGPFS�le systemsharecommondisk poolsconnected

througha SAN, and every nodehasequalaccessto every disk, whereasevery nodeof

PDIOL hasits own local �le systemandcannotaccessdisksof othernodesdirectly.

2.3.5 Concluding Remarks

Thedifferencesbetweentheabove �le systemsandthePDIOL library areshown in Figure

2.3andTable2.1

AlthoughPDIOL is implementedat user-level andlackssome�e xibility andfunction-

alities, the user-level propertymakesthe implementationanduseof PDIOL simple,asit
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(b) Cluster of workstations with directly attached disks.
NFS, xFS, PVFS and PDIOL use this model.
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Figure2.3: Comparisonof architecturesof GPFS,PVFS,xFS,and PDIOL.

doesnot requirekernelmodi�cation.
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Chapter 3

Designand Implementation

3.1 Overview

PDIOL is a user-level library in C for improving the I/O performanceof sequentialap-

plications. It improves I/O performancein two ways: improving effective bandwidthby

stripingdatasetsacrossaworkstationcluster, andreducingdisk I/O operationsby utilizing

the buffers of multiple computers.With prefetchandwrite-behind,PDIOL delivershigh

performanceto applications.

Themaindesigngoalsfor PDIOL areto:

1. Improve disk I/O bandwidthby striping dataacrossparalleldisks in a workstation

cluster;

2. Decreasedisk I/O latency with prefetching,caching,andwrite-behind;

3. Providegoodusabilitywith aUNIX I/O API wrapper. (AppendixB).

3.2 Ar chitecture

PDIOL consistsof two parts– a PDIOL library andPDIOL agents(local andremote)–

which areshown in Figure3.1. ThePDIOL library implementsroutinesfor PDIOL cache

managementandcommunication.PDIOL applicationsneedto becompiledandlinkedwith

thePDIOL library in orderto utilize theprefetchability of PDIOL. Thedatapathsbetween

remotedisksandPDIOL applicationsareshown in Figure3.2.

The PDIOL cacheis a large partition of memoryallocatedin user-space,andstores

datareadfrom remoteagents.Thesizeof thePDIOL cacheis currentlycon�gured to be

256Mbytes,whichis onehalf of thephysicalmemoryin onenodeof ourtestplatform.The
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Figure3.1: The architecture of PDIOL.
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Figure3.2: The PDIOL data path.

PDIOL cacheis divided into �x ed-sizecachepages,eachwith a sizeof 64KB, which are

managedviaacachepagetable.Wewill discussthecachepagesin Section3.4.2.Only �les

locatedon remotedisksarecachedin thePDIOL cache.Dataof the�les on thelocal disk

aremanagedby the local operatingsystem's �le system.Whenaccessing�les on remote

disks,PDIOL applicationscall PDIOL library functionswhich, in turn, sendrequeststo

remoteagents.Uponarrival, fetcheddataarestoredin thePDIOL cache.Whenaccessing

�les onthelocaldisk,PDIOL applicationsbypassthePDIOL cacheby calling thestandard

I/O APIsdirectly.

In thefollowing discussion,we will usea samplePDIOL logical �le mydir/mypdiol�le

with PDIOL applicationsoperatingon it.
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brule-m-a
block 4 block 8block 0

mydir/mypdiolfile.abcd0

...mydir/

mypdiolfile.abcd0

brule-m-b
block 5 block 9block 1

mydir/mypdiolfile.abcd1

...mydir/

mypdiolfile.abcd1

brule-m-d
block 7 block 11block 3

mydir/mypdiolfile.abcd3

...mydir/

mypdiolfile.abcd3

(logical)

mypdiolfile

mydir/

brule-m-c
block 6 block 10block 2

mydir/mypdiolfile.abcd2

...mydir/

mypdiolfile.abcd2

brule-m-f

Compute node

Data nodes

Figure3.3: PDIOL data distribution and naming scheme.

3.3 PDIOL File Structure

A PDIOL logical �le is distributed (i.e., striped),thereforea PDIOL logical �le consists

of multiple local �les, asshown in Figure3.3. Thepartitioningof a logical �le into many

physical�les is analogousto RAID 0 systems.Thenumberof sub-�les is determinedby

thePDIOL con�guration �le $HOME/PDIOLconf. Thedatadistribution, namingscheme,

andPDIOL logical �le propertyarediscussedbelow. We assumethatthecomputingnode

is brule-m-fandthedatanodesarebrule-m-a, brule-m-b, brule-m-c, andbrule-m-d.

3.3.1 Data Distrib ution

Thedatain a PDIOL logical �le aredistributedcyclically to multiple sub-�les residingon

differentdisks,asshown in Figure3.3. With this distribution scheme,sequentialaccess,

whichoccursin mostcases,canobtainmaximalconcurrency. Thereasonfor this is thatthe

sequentialaccesspatterncanprefetchandpipelinethedataaccessto multiple disks,when

dataaredistributedover disksin this way. The block sizeof distribution affectsconcur-

rency: a biggerblock sizeresultsin lessconcurrency but alsoincurslessper-block cache
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managementoverhead. In oneextremecase,if the block size is the sameasthe sizeof

a �le, sequentialaccesswill get no concurrency. In our implementation,we used64KB

asthe block size– a valuewhich is the default socket send/receive buffer size– andhad

reasonableperformanceresults.ThePDIOL cachepagesizeis thesameasthedistribution

blocksize,whichmakesmappingthePDIOL cachepagesto diskseasyto do.

3.3.2 Naming Scheme

In orderto simplify the implementation,all thesub-�les of onePDIOL logical �le reside

in thesamelocal-�le-systempaths,with thesamenameasthePDIOL logical �le. In the

exampleshown in Figure 3.3, the nameof the PDIOL logical �le is mypdiol�le in the

directorymydir/. The datanodesconsistsof brule-m-a, brule-m-b, brule-m-candbrule-

m-d. Thesub-�les arenamedmypdiol�le.abcd0, mypdiol�le.abcd1, mypdiol�le.abcd2and

mypdiol�le.abcd3, andresidein mydir/ of brule-m-ato brule-m-d, respectively. Sincethe

namesof sub-�les encodeinformation about the PDIOL logical �le, remotedisks, and

distribution sequence,therewill beno namecon�ict for differentPDIOL logical �les and

distributions.Thus,thisnamingschememakesit convenientto debugthePDIOL library on

a singlecomputer. To openthe �le on brule-m-f, theapplicationwould call, for example,

pdiol open(”mydir/mypdiol�le”, O RDONLY)

3.3.3 PDIOL Logical File Property

In PDIOL, thereis no explicit metadataassociatedwith eachPDIOL logical �le, which

makesPDIOL easyto implement.ThePDIOL logical �le hasthesameproperty– suchas

ownershipandaccesstime– asthe�rst sub-�le. Thesizeof aPDIOL logical �le is thesum

of thesizesof all sub-�les.

3.4 In-Memory Data Structure and CacheManagement

In thissection,severaldatastructures,with whichPDIOL �les andPDIOL cacheareman-

aged,will beshown in detail.Thealgorithmfor cachemanagementis givenaswell.

3.4.1 In-Memory Data Structure

Themainin-memorydatastructuresof thePDIOL library are(asshown in Figure3.4):

1. ThePDIOL logical �le table.ThetablestoresPDIOL logical �le properties,suchas

�le path,size,and�le position.

19



Path: mydir/mypdiolfile
Mode: "r"
inode: 573471 
access_pattern: SEQUENTIAL
hint: PREFETCH
fpos:0
fsize: 1234567bytes
cache_head: 
cache_tail:
in_cache_pages: 2
prefetch_start:0
window_size: 64 pages

Path: mydir/mypdiolfile2
Mode: "w"
inode: 573473 
access_pattern: SEQUENTIAL
hint: POSTWRITE
fpos:0
fsize: 0 bytes
cache_head: null
cache_tail:null;
in_cache_pages: 0
prefetch_start:0
window_size: 64 pages

inode: 573471
page:0
fip_index: 0
flag:USED
offset:0
hash_prev:...
hash_next:...
prev:NULL
next:
rw_prev:...
rw_next...

inode: 573471
page:1
fip_index: 0
flag:USED
offset:0
hash_prev:...
hash_next:...
prev:
next:NULL
rw_prev:...
rw_next...

Page pointer0

Page pointer1

Page pointer2

Page pointer3

...

Suppose hash(57371, 1) == 1, then
the page pointer of hash cell 0 
points to page 1.
The size of hash table can be less
or equal to the size of cache page table.

...

PDIOL logical file table
Cache page table

...

Hash table

Figure3.4: PDIOL logical �le table, cachepagetable, and hashtable data structure.

2. Thecachepagetable.Thepagetablefor thePDIOL cachepages.

3. The hashtable. The hashtableprovidesa fastway to �nd pagesthrough�le de-

scriptorandpageindex. The cell of thehashtablestoresthepagepointerpointing

to a pagewhosehashvalueis theindex of thehashtablecell. Thehashcon�icts are

handledby chaining.

Sinceremoteagentsonly read/writeaccordingto therequestsfrom thecomputingnode

anddo not have a PDIOL cachemanagementmechanism,the cachepagetableandhash

tableexist only on the computingnode,and the Linux buffer cacheperformsthe cache

managementon theremotenodes[9]. ThePDIOL logical �le tableexistsonall remoteI/O

nodesandthecomputingnode.

3.4.2 CacheManagement

Prefetchingand cachingshouldbe consideredtogetherbecauseprefetchingmust cache

prefetcheddata. Several pagereplacementalgorithmsexist: First-In, First-Out (FIFO),

SecondChance,Clock Page,andLeastRecentlyUsed(LRU) pagereplacementalgorithm

[37].

In PDIOL, we selectedthe SecondChancealgorithmbecauseof its small overheadand

easyimplementation.Sinceourexperimentswith PDIOL emphasizes�e xibility anddiver-

sity with respectto prefetching,insteadof cachemanagement,our experimentusesonly

theSecondChanceReplacementalgorithm,with which we achieve satisfactoryresults.If
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Figure3.5: PDIOL cachepagestatetransition.

multiple �les areopened,theSecondChancealgorithmwill beappliedglobally acrossall

open�les.

Thecachemanagementstructureis describedbelow. Figure3.5shows thestatetransi-

tion of thePDIOL cachepages.Eachof the� vestatesof Figure3.5correspondsto a linked

list.

Fourkindsof lists – thefreepagelist, thereadlist, thewrite list, andthe�le-page lists

– areusedto groupthePDIOL cachepages.TheFreepagesbelongto the freepagelist.

The Pending Read pagesbelongto both the readlist and�le-page lists. Pending Write

pagesbelongto thewrite list and�le-page lists. CleanandDirty pagesbelongto �le-page

listsonly.

1. Thefreepagelist (A), whichcontainsall pagesthatdonotbelongto any opened�le.

After the initialization of thePDIOL environment,all PDIOL pagesareon this list.

Whena �le is closed,all its pageswill beput on this list by thefunctionFileClose.

Whenonepageof a �le is accessedfor the�rst time, thepagewill beallocatedfrom

this list by thefunctionGetPage, whenthedatais not bufferedin thefreepages,or

reclaimedby thefunctionReclaim, whenthedatais bufferedin thefreepages.

2. Thereadlist (B), which containsall thepageswhich arein Pending-Readstateand
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to beprefetched.Theto-be-prefetchedpageis putontheprefetchlist by thefunction

Prefetch. After beingRead, thepagewill changedto Clean state.Thepageon the

readlist maybemovedto thefreepagelist by thefunctionRe�llFr eewhenthefree

pagelist is emptyandhigherpriority request(e.g.demand-readrequest)arrives.

3. Thewrite list (C),whichcontainsall thepageswhicharein Pending-Write stateand

to bewrittenout to remotenodes.A to-be-written-behindpageis putonthewrite list

by thefunctionWriteBehind. After SynchronousWriting , thestateof thepageon

write list will bechangedto Clean.

4. The �le-page list (D), which containsall the pagesof an opened�le. It includes

Pending-Readpage,Pending-Write page,Clean page,and Dirty pages. Every

PDIOL �le hasits own �le-page list.

Therelationshipsbetweenthemareasfollows:

1.
���������
	��
�
�����

. This meansthatpagesin thefreepagelist do not belongto

any open�le;

2.
����	

= empty. No pagescanbewrittenoutandreadin at thesametime;

3.
�����
��	����

. Only pagesbelongingto anopened�le canbereador writtenout.

3.5 Communication Mechanisms

As shown in Figure 3.6, PDIOL applicationscommunicatewith remoteagentsthrough

sockets. Eachremoteagenthastwo sockets connectedto the PDIOL application. One

socket, the control socket, servesasa channelto transfer�le managementcommandsor

other systemcommands. Another socket, the datasocket, serves as a channelthrough

whichdatapagesof PDIOL logical �les aretransferred.If thereareN remoteagents,there

are2*N socketson the PDIOL applicationside,andtwo socketson every remoteagent

side.Commandmessageshave highpriority andareoftensmallmessages;they shouldnot

beblockedby longdatamessages.

In PDIOL, we selectedtheTCP-basedconnection-orientedsocket, insteadof a UDP-

basedconnection-lesscommunicationmechanism.Thereasonis thatwith Myrinet, ahigh-

performancenetwork, bandwidthand latency over the network is no longer as much a

bottleneckasit is with disk I/O operations.AlthoughTCPhasa little higheroverhead,it

is still suitablefor PDIOL implementation.Furthermore,if we useUDP, PDIOL hasto
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PDIOL

Application

Computing Node

PDIOL

Remote

Agent 1

PDIOL

Agent 2

Remote

...

Data Nodes

Control socket

Data socket

Data socket

Control socket

Figure3.6: Socketsbetweenthe PDIOL application and remoteagents.

reimplementsomeof thebuffering functions(e.g.retransmit)of TCPin orderto makesure

thedatawill besentreliably, makingPDIOL morecomplex to implement.

ThemessagesbetweenPDIOL applicationsandremoteagentscanbedividedinto three

groupswhicharetransferredthroughdifferentsockets:

1. Systemcontrol/statusmessages,which carrysysteminitialization/termination com-

mandsandsystemstatusinformation,aretransferredthroughcontrolsockets;

2. File control/statusmessages,which passinformationabout�le I/O commandsand

�le statusinformation,aretransferredthroughcontrolsockets;

3. Datamessages,whichcarry�le data,go throughdatasockets.

3.6 Prefetchingand the Local ReadAgent

Prefetchingis themostimportanttechniquein PDIOL.Thissectionwill detailthewindow-

basedprefetchingalgorithm. The local agent,which prefetchespagesaccordingto the

algorithm,will bediscussedaswell.

3.6.1 Prefetching

PDIOL provides an API for enablingsequentialprefetching,throughwhich PDIOL ap-

plicationsenableprefetchingfor certain�les. For sequentially-accessed �les, the default

prefetchingalgorithmis a window-basedprefetchingalgorithm. The algorithmworks in
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the following way: Supposethe window size is W pagesand the referencesequenceis
���

�

���

�������

�	�

�

����
��

�������

�
�

���

If �	� is the currentlyaccessedpage,the pagesfrom page����
�� to

page����
������ will beprefetched.Whenselectingthewindow size,several factorsneedto

beconsidered:

1. Thenumberof disks.

If thereareN disks, the window sizeshouldnot be lessthanN in order to obtain

maximalconcurrency. For example,if page1 is currentlyaccessedandthewindow

sizeis N-1, pageN will notbeprefetchedanddisk N is idle.

2. Latency of messagepassing.

Thewindow sizeshouldbebig enoughin orderto hidethelatency of messagepass-

ing, especiallysincethe latency of messagespassingbetweentwo user-level pro-

cesseson different workstationsis so high. Thus, even I/O-intensive applications

which do not bene�t from overlappingcomputationwith communication,canstill

bene�t from a largewindow size,via pipeliningandparallelizingdiskaccesses.This

canbedemonstratedby themicro-benchmarkresultsin Chapter4.

3. Freebuffer size.

If thenumberof freepagesin thesystemis small,a largerwindow sizemaydeteri-

orateperformanceby evicting pagesbeforethey areused,dueto pagereplacement.

Therefore,therearefactorsthat force a lower andan upperboundon the window

size.In practice,onehasto �nd theoptimalwindow size.

3.6.2 Application-sideReadAgent

Theapplication-sidereadagentis responsiblefor readingdatafrom datasockets.Prefetch-

ing is donein thefollowing steps,asshown in Figure3.7.

1. The PDIOL applicationsendsa prefetchmessageto a remoteagentthrougha data

socket;

2. Thereadagenton a datanodereadsthepagefrom thelocal physical�le andwrites

to datasockets;

3. If a PDIOL applicationis waiting on the page,it will be signaledvia a wakeup

message.If no PDIOL applicationis waiting for it, the readagentwill leave the

prefetcheddatain thePDIOL cache.
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Figure3.7: Flowchart of prefetchingand write-behind.

ThePDIOL applicationsendsmany prefetchmessages(dependingon thewindow size

and the userprefetchingcommand)at one time. The prefetchingoperationsof the read

agentcanoverlapwith thePDIOL application's computation.Even if thereis no overlap

betweencomputationand communication,the prefetchingcan still greatly decreasethe

latency by pipeliningandparallelizingdiskaccesses.

To make surethat remoteagentsstartprefetchingasearlyaspossible,it is necessary

to sendprefetchmessageswithout any delayon the part of the buffer of the socket. The

TCP NO NODELAY optionis appliedto thesocketsto passprefetchingmessages.

3.7 Write-behind and the Application-sideWrite Agent

The datacanbe written to disk two differentways– synchronouswrite or asynchronous

write. A synchronouswrite functionblocksuntil thewriting is completedwhile anasyn-

chronouswrite function delegatesthe writing to a proxy and returnsimmediately. The

latency of synchronouswritesdatato disk is veryhigh. Traditional�le systemsaddressthis

problemwith asynchronouswritesor write-behind.With write-behind,applicationswrite

datato buffersin mainmemory, andcontinuerunning.Thedatain thebuffer will bewritten

to disk lateron by thelocal/remote�le systems.Thelatency of writing is thushiddenfrom

applications.

PDIOL needsto addressthe latency of writing aswell, especiallybecausethe latency

of writing to remotedisksis higherthanthatof writing to localdisks.Figure3.7shows the

�o wchartof write-behindimplementedin PDIOL.

In PDIOL, write-behindis implementedin two ways:

1. The datato be written out to a remoteagentwill be put on the write list and the
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PDIOL applicationcancontinuecomputing.Thelocalwrite agentwill sendthedata

to theremoteagentlater.

2. The local write agentwill delaysendingdataof a temporary�le to remoteagents

until thecachepagesof thetemporary�le areevicted.If thetemporary�le is created,

accessed,andthendeleted,thedataof a temporary�le maynot have to written out

to remotedisksatall, andtheamountof datato betransferreddecreases.

Oncecreated,the local write agentkeepscheckingthe write list. If the write list is

notempty, it sendsthepageson thewrite list to theremoteagents.ThePDIOL application

communicateswith thelocalwriteagentthroughPthread[38] signals.Whenthewrite list is

empty, thelocalwrite agententersawaitingstateuntil signaledby thePDIOL application.

3.8 RemoteAgents

Remoteagentsresideon remoteworkstationsandprocessrequestsfrom PDIOL applica-

tions. They do not have their own cachemanagementmechanismsandrely on local �le

systemsto provide prefetchingand write-behindabilities. Remoteagentsprocessthree

kindsof requests:

1. File datareading/prefetching/writing;

2. File level operationssuchasopening�le, closing�le, unlinking �le, andother�le

operations;

3. PDIOL system-level operations,includinginitializationand�nalizing.

In orderto give higherpriority to thelast two kindsof requests,andto provide a clear

interface,every remoteagentspawnsa read/writedaemonwhich only reads-from/ writes-

to a datasocket. Themain threadof a remoteagentis responsiblefor �le level operations

andotherPDIOL system-level operations.In this way, thebulk datatransferof �les will

notblock theprocessingof higher-level operations.

Processingcommandsfrom thePDIOL applicationconsistsof thestepsshown in Figure

3.8.

1. Whenaread/writedaemonreceivesaprefetchingmessage,it putsit into theprefetch-

ing list;
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Figure3.8: The messageprocessingof a remoteagent.

2. Whena read/writedaemonreceivesademand-readmessage,it will checkwhetherit

is in theprefetchlist or not. If it is, it will remove thepagefrom theprefetchlist. It

thenreadsdatafrom localsub-�les andwritesdatato thedatasocket;

3. Whena read/writedaemonreceivesa write message,it will readdatafrom a data

socket andwrite datato localsub-�les;

4. Whenno incomingmessagearrivesandtheprefetchinglist is notempty, aread/write

daemonwill obtainonepagefrom theprefetchlist, readit from local sub-�les, and

write it to thedatasocket.

Only whenthereis no demand-read/writemessage,will anagentread/writedaemon

processa prefetchingmessage,asdemandread/writerequestshave higherpriority

thanaprefetchingrequest.

Themainthreadsynchronizeswith theread/writedaemonthroughPthreadsignals.
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3.9 Concluding Remarks

In this chapter, we discussedthe architectureof PDIOL, which includesthe PDIOL li-

brary, local agents,andremoteagents.The datastructureandcachemanagementin the

PDIOL library wereexaminedin detail. Thecommunicationmechanism,implementation

of prefetch,write-behind,andremoteagentswereanalyzedaswell. With thecooperation

betweenPDIOL applicationsandremoteagents,theaggregatebandwidthof paralleldisks

overaworkstationclustercanbeutilized. In thenext chapter, wewill evaluatePDIOL with

microbenchmarksandrealapplications.
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Chapter 4

PerformanceEvaluation

In this chapter, we will evaluatethe ideasof prefetchingand disk parallelismas imple-

mentedin PDIOL. As thegoalof PDIOL is to overcometheI/O bottleneckby increasing

thebandwidthanddecreasingthelatency of disk systemswith diskparallelism,we planto

conductexperimentsin thefollowing way:

1. Wetestthebandwidthandlatency of thenetwork andthedisksin thetestbedto show

thefeasibilityof PDIOL;

2. We usemodi�ed versionof cat andgrep, which areI/O intensive applications,and

sortandbzip2, whicharecompute-intensive applications,to evaluateandanalyzethe

performanceof PDIOL.

With PDIOL, cat andgrep eliminatemuchof the I/O waiting time andobtaina speedup

of 2.6 with 4 remotedisks,while sort andbzip2gaina marginal speedupbecauseof their

already-low I/O waiting times.Fromtheresults,we canseethatI/O-intensive applications

gain more bene�t, while compute-intensive applicationsbene�t less– a result which is

consistentwith our intuition.

In orderto give aclearview of theexperiments,Table4.1summarizesthepurposeand

theresults.

4.1 Experimental Testbed

Our testbedis a workstationclusterwhich consistsof 8 nodesconnectedby a Myrinet net-

work. Eachnodehasdual800MHzPentiumIII processors,512MB (ECC)mainmemory,

anda 18 GB SCSIdisk (Seagate18.4GBBarracudaUSCSIST318416W).Note that the

PDIOL usesmultiple threadsfor agents,but theapplicationsaresingle-threaded.Thede-
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Exp. Benchmark Result Note

1 The bandwidth and
latency of disk ac-
cess

Figure4.3and4.4 Network bandwidth and latency
shouldbebetterthandisksto sup-
port theuseof PDIOL.

2 The bandwidth and
latency of the net-
work

Figure 4.5, 4.6 and
4.9

Since the network is faster than
disks,PDIOL canbeuseful.

3 mycat and PDIOL
mycat

Figure4.12and4.15,
Table4.3and4.4

PDIOL improves performanceby
reducingwaitingtimethroughdisk
parallelismandprefetching.

4 Effect of prefetch
window size

Figure4.16andTable
4.5

Performancecannot improve be-
yonda certainsizeof theprefetch
window. As the numberof disks
varies, the minimum and maxi-
mum window size for improved
performancealsochanges.

5 grep, sort and bzip2
on thelocal disk

Figure 4.17, 4.18,
and 4.19, 4.20 and
Table4.6

Whenis PDIOL useful? It is use-
ful whenthe applicationis bottle-
necked on I/O waiting time (i.e.,
grep), but not when it is bottle-
necked on computation(i.e. sort
andbzip2).

6 PDIOL grep Figure4.24and4.25,
Table4.7and4.8

PDIOL improves the the perfor-
manceof grep by a factor of 2.6
with 4 disks.

7 PDIOL sort Figure 4.27, 4.28,
4.29, 4.32, and4.33,
Table4.9and4.10

sort gets marginal speedupwith
morethan1 disk.

8 PDIOL bzip2 Figure4.36and4.37,
Table4.11and4.12

bzip2getslittle speedupwith more
than1 disk, similar to Experiment
7.

Table4.1: Description of experiments.
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Vendorid Intel
Modelname PentiumIII (Coppermine)
CPUMHz 799.665
Cachesize 256KB

Table4.2: DetailsconcerningtheCPUsof thecomputersin thetestbed.

Kernel 2.4.5

Redhat 7.1

UDP TCP

IP

Ethernet

Application

Myrinet
gm_1.4.1 pre10

Figure4.1: The software structure of the testbed.

tails areshown in Table4.2. Theoperatingsystemis Linux with thekernelversion2.4.5

SMP. Thelow-level message-passingsystemfor theMyrinet is GM version1.4.1pre10.

Thetopologyof theclusteris shown in Figure 3.3andthesoftwarelayersareshown in

Figure4.1:

To justify PDIOL, thefollowing two conditionsmustbeconsidered:

1. Thetotalbandwidthof thenetwork for onecomputermustbehigherthanthatof local

disks.Otherwise,thenetwork will form a new bottleneckandmake it impossibleto

obtainperformanceimprovementthroughdiskparallelism;

2. The latency of the network shouldnot be too high. If the latency of the network

is much higher than that of the disk access,a PDIOL cachemiss will causeI/O

operationsto wait a longertime thanthatof localdisks.

In thefollowing sections,webenchmarkthediskandnetwork systemsin thetestbed.
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-------Sequential Output-------- ---Sequential Input-- --Random--

Figure4.2: A sampleoutput of Bonnie.

4.1.1 Disk System

Thereare many disk I/O benchmarktools [1, 30, 32, 27, 17]. Bonnie [1] benchmarks

sequentialoutput, sequentialinput, and randomseeksof �le systemswith accessunits

rangingfrom onecharacterto blocksof differentsizes. Onesampleoutputof Bonnieis

shown in Figure4.2

WeselectBonnieasourbenchmarkingtool for thefollowing reasons:

1. Bonnieis a simpleprogramandit is easyto con�gure its codeto benchmarkcertain

accesspatterns;

2. Thesequentialaccesspatternof PDIOL is similar to oneof Bonnie's testcases.

However, Bonniehassomeshortcomings.If the�le sizeis lessthanavailablephysical

RAM, all operationswill bedoneon physicalRAM insteadof on disks. This is shown in

Figures4.3and4.4.

Becausethesizeof aPDIOL pageis 64KB,thechunksizein Bonnieis updatedfrom the

defaultvalueof 16KB to 64KB in orderto comparetheresultwith thePDIOL benchmarks.

From Figures4.3 and4.4, it canbe seenthat whenthe �le size is lessthan256MB,

the Linux operatingsystemitself cachesall �le dataresidein the physicalmemory, and

thereis almostno disk access.Whenthe�le sizeis greaterthan256MB,disk accessesare

requiredto fetchdatafrom disk to thephysicalmemory. Thelarger the �le size,themore

representative theresultis of theactualharddiskperformance.In thefollowing discussion,

wewill usethebenchmarkresultsfor the2GB�le.

Becausethe I/O waiting time cannotbe obtainedfrom the outputof Bonniedirectly,

we calculatethe I/O waiting time in the following way, with the assumptionthat CPU

utilization is zerowhenapplicationsarewaiting for I/O operations:

1. Obtain the CPU utilization ratio
������� ���

�
	 of disk operationsthrough the Bonnie

benchmark;

2. Obtainthetotal accesstime �

���
���

	 ;
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0

500

1000

1500

2000

2500

3000

3500

4000

64 128 256 512 1024 2048

La
te

nc
y(

us
)

File Size (MB)

Benchmarking Linux File System

Sequential Reading
Sequential Writing

Figure4.4: Disk accesswaiting time – Theexperimentis doneon brule-m-a:/usr/scratch
andthebenchmarktool is Bonnie.

33



3. Calculatewaiting timeperpage:

���

�

�

�

�����

�

���	�

�

��


� �

��� = �

��� ���

	�


�����

� ��� � � �

� 	

�����

�

�

������


��� � �

�����

� �

�

�

�

�����

�

�����

�

��


� �

��� is shown by theY-axisin Figure4.4.
����� � � �

� 	 is obtainedfrom

theoutputof Bonnie.

4.1.2 Network

Netperf[18] is a benchmarktool which measurestheperformanceof many differenttypes

of networks, suchas: TCP and UDP via BSD Sockets, DLPI, UNIX Domain Sockets,

Fore ATM API, andHP HiPPI Link Level Access. Netperfcan testboth unidirectional

throughputandend-to-endlatency.

WeselectNetperfasourbenchmarkingtool for thefollowing reasons:

1. Netperfis apopularandstandardtool for benchmarkingnetworks;

2. Netperfprovidesall themeasurements,suchasbandwidthandlatency thatwe need

in ourexperiments.

Theversionof Netperfusedin ourexperimentsis 2.1[4]

Two experimentshave beencarriedout. The �rst is for one-to-oneconnections,and

teststhebandwidthandlatency for a singleconnection.Thesecondexperimentis for one-

to-many connections,in orderto testthescalabilityof thenetwork.

One-to-oneConnection

Theexperimentshave beenperformedon brule-m-a, which servesasa server, andbrule-

m-f, whichservesasaclient. SeeFigure3.3for thetopologyof thetestbed.Thebandwidth

andlatency of thenetwork areshown in Figures4.5and4.6, respectively. Thecon�dence

interval for +/-2.5% is 99% for all results. The result in Figure4.5 is obtainedthrough

anupdatedversionof thetcp stream script in Netperf, which teststheperformance

of TCP/IPstreamover Myrinet. The tcp stream script measuresbulk-datatransfer

performance,i.e., ”unidirectionalstream”performance.Eachtestlasts60 seconds.

Exceptfor thebuffer sizesfor sendingandreceiving, all otherTCPsettingsareat their

default settings.Figure4.7 shows thesettingsof thesockets. With respectto Figure4.6,

network request/responseperformanceis expressedastherateof thetransaction,which is

theexchangeof arequestandaresponseof certainsizes.Giventhetransactionrateobtained
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SO_BROADCAST:default = off
SO_DEBUG: default = off
SO_DONTROUTE:default = off
SO_ERROR:default = 0
SO_KEEPALIVE: default = off
SO_LINGER: default = l_onoff = 0, l_linger = 0
SO_OOBINLINE: default = off
SO_RCVBUF: default = 131070
SO_SNDBUF: default = 131070
SO_RCVLOWAT:default = 1
SO_SNDLOWAT:default = 1
SO_RCVTIMEO: default = 0 sec, 0 usec
SO_SNDTIMEO: default = 0 sec, 0 usec
SO_REUSEADDR:default = off
SO_REUSEPORT:(undefined)
SO_TYPE (tcp,udp): default = 1
IP_TOS: default = 0
IP_TTL: default = 64
TCP_MAXSEG:default = 8948
TCP_NODELAY: default = on

Figure4.7: Socket settings.

from thetcp rr script , thelatency (Figure4.6)of thenetwork canbecalculatedwith

thefollowing method:
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In this experiment,we settherequestsizeat 128bytes,which is aboutthesizeof the

reading,prefetching,andwriting messagesof PDIOL; we set the responsesizeat 64KB

bytes,which is thepagesizeof PDIOL.

Fromtheabove experimentandthosein Section4.1.1,it canbeseenthat thenetwork

hasmuchbetterone-to-onebandwidththanthatof disks(e.g.,Figure4.3).

One-to-manyConnections

In orderto evaluatethe scalabilityof the Myrinet for one-to-many connections,which is

thescenarioif we usedisk parallelism(Chapter3.2), thefollowing experimentis doneon

brule-m-f, which serves asa client, andbrule-m-a, brule-m-b, brule-m-c, brule-m-d, the

four of whichserve asservers(Figure4.11).

Becauseit is dif�cult to get the aggregatebandwidthfor multi-connectionswith net-

perf, a benchmarktool – pdiol nettest– is developed.pdiol nettestconsistsof two parts–

pdiol nettestclientandpdiol nettestserver. Thealgorithmsof netperfandpdiol nettestare
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Figure4.8: The algorithm of pdiol-nettest.

shown in Figure4.8. Theexperimentsaredoneon brule-m-f, on whichpdiol nettestclient

is run, andbrule-m-a, brule-m-b, brule-m-candbrule-m-d, on which pdiol nettestserver

is run.

Figure4.9shows thatthebandwidthfor 4 nodesis not higherthan2 nodes.We specu-

latethat2 streamsof dataareenoughto saturatethebandwidthof thePCIbusof theserver,

brule-m-f. However, aswe will see,it will take morethan2 disksto generatethat much

datatraf�c.

Carefulreaderswill noticethat the resultsof pdiol nettestandNetperffor one-to-one

connectionarea little different. This is becausewhensendingandreceiving data,Netperf

and pdiol nettestusesdifferent buffer managementmechanisms.Netperfusesdifferent

circularlists of bufferswhile pdiol nettestkeepsusingthesamecircularlist of buffers. As

thepurposeof pdiol nettestis to measuretheraw performanceof PDIOL, it is designedto

work in thesameway asPDIOL.

Sinceit is morecomplex to updateNetperfto simulatethePDIOL behavior, we leave

it unchanged.As thereis not too muchdifferencebetweenNetperfandpdiol nettest, we

speculatethattheresultsarestill useful.

From the resultsshown in Figures4.5, 4.6, and4.9, it canbe seenthat the aggregate

bandwidthreachesthe maximalvaluewhenthe connectionnumberis 2. We canexpect

thatwhentheaggregatebandwidthof all disksoutnumberstheaggregatebandwidthof the

network, no furtherimprovementcanbeobtainedby addingmoredisks.
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4 communicationthreads,T0,T1,T2 andT3, runonclientnode.pdiol nettestserveris run
on node0,node1,node2,andnode3concurrently. T0 communicateswith node0, T1 with
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4.1.3 Justi�cation of PDIOL

Fromtheresultsshown in Figures4.3,4.4,4.5,4.6,and4.9,we canseethatwhenreading

a 64KB pagefrom remoteagents,thebandwidthcanreachnearly100MB,andthelatency

is only 300 � s. However, whenreadingonepagefrom thelocaldisk,thebandwidthis only

about20MB andthewaitingtimeis almost2,500� s. Therefore,wecanexpectthatPDIOL,

with theproperpoliciesanda reasonableimplementation,canbring abouta performance

improvement.As discussedlater (Chapter4.2), it will likely requiremorethan2 disksto

saturatethenetwork.

4.2 Micr obenchmarks

In thissection,wetestthereadingtimeof PDIOL logical�les andcomparetheperformance

with thatof �les on localdisks.

Thescalabilityof PDIOL is animportantmetric,andwe testit with differentnumbers

of disksand�le sizes.Thecoretechniqueof PDIOL is prefetch.By varyingthesizeof the

prefetchwindow, weevaluatetheeffect of thesizeof theprefetchwindow in PDIOL.

From the experiments,we canseethat PDIOL decreasesthe I/O waiting time when

thenumberof disksincreases.In thefollowing experiments,every benchmarkapplication

is run 5 times– the result is shown in both a table,which shows the average,maximal,

minimal valueandvariance,anda �gure whichshows theperformancevariation.
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Figure4.12:The executiontime for reading�les on thelocal disk (1 disk). Theprogram
mycatusesabuffer of thesamesizeasthoseof thePDIOL mycat, i.e.,64KB.

File size Avg Max Min �

�

8MB 0.35 0.36 0.34 0.000
32MB 1.32 1.54 1.26 0.015
128MB 5.17 5.31 5.06 0.009
512MB 22.04 22.28 21.77 0.050

Table4.3: The executiontime for readingdata on the local disk (1 disk). Theprogram
mycatusesabuffer of thesamesizeasthoseof thePDIOL mycat, i.e.,64KB bytes.

4.2.1 mycatOn The Local Disk

We usea simpleprogrammycatto measurethereadingtime of �les on thelocal disk. The

key differencesbetweenmycatandstandardcat arethat mycathasa tunablebuffer size.

Thenby replacingthe�le I/O functions,it is easyto transformmycatto a PDIOL version,

andcomparetheperformance.

Figure4.12andTable4.3show thereadingtime of �les with different�le sizes.mycat

usesabuffer of size64KB, thesamesizeasPDIOL mycat, in orderto makethecomparison

betweenPDIOL mycatandmycatfair.
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Figure4.13: The benchmark of mycaton the local disk and PDIOL mycaton 1, 2, and
4 disks. The�le sizeis 128MB.Theprefetchwindow sizeis 128pages.

4.2.2 mycatvs. PDIOL mycat

By replacingtheI/O operationsin mycat, wegetthePDIOL mycat. Wetesttheperformance

PDIOL mycatwith different numbersof disks. The �le size is �x ed at 128MB and the

prefetchwindow sizeis 128pages.Theexperimentsaredonein thefollowing steps(Figure

4.14):

1. A �le of 128MB is created;

2. The PDIOL utility programfs2pfsis usedto transformit to a PDIOL logical �le,

which is stripedacrosstheremotedisks;

3. The�le buffersof all nodesare�ushed;

4. PDIOL mycatis usedto readPDIOL logical �les andredirecttheoutputto /dev/null

on thelocalnode.

FromFigure4.13,it canbeseenthat: usingparalleldisksis effective in reducingI/O-

waiting time and mycatgainsa speedupof 2.53 with 4 disks. However, the user time

increasesbecauseof thecommunicationoverheadandcachemanagementoverhead.

In thefollowing section,we will explorethetheeffectsof otherparameters– different

�le sizesandprefetchwindow sizes.
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and PDIOL mycatwith 4 remotedisks.

1 disk 2 disks 4 disks

File Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

8MB 0.42 0.43 0.41 0.000 0.45 0.93 0.28 0.080 0.26 0.28 0.23 0.000
32MB 1.44 1.58 1.37 0.009 0.94 1.45 0.78 0.083 0.63 0.65 0.62 0.000
128MB 5.31 5.49 5.14 0.016 2.90 3.17 2.82 0.023 2.25 2.57 2.11 0.040
512MB 22.12 22.46 21.83 0.056 12.57 13.39 11.05 0.985 9.08 9.73 8.84 0.141

Table 4.4: The execution time of PDIOL mycatwith different �le sizeson 1 (left), 2
(middle),and4 (right) disks.Thesizeof prefetchwindow is 128pages.

4.2.3 PDIOL mycatPerformancewith Different File Sizes

In this section,we testtheeffect of �le sizeson theperformanceof PDIOL with different

numbersof disksand�le sizes. The�le sizesare8MB, 32MB, 128MB,and512MB.The

reasonwe selectthesenumbersis that the PDIOL cachesize is 256MB, andwe want to

examinetheperformancefor �les whosesizesarelargerandsmallerthancachesize.

Thesizeof theprefetchwindow is setat 128pages.In reality, asthenext experiment

shows, thesizeof theprefetchwindow doesnot improve theperformancebeyondacertain

point, for I/O-intensive applications. Figure 4.15 and Table 4.4 show the scalability of

PDIOL.

Comparingtheresultsof theabove two experiments,we canseethat thewaiting time

decreaseswith the increasein thenumberof disks. For the512M �le, thewaiting time is

15.16sfor 1 disk,7.1sfor 2 disks,and1.35sfor 4 disks.Thewaiting time decreasesfaster

thantheincreasein thenumberof disks.Wespeculatethatthereasonfor therapiddecrease

is thatwith theincreaseof thenumberof disks,thereis morecachingat theharddisk'shost

workstation,andmoreI/O waiting time is overlappedwith the increaseduserandsystem
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Figure4.15:The benchmark of PDIOL mycatwith different�le sizeson 1 (left), 2 (mid-
dle),and4 (right) disks.Theprefetchwindow sizeis 128pages.

1 disk 2 disks 4 disks
Window Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

1 7.82 8.13 7.60 0.052 8.04 8.68 7.26 0.377 7.99 8.10 7.88 0.007
4 5.32 5.64 5.13 0.048 3.24 3.41 3.14 0.014 3.75 4.61 3.43 0.240
16 5.32 5.74 5.10 0.073 2.97 3.52 2.82 0.095 2.42 2.76 2.13 0.093
64 5.39 5.59 5.23 0.022 2.83 2.89 2.80 0.001 2.51 3.95 2.13 0.645
256 5.40 5.58 5.29 0.017 3.34 5.10 2.83 0.977 2.26 2.47 2.12 0.031

Table4.5: The executiontime of PDIOL mycatwith an 128MB PDIOL logical �le with
differentprefetchwindow sizeon 1 (left), 2 (middle),and4 (right) disks. Theexperiment
is doneona 128MBPDIOL logical �le.

time. As shown by thebreakdown of executiontime,systemtimeincreaseswith thenumber

of remotenodes,while usertime is largely unaffected.This shows thattheoverheadof the

PDIOL library remainsreasonable,regardlessof theincreasein thenumberof disks.

4.2.4 PDIOL mycatPerformanceWith Different PrefetchWindow Sizes

The purposeof the experimentsis to show the effect of prefetchwindows on the perfor-

manceof PDIOL. In this experiment,the �le sizeis �x edat 128MB. Theperformanceof

PDIOL mycatis shown in Figure4.16andTable4.5.

Fromthesegraphs,it canbeseenthat:

1. Becausethereis no computationthat canbe overlappedwith readingin mycat, the

performancecannotimprove afterthesizeof theprefetchwindow increasesto acer-
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Figure4.16: The executiontime of PDIOL mycat with differentprefetchwindow sizes
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tainpoint,asall disksarekeptbusyalready. For 4 disks,afterthesizeof theprefetch

window increasesto 16,nosigni�cant improvementcanbeobtainedfrom increasing

thesizeof theprefetchwindow – andfor 1 disk thethresholdis 4. Thereasonis that

with 4 pagesprefetchedfor eachdisk, thelatency is overlappedcompletely. For my-

cat, thenumberof diskshasa greaterimpacton performancethandoestheprefetch

window. A largersizeof theprefetchwindow, without anincreasein thenumberof

disks,doesnot resultin greaterimprovement.

2. Thewaiting time decreasesproportionallywith the increasein thenumberof disks,

as expected. But the usertime and, especially, the systemtime increasewith the

numberof disks. The usertime is spenton datacopying in userspaceandcache

management.The systemtime is spenttransferringdatabetweencomputersand

copying dataacrosskernel-spaceanduser-space.

Carefulreadersmaynoticethatwhenthesizeof prefetchwindow is 4 pages,theper-

formanceof 4 disksis lower than2 disks.Wespeculatethatthereasonfor this is that,with

a prefetchwindow of only 4 pages,thebene�t of morebandwidthis too little andis offset

by increasedcommunicationoverhead.
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Figure4.17:The executiontime breakdown of grepon thelocaldisk (1 disk).

grep sort bzip2
File Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

8MB 0.41 0.44 0.40 0.000 2.38 2.42 2.32 0.001 2.10 2.29 2.07 0.004
32MB 1.33 1.47 1.26 0.003 9.03 9.07 8.99 0.001 8.06 8.27 8.00 0.006
128MB 5.18 5.65 5.08 0.031 83.18 87.35 66.03 37.859 32.13 32.22 32.00 0.007
512MB 22.1 22.9 21.7 0.115 696.8 703.3 685.3 34.06 129.8 130.2 129.4 0.058

Table4.6: The executiontime of grep(left), sort (middle), and bzip2(right) on thelocal
disk (1 disk).

4.3 Application Benchmarks: grep, sort and bzip2

In this section,we evaluatethe performanceof PDIOL with threecommonapplications.

grep is a programto retrieve text from text �les. Sort is usedto sort text �les. bzip2can

compressdata�les.

grep is anI/O-intensive application,while sort andbzip2arecompute-intensive appli-

cations.As PDIOL canreduceI/O waiting time throughdisk parallelism,we expectgrep

to bene�t mostfrom PDIOL.

4.3.1 grep, sort and bzip2On The Local Disk

In orderto evaluatetheperformanceof PDIOL, it is necessaryto know how muchtime is

spentwaitingon I/O. Theperformanceof grep, sort, andbzip2is tested,andtheresultsare

shown in thefollowing tableand�gures.
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Figure4.18:The executiontime breakdown of sorton thelocaldisk (1 disk).
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Figure4.19:The executiontime breakdown of bzip2on thelocal disk (1 disk).
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Figure 4.20: The normalized execution time of grep (left), sort (middle), and bzip2
(right) on thelocaldisk (1 disk).

Fromtheresultsshown in Figures4.17,4.18,4.19,and4.20,andTable4.6,wecansee

that grep spendsmostof its time waiting, while sort andbzip2spendmostof their time

computing.With PDIOL,grepshouldbeableto reduceI/O waitingtimegreatlyandobtain

themostimprovement.

4.3.2 grep, sort and bzip2vs. PDIOL grep, PDIOL sort and PDIOL bzip2

By replacingthe I/O functionswith the correspondingPDIOL I/O functionsin grep and

compilingwith thePDIOL library, we generatea PDIOL versionof grep. With thesame

method,we createPDIOL versionsof sortandbzip2.

Figure4.21,4.22,and4.23show the experimentresultsof PDIOL grep, PDIOL sort

andPDIOL bzip2. The �le size is �x ed at 128MB andthe prefetchwindow size is 128

pages.From Figure4.21 it canbe seenthat PDPIOL improves the performanceof grep

asthe I/O-waiting time is reducedgreatly. Figure4.22,unfortunately, shows thatPDIOL

bringsmarginal improvementfor sort. As the I/O-waiting time is a smallpart in the total

executiontimeof sort, thereis not toomuchI/O-waiting time to beoverlapped.This result

is consistentwith our intuition. Figure4.23comparestheperformanceof bzip2andPDIOL

bzip2. As little I/O-waiting time can be overlapped,bzip2 gainsmarginal performance

improvementaswell.

In thefollowing sections,we experimentwith parameters– �le sizes,prefetchwindow
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Figure4.21: The benchmark of grepon the local disk and PDIOL grepon 1, 2, and 4
disks. The�le sizeis 128MB.Theprefetchwindow sizeis 128pages.
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Figure4.22: The benchmark of sort on the local disk and PDIOL sort on 1, 2, and 4
remotedisks. The�le sizeis 128MB.Theprefetchwindow sizeis 128pages.

48



32.13

27.92 28.08 28.33

local disk 1 remote disk 2 remote disks 4 remote disks
Data Distribution

0

10

20

30

40

50

E
xe

cu
tio

n 
tim

e 
(s

ec
on

ds
)

I/O Waiting Time
Sys Time
User Time

Figure4.23:The benchmark of bzip2on the local disk and PDIOL bzip2on 1, 2, and 4
remotedisks. The�le sizeis 128MB.Theprefetchwindow sizeis 128pages.

1 disk 2 disks 4 disks
File Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

8MB 0.52 0.55 0.51 0.000 0.38 0.39 0.36 0.000 0.36 0.37 0.34 0.000
32MB 1.51 1.64 1.46 0.005 0.91 1.02 0.84 0.004 0.73 0.74 0.73 0.000
128MB 5.44 5.59 5.24 0.030 2.99 3.17 2.93 0.010 2.31 2.58 2.22 0.023
512MB 22.21 22.49 21.97 0.044 11.34 11.91 11.06 0.119 8.44 8.87 8.27 0.064

Table4.7: The executiontime of PDIOL grepwith different�le sizeson 1 (left), 2 (mid-
dle),and4 (right) disks.Theprefetchwindow sizeis 128pages.

sizes,and the numberof disk for eachof the threeapplicationsto explore the effectsof

theseparameters.

4.3.3 PDIOL grep

By varyingthe�le sizeandthenumberof disks,weobtainthefollowing results,asshown

in Figures4.24and4.25,andTables4.7and4.8.Fromtheresults,it canbeseenthatPDIOL

improvestheperformanceof grep by reducingI/O waiting time throughdisk parallelism.

Figure4.25andTable4.8 show theexecutiontime of PDIOL grepwith differentprefetch

window sizeson 1, 2, and4 disks. Again, we seethat thewindow sizeneedsto increase

with thenumberof disks,but thatthereis aneffective upperboundon thewindow size.

As expected,theperformanceof grepimproveswith anincreasein thenumberof disks.

Sincethereis little computationin grep, theoverheadis almostthesameasthatof PDIOL
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Figure4.24: The execution time of PDIOL grep with different �le sizeson 1 (left), 2
(middle),and4 (right) disks.Theprefetchwindow sizeis 128pages.
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1 disk 2 disks 4 disks
Window Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

1 9.46 9.59 9.40 0.006 8.65 9.32 7.99 0.250 8.74 9.02 8.59 0.027
4 5.42 5.86 5.25 0.065 3.37 3.55 3.28 0.015 3.88 4.21 3.62 0.064
16 5.43 5.85 5.23 0.063 3.19 3.45 2.94 0.040 2.65 4.18 2.26 0.730
64 5.40 5.82 5.23 0.057 3.01 3.18 2.93 0.012 2.25 2.28 2.22 0.001
256 5.49 5.76 5.27 0.044 3.06 3.29 2.93 0.028 2.24 2.30 2.20 0.002

Table4.8: The executiontime of PDIOL grep with differentprefetchwindow sizeson 1,
2, and4 disks.The�le sizeis �x edat128MB.
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Sort data in buffer
and save in a temp file

Merging Finish?

Merge M files
and save in a temp file

Finish

Y

N Y

N

Block Sort Phase Merge Phase

Figure4.26:SortAlgorithm.

mycat, asdescribedin thelastsection.

4.3.4 PDIOL sort

This experimentis doneto testtheperformanceof PDIOL for compute-intensive applica-

tions.Thebuffer sizeis setat8MB, thesamesizethatof 128PDIOL cachepages.

The sort algorithmcontainstwo phases– block sort phaseandmerge phase(Figure

4.26):

1. Block sortphase– Reada blockof datainto a buffer, sort it, andstoretheresultinto

a temporary�le until all datain the�le aresorted;

2. Mergephase– Mergethedatain all temporary�les into oneresult�le.

With PDIOL, theperformanceimprovementcanbeobtainedthroughhiding accessla-
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Figure 4.27: The execution time of PDIOL sort with different �le sizeson 1 (left), 2
(middle),and4 (right) disks.Theprefetchwindow sizeis �x edat 128pages.

1 disk 2 disks 4 disks
File Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

8MB 2.00 2.02 1.97 0.001 1.84 1.85 1.84 0.000 1.84 1.86 1.81 0.000
32MB 9.91 9.94 9.86 0.001 9.60 9.77 9.54 0.010 9.55 9.59 9.51 0.001
128MB 78.76 79.48 78.35 0.179 76.63 77.27 76.38 0.133 76.49 76.56 76.45 0.002
512MB 700.5 700.8 700.1 0.067 671.2 672.5 670.3 0.745 666.4 667.2 665.7 0.358

Table4.9: The executiontime of PDIOL sort with different�le sizeson 1 (left), 2 (mid-
dle),and4 (right) disks.Theprefetchwindow sizeis �x edat 128pages.

tency by sendingmore than one readrequest,and overlappingcomputationwith access

latency. At the sametime, unlike mycatandgrep, PDIOL sort writes temporarysorted

dataandthe�nal resultsto I/O nodeswith PDIOL functions,thusPDIOL sort shouldalso

bene�t from the parallelwriting ability of PDIOL. However, becausethe writing canbe

overlappedef�ciently by OS,no signi�cant improvementcanbeobtainedthroughPDIOL,

for thisapplication.Theresultsareshown in Figures4.27,4.28,and4.29,andTable4.9.

From the resultsshown in Figure4.27 andTable4.9, it can be seenthat with more

disks,theperformanceof PDIOL sort improves.Theimprovementof 2 disksover1 disk is

greaterthanthatof 4 disksover2 disks.

To analyzethe effect of PDIOL in differentphasesof sort, the executiontime break-
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Figure4.28: The executiontime of block sort phasein PDIOL sort with different �le
sizeson 1 (left), 2 (middle),and4 (right) disks. Theprefetchwindow sizeis �x edat 128
pages.

down is shown in Figures4.28and4.29

Figures4.18,4.30,and4.31show theperformanceof sort without PDIOL. FromFig-

ures4.30and4.28,it canbeseenthattheI/O waitingtimeof theblocksortphasedecreases

greatly. Especiallyfor the512MB �le, thesizeof the �le plus thesizeof thesortedtem-

porary�le exceedstheavailablephysicalmemory, andmostpagesthatare�ushed to disk

causetheI/O waitingtimeto increasegreatly. For thePDIOL version,becausethephysical

memoryon thecomputenodeandremoteagentnodecanbeutilized, fewer pageswill be

�ushed to disk andtheI/O waiting time decreases.A comparisonof Figures4.29and4.31

shows thattheI/O waiting timeof themergephasealsodecreases.

Figures4.32,4.33,and4.34,andTable4.10show theeffect of thesizeof theprefetch

window on theexecutiontime of sort. FromFigure4.32andTable4.10,thefollowing can

beseen:

1. Whenthesizeof theprefetchwindow is onepage,limited improvementcanbeob-

tainedasthereis little overlap.

2. When the sizeof the prefetchwindow is 64 pages,mostof the readinglatency is

overlappedwith computation,andnosigni�cant bene�t canbeobtainedby increasing

thenumberof remotedisksfrom 2 to 4.
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Figure4.29: The executiontime of mergephasein PDIOL sort with different�le sizes
on 1 (left), 2 (middle),and4 (right) disks.Theprefetchwindow sizeis �x edat 128pages.
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Figure4.30: The executiontime of block sort phasein sort algorithm on the local disk
(1 disk).
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Figure4.31: The executiontime of merge phasein sort algorithm on the local disk (1
disk).
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1 disk 2 disks 4 disks
Window Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

1 88.14 89.00 87.85 0.238 84.50 85.85 82.49 1.874 83.90 84.24 83.52 0.089
4 83.94 84.02 83.82 0.006 78.94 79.17 78.60 0.066 78.34 78.47 78.20 0.014
16 83.63 83.93 83.42 0.054 77.93 78.40 77.78 0.068 76.94 77.15 76.76 0.023
64 81.75 81.87 81.64 0.012 77.13 77.39 76.89 0.049 76.52 76.62 76.43 0.005
256 78.57 78.72 78.35 0.023 76.49 76.74 76.33 0.024 76.40 76.50 76.30 0.005

Table4.10: The executiontime of PDIOL sort with differentprefetchwindow sizeon 1
(left), 2 (middle),and4 (right) disks.The�le sizeis �x edat128MB.
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Figure4.34: The executiontime for mergephasein PDIOL sort with differentprefetch
window sizeson1, 2 and4 disks.The�le sizeis �x edat 128MB.

4.3.5 PDIOL bzip2

bzip2is afreely-available,high-qualitydatacompressor. It compressesdatausingthealgo-

rithm shown in Figure4.35.Theversionwe usedis 1.0.2[2]. After replacingthestandard

I/O �le functionswith PDIOL logical �le functions,we generatedthe PDIOL versionof

bzip2. In orderto make a fair comparisonbetweenthePDIOL versionandthenon-PDIOL

version,thesegmentsizesfor eachcompressionwerebothsetto 512KB. In thefollowing

experiments,we will evaluatetheperformanceof thePDIOL versionof bzip2.

By varying the numberof disksandthe sizeof �les to be compressed,we obtainthe

following resultsasshown in Figure4.36andTable4.11. In this experiment,we set the

sizeof prefetchwindows at 128pages.FromFigure4.36,we canseethatsincebzip2is a

compute-intensive application,I/O waiting time is only a smallpartof the total execution

time. Evenwith moredisks,theexecutiontime doesnot decrease.It is worth noting that

in Figure4.19 thereis moreI/O waiting time thanthereis for the 1-disk casein Figure

4.36. The reasonis that for the PDIOL version,the local/remoteagentsandthe PDIOL

applicationwork concurrentlyon two nodes.BeforethePDIOL applicationasksfor data

to beprocessed,thedatahasalreadybeenprefetchedby thereadagent.But for theversion

withoutPDIOL, theOSdoesnotprefetchquickly enough,eventhoughbzip2is acompute-

intensive application.
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1 disk 2 disks 4 disks
File Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

8MB 2.04 2.07 2.03 0.000 2.02 2.03 2.00 0.000 2.06 2.07 2.04 0.000
32MB 7.16 7.17 7.15 0.000 7.19 7.21 7.18 0.000 7.25 7.27 7.20 0.001
128MB 27.92 27.96 27.88 0.001 28.08 28.15 28.03 0.002 28.33 28.36 28.28 0.001
512MB 110.9 111.2 110.7 0.044 111.6 111.8 111.4 0.033 112.5 112.7 112.4 0.013

Table4.11: The execution time of PDIOL bzip2with different �le sizeson 1 (left), 2
(middle),and4 (right) disks.Thesizeof theprefetchwindow is 128pages.

42.50

30.46

28.34 28.29 28.31

0

10

20

30

40

50

I/O waiting time
System Time
User time

36.90

29.79
28.18 28.07 28.12

1 4 16 64 256
Window size (pages)

E
xe

cu
tio

n 
T

im
e 

(s
ec

on
ds

)

35.36

30.16

27.88 27.86 27.88

Figure4.37:The executiontime of PDIOL bzip2with differentprefetchwindow sizeson
1 (left), 2 (middle),and4 (right) disks.The�le sizeis �x edat128MB.

By varying the sizesof prefetchwindows, we evaluatethe PDIOL versionof bzip2

usinga128MBdata�le. Figure4.37andTable4.12show theexecutiontimeof bzip2with

differentprefetchwindow sizes.

From the results,we can seethat when the size of the prefetchwindow is one, the

performanceis muchworse;in fact, it is evenslower thanthatof thenon-PDIOLversion.

Thereasonis thatout of every 512KB of datacompressed,only 64KB (1 page)of datais

prefetched.Furthermore,for every pagewhich is not prefetched,thelatency is thesumof

thenetwork latency andthedisk latency. Whenthesizeof theprefetchwindow increases

to 16, theprefetcheddatasizeis 16*64KB = 1,024KB.Exceptfor the �rst segment,other

segmentscanbeprefetchedbeforebeingcompressed.Thus,almostall thewaiting time for

disk I/O is overlappedby thecomputation.Evenwith a largersizeof theprefetchwindow,

theperformancecannotbeimproved.
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1 disk 2 disks 4 disks
Window Size Avg Max Min �

�

Avg Max Min �

�

Avg Max Min �

�

1 35.36 35.43 35.22 0.007 36.90 37.83 36.38 0.300 42.50 42.70 42.28 0.031
4 30.16 30.19 30.12 0.001 29.79 29.91 29.68 0.009 30.46 30.76 30.28 0.036
16 27.88 27.92 27.86 0.001 28.18 28.56 28.05 0.047 28.34 28.39 28.32 0.001
64 27.86 27.89 27.84 0.000 28.07 28.09 28.04 0.001 28.29 28.32 28.24 0.001
256 27.88 27.92 27.84 0.001 28.12 28.15 28.07 0.001 28.31 28.38 28.27 0.002

Table4.12: The executiontime of PDIOL bzip2with differentprefetchwindow sizeson
1 (left), 2 (middle),and4 (right) disks.The�le sizeis �x edat128MB.

4.4 Concluding Remarks

In this chapter, we evaluatedtheperformanceof PDIOL with a suiteof experiments.First

thebaselineperformanceof thenetwork anddisksystemswerequanti�ed with Netperfand

Bonnie. Thehigherbandwidthandlower latency of thenetwork, comparedwith thoseof

disks,supportour ideaof overcomingtheI/O bottleneckwith diskparallelism.

Themicrobenchmarkswritten usingPDIOL evaluatetheeffect of thenumberof disks

andthesizeof theprefetchwindow. Theresultsshow thatthenumberof disksandthesize

of prefetchwindow shouldbeconsideredtogether. Neitherof themcanbringimprovements

without thecorrectcon�gurationof theotherfactor.

With PDIOL, grepreducesmuchof theI/O waiting time andobtainsa speedupof 2.6

with up to 4 remotedisks,while sort andbzip2overlaplittle I/O waiting time, andgaina

marginalspeedup.Fromtheresults,wecanseethatI/O-intensiveapplicationsprovidemore

bene�t, whilecompute-intensiveapplicationsprovideless–aresultwhichisconsistentwith

our intuition.

In summary, with PDIOL,multiplediskscanbeutilizedto improvetheI/O performance

of applications.However, only I/O-intensive applicationsareableto derive themaximum

bene�t.
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Chapter 5

Concluding Remarks

As new I/O-intensive applicationsemerge, the needfor high-performanceI/O increases.

Onepromisingapproachis throughparalleldisk systems.In this thesis,theParallelDisk

Input-OutputLibrary (PDIOL) is implementedto utilize paralleldisksover a workstation

cluster.

Thecontributionsof this thesisinclude:

1. Designandimplementationof PDIOL with a UNIX-lik e API andthe techniques–

windows-basedprefetchingandwrite-behind(Chapter3 andAppendicesA, B);

2. Evaluationof PDIOL usingmicrobenchmarksandapplications(Chapter4);

3. Evaluationof the impactof parameters,suchas the numberof disks, the prefetch

window sizes,andapplicationcharacteristics(Chapter4).

Thevalueof PDIOL canbesummarizedby thefollowing:

1. PDIOL is implementedcompletelyat theuser-level, which makesit unnecessaryto

recompiletheoperatingsystemkernel;

2. It is simpleto transformanapplicationwith normal�le accessto a PDIOL version

with UNIX-lik eAPIs;

3. PDIOL is effective at decreasingI/O waiting time throughdisk parallelism,prefetch

and write-behindwhich is con�rmed by microbenchmarksandapplicationbench-

marks.

Fromtheexperiments,we draw thefollowing conclusions:PDIOL is especiallyuseful

for I/O-intensive applications.For example,PDIOL grepgainsa speedupof 2.6with four

diskswhile PDIOL sortandbzip2gainvirtually nospeedup.In mostcases,largerprefetch
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windowsandalargernumberof disksaregoodfor performance.Thetwo factorsarecorre-

lated,i.e.,changingonly onefactorwithoutchanginganother, cannotimproveperformance

in certaincases.

5.1 Futur e Work

BecausePDIOL is a user-level library, performanceis limited by theoverheadof context

switchesbetweenuser-level andkernel-level. The datapathof PDIOL shown in Figure

3.2 shouldbeshortenedto decreasethecontentionof memorybus. By implementingthe

read/writeagentsat the kernel-level, pinning down memoryblocksandtransferringdata

directly to/from user-level area,the overheadof context switch canbe decreased.These

techniquesarewell describedby Mukherjeeetal. [29].

In additionto this, thecurrentversionof PDIOL supportsonly sequentialapplications,

which limits its value greatly. It would be ideal to upgradePDIOL to supportparallel

applications.However, whendifferentthreadscanwrite to thesameunit of data,ef�ciently

keepingthe dataconsistent,especiallyif thereare many cachecopies,is a challenging

problem.

62



Bibliography

[1] Bonnie Unix �lesystem benchmark. http://www.tex tua li ty .c om/
bonnie/intro.ht ml , 2003.

[2] bzip2. ftp://sources.re dhat .c om/pub/ bz ip 2/v 102/ bz ip 2- 1.0 .2 .
tar.gz , 2003.

[3] Intel micro-processorsseries. http://www.arch iv ebuil ders .c om/
whitepapers/220 16p. pdf , 2003.

[4] Netperf. "ftp://ftp.cup .h p. co m/d is t/ netw ork in g/ benc hmark s/ ,
2003.

[5] Rotationallatency of harddisk,2003. http://www.pcgu id e. com/r ef /h dd/
op/spinSpeed- c. ht ml .

[6] D. Anderson,J.Chase,S.Gadde,A. Gallatin,K. Yocum,andM. Feeley. Cheatingthe
i/o bottleneck:Network storagewith Trapeze/Myrinet.In Proceedingsof theUsenix
TechnicalConference., New Orleans,LA, 1998.

[7] T. Anderson,M. Dahlin, J.Neefe,D. Patterson,D. Roselli,andR. Wang. Serverless
network �le systems.In In Proceedingsof the15thSymposiumon Operating System
Principles.ACM, pages109–126,CopperMountainResort,CO,December1995.

[8] N. Boden,D. Cohen,R. Felderman,A. Kulawik, C. Seitz,J. Seizovic, andW. Su.
Myrinet: A gigabit-per-secondlocalareanetwork. IEEEMicro, 15(1):29–36,1995.

[9] D. BovetandM. Cesati.UnderstandingtheLinuxKernel. O'Reilly andAssociate4s,
Inc, Sebastopol,CA, 2001.

[10] J. BraamandM. Callahan. Lustre: A SAN �le systemfor Linux. http://www.
lustre.org/docs /l us whit e.p df , 2003.

[11] A. Brown andT. Mowry. Tamingthememoryhogs:Usingcompiler-insertedreleases
tomanagephysicalmemoryintelligently. In Proceedingsof the4thSymposiumonOp-
erating SystemsDesignandImplementation(OSDI-00), pages31–44,Berkeley, CA,
October2000.http://citesee r. nj. nec. co m/bro wn00ta mi ng. ht ml .

[12] P. Cao,E. Felten,A. Karlin, andK. Li. Implementationandperformanceof integrated
application-controlled �le caching,prefetching,anddisk scheduling.ACM Transac-
tionson ComputerSystems, 14(4):311–343,1996.

[13] P. Cao, E. Felten, and K. Li. Implementationand performanceof application-
controlled �le caching. In Operating SystemsDesignand Implementation, pages
165–177,November1994.

[14] P. Carns,W. Ligon III, R. Ross,andR. Thakur. PVFS:A parallel�le systemfor linux
clusters. In Proceedingsof the 4th AnnualLinux Showcaseand Conference, pages
317–327,Atlanta,GA, 2000.USENIX Association.

63



[15] P. ChenandE. Lee. Stripingin aRAID level 5 diskarray. In Proceedingsof the1995
ACM SIGMETRICSJoint InternationalConferenceonMeasurementandModelingof
ComputerSystems, pages136–145,Ottawa,Canada,May 1995.

[16] P. ChenandD. Patterson.Maximizing performancein a stripeddisk array. In Pro-
ceedingsof 17th Annual InternationalSymposiumon ComputerArchitecture, ACM
SIGARCHComputerArchitecture News, page322,1990.

[17] P. ChenandD. Patterson.Storageperformance—metricsandbenchmarks.In Pro-
ceedingsof theIEEE81(8), pages1151–1165,August1993.

[18] Hewlett-PackardCompany. Netperf. http://www.netp er f. org /n et perf /
NetperfPage.htm l .

[19] M. Farley. BuildingStorage Networks,SecondEdition. Osborne/McGraw-Hill, 2001.

[20] G. Gibson,D. Nagle, K. Amiri, J. Butler, and F. Chang. A cost-effective, high-
bandwidthstoragearchitecture.In Proceedingsof the8thConferenceonArchitectural
Supportfor ProgrammingLanguages and Operating Systems, Portland,OR, 1998.
ACM PressandIEEEComputerSocietyPress.

[21] G. Gibson,D. Nagle,K. Amiri, F. Chang,E. Feinberg, H. Gobioff, C. Lee,B. Ozceri,
E. Riedel, and D. Rochberg. A casefor network-attachedsecuredisks. Techni-
cal ReportCMU–CS-96-142,Departmentof ElectricalandComputerEngineering,
Carnegie-MellonUniversity, June1996.

[22] J.Grif�oen andR.Appleton.Performancemeasurementsof automaticprefetching.In
J. Grif�oen andR.Appleton.PerformanceMeasurementsof AutomaticPrefetching. In
Paralel andDistributedComputingSystems,pages165–170,IEEE,September1995.,
1995.

[23] Myricom Inc. Myrinet clustersin the June2003 TOP500List. http://www.
myrinet.com/new s/ 03623/ ind ex .h tml , 2003.

[24] T. Kimbrel, A. Tomkins, R. Patterson,B. Bershad,P. Cao, E. Felten,G. Gibson,
A. Karlin, andK. Li. A trace-drivencomparisonof algorithmsfor parallelprefetching
andcaching. In Proceedingsof the 1996Symposiumon Operating SystemsDesign
andImplementation, pages19–34,Seattle,Washington,October1996.USENIX As-
sociation.

[25] N. Kronenberg, H. Levy, andW. Strecker. Vaxcluster:A closely-coupleddistributed
system.ACM Transactionson ComputerSystems, pages130–146,May 1986.

[26] H. Lei andD. Duchamp.An analyticalapproachto �le prefetching.In 1997USENIX
AnnualTechnicalConference, Anaheim,California,1997.

[27] L. McVoy and C. Staelin. lmbench: Portabletools for performanceanalysis. In
USENIXAnnualTechnicalConference, pages279–294,SanDiego,CA, January1996.

[28] T. Mowry, A. Demke, andO. Krieger. Automaticcompiler-insertedI/O prefetching
for out-of-coreapplications. In Proceedingsof the 1996Symposiumon Operating
SystemsDesignandImplementation, pages3–17.USENIX Association,1996.

[29] S.MukherjeeandM. Hill. A survey of user-level network interfacesfor systemarea
networks.TechnicalReportCS-TR-1997-1340,ComputerSciencesDepartment,Uni-
versityof Wisconsin–Madiso,February1997.

[30] W. Norcott and D. Capps. Iozone�lesystem benchmark,2003. http://www.
iozone.org/docs /I Ozone_mswor d_98.p df .

[31] P. Chenand E. Lee and G. Gibsonand R. Katz and D. Patterson. RAID: High-
performance,reliablesecondarystorage.ACM ComputingSurveys, 26(2):145–185,
1994.

64



[32] A. Park andJ. Becker. Iostone: A synthetic�le systembenchmark. In Computer
Architecture News, pages45–52,1990.

[33] R. Patterson,G. Gibson,E. Ginting,D. Stodolsky, andJ.Zelenka.Informedprefetch-
ing andcaching.In Hai Jin,Toni Cortes,andRajkumarBuyya,editors,High Perfor-
manceMassStorageandParallel I/O: TechnologiesandApplications, pages224–244.
IEEEComputerSocietyPressandWiley, New York, NY, 2001.

[34] E.Riedel.Activedisksfor large-scaledataprocessing.IEEEComputer, pages68–74,
June2001.

[35] F. Schmuckand R. Haskin. Gpfs: A shared-disk�le systemfor large computing
clusters.In In Proceedingsof theFirst Conferenceon File andStorage Technologies,
January2002.citeseer.nj.ne c. co m/540208. ht ml .

[36] P. Shenoy andH. Vin. Ef�cient striping techniquesfor variablebit ratecontinuous
media �le servers. TechnicalReportUM-CS-1998-053,Departmentof Computer
Science,Universityof Massachusettsat Amherst,December1998.

[37] A. Tanenbaum.ModernOperating Systems. PrenticeHall, Englewood Cliffs, NJ,
1992.

[38] B. Wilkinson and M. Allen. Parallel Programming: Techniquesand Applications
UsingNetworkedWorkstations. PrenticeHall, 1999.

[39] C. Yang,T. Mitra, andT. Chiueh. A decoupledarchitecturefor application-speci�c
�le prefetching.In FreenixTrack of USENIX2002AnnalConference, Monterey, CA,
June2002.

65



Appendix A

PDIOL Usage

In this appendix,we demonstratehow to usethePDIOL library. First, theheader�les and
library �les of PDIOL will be described.Second,a samplecon�guration �le of PDIOL
nodesis given. Third, we will detail theoptionsof PDIOL applications.Finally a sample
programwhichtransfersaPDIOL logical �le stripingoverPDIOL nodesto anormal�le is
given.

A.1 HeaderFilesand Library Files

To usePDIOL,anapplicationneedsto includetheheader�le of PDIOL andbelinkedwith
the PDIOL library. The header�le is pdiol.h andthe library is libpdiol.a. In additionto
thesetwo �les, tlv.h andutility.h containprototypesof someconvenientroutinesfor tuning
PDIOL programs.

A.2 PDIOL NodesCon�guration File

Thecon�guration �le of PDIOL nodesis locatedin $HOME/bin/conf, which containsall
thecomputernamesin thecluster. Thecon�guration �le for our experimentsis shown in
FigureA.2.

A.3 Command-lineOptions

PDIOL providessomeoptionsfor controllingthebehavior of its routines.In orderto dif-
ferentiatebetweenthe PDIOL optionsandthe optionsof an application,the symbol ”–”
separatoris usedin thecommandline of PDIOL applications.Theargumentsbefore”–”
will beregardedastheoptionsfor PDIOL,andtherestareregardedastheargumentsof the
application.

Thecommandline to runaPDIOL applicationhasthefollowing form:

brule-m-a
brule-m-b
brule-m-c
brule-m-d

FigureA.1: Con�guration �le of PDIOL nodes.
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longoption short argument meaning default environmentvariable

prefetch p 0/1 Prefetchenabled 1 PREFETCH
write-behind w 0/1 Write-behindenabled 0 WRITEBEHIND
disk number d unsignedint Disk number 1 DISKNUMBER

window W unsignedint Prefetchwindow size 1 WINDOW SIZE
ssock s unsignedint sendsocketbuffer size 65,536 SND BUFF
rsock r unsignedint receivesocketbuffer size 65,536 RCV BUFF
LOG l 0/1 Loggingenabled 1 LOG
log L char* Log �le name log.txt LOG FILE

Help h Help 0

TableA.1: PDIOL options.

pdiol-applicaiton[PDIOL options]– applicationargument

ThePDIOL optionsaredetailedin TableA.1. For example,thefollowing commandis
usedto transfera pdiol �le sort.txtstripedover 4 disksto a traditional�le sorttxt.bakwith
prefetchenabledandwrite-behinddisabled:

pfs2fs-disk number4 -prefetch1 -w 0 – sort.txtsorttxt.bak

A.4 SampleProgram

A sampleprogramnamedpfs2fs.cis shown in FigureA.4. Thepurposeof this programis
to transferaPDIOL logical �le stripedacrossa workstationclusterinto anormal�le.
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1 /* pfs2fs.c - To transfer a PDPL file to a normal file
2 */
3
4 #include <sys/time.h>
5 #include <sys/resource.h>
6 #include <stdio.h>
7 #include <stdlib.h>
8 #include <assert.h>
9 #include <string.h>

10 #include <sys/time.h>
11 #include <unistd.h>
12 #include "pdiol.h"
13
14 #define BUFFERSIZE 655360
15 int main(int argc, char** argv)
16 {
17 PFS_FILE* pf;
18 FILE *outf;
19 int size, count, w_count = 0;
20 char pbuffer[BUFFERSIZE+1], *input, *output;
21
22 initialize_pdiol (&argc, &argv); // initialize pdiol
23
24 if(argc < 2 || argc > 3){
25 fprintf(stderr, "\n%s file [pdiol_file]\n", argv[0]);
26 exit(1);
27 }
28
29 input = argv[1];
30
31 if(argc ==3) output = argv[2];
32 else output = NULL;
33
34 pf = pdiol_fopen(input, "r"); //open pdiol file
35 pdiol_hint(pf, AP_SEQUENTIAL, 0); // hint
36
37 if(output != NULL) outf = fopen(output, "w");
38 else outf = fdopen(1, "w");
39
40 w_count = 0;
41
42 while(!pdiol_feof(pf)) {
43 count = pdiol_fread(pbuffer, 1, BUFFERSIZE, pf);
44 w_count += fwrite(pbuffer, 1, count, outf);
45 }
46
47 fclose(outf);
48 pdiol_fclose(pf); //close pdiol file
49
50 finalize_pdiol(); //finalize pdiol
51 }

FigureA.2: PDIOL sampleprogram – pfs2fs.c.
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Appendix B

PDIOL API Reference

PDIOL providesthefollowing APIs,whicharepresentedin thesameformatasUNIX man
pages.

B.1 initialize pdiol;

Initialize thePDIOL environment

Synopsis

#include <pdiol.h>
int initialize_pdiol (i nt * pargc, char*** pargv);

Description

The initialize pdiol function initializes the PDIOL environment. This function
shouldbe calledbeforeany otherstatements.pargc is the pointerof the argc argument
of themainentryfunction.pargv is thepointerof theargv argumentof themainentryfunc-
tion. It setsthePDIOL library optionin thefollowing sequence:commandline arguments;
environmentvariable;hardcodeddefault value;

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.2 �nalize pdiol

FinalizePDIOL environment

Synopsis

#include <pdiol.h>
int finalize_pdiol() ;
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Description

Thefunctionfinalize pdiol �nalizes thePDIOL environment.This functionshould
becalledafterany statementsrelatedto PDIOL. It closestheconnectionsbetweenPDIOL
applicationsandremoteagents,andreleasesPDIOL resources.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.3 pdiol fopen;

pdiol fopen– PDIOL logical �le openfunction

Synopsis

#include <pdiol.h>
PFS_FILE* *pdiol_fopen (const char * const path,

const char * const mode);

Description

Thepdiol fopen functionopensthePDIOL logical�le whosenameis thestringpointed
to by path. The argumentmodeis the pointerof a string which is oneof the following
sequences:”r”, ”r+”, ”w”, ”w+”, ”a”, ”a+”. Themeaningof thesestringsis thesameasthe
modein standardfopen.Seefopenfor detaileddescription.

Return Value

Uponsuccessfulcompletion,aPFSFILE pointeris returned.Otherwise,NULL is returned.

B.4 pdiol fclose;

pdiol fclose– closeaPDIOL logical �le

Synopsis

#include <pdiol.h>
int pdiol_fclose(PFS _FIL E* pFile);

Description

The pdiol fclose function closesthe PDIOL logical �le pointedto by pFile. If the
PDIOL logical �le wasbeingusedfor output,any buffereddatawill bewritten out when
�nalize io is called,or its buffer is reclaimedby thePDIOL library.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned
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B.5 pdiol fstat;

pdiol fstat– getthestatusof aPDIOL logical �le.

Synopsis

#include <pdiol.h>
int int pdiol_fstat(st ru ct pdiol_file* pf,

struct pdiol_state_str uc t* pstat);

Description

Thepdiol fstat functionobtainsthestatusof aPDIOL logical �le pointedto by pf and
storesthestatusinformationin apdiol statestructstructurepointedto by pstat.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.6 pdiol stat;

pdiol stat– getthestatusof aPDIOL logical �le.

Synopsis

#include <pdiol.h>
int int pdiol_stat(cha r* const path,

struct pdiol_state_stru ct * pstat);

Description

Thepdiol stat functionobtainsthestatusof aPDIOL logical �le whosepathis pointed
to by pathandstoresthe statusinformationin a pdiol statestructstructurepointedto by
pstat.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.7 pdiol unlink;

pdiol unlink – unlink aPDIOL logical �le.

Synopsis

#include <pdiol.h>
int pdiol_unlink(con st char* const path);
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Description

The pdiol unlink function unlinks a PDIOL logical �le whosepath is pointedto by
path. Currently, every PDIOL logical �le hasonly onelink anddoesnot supportmultiple
links.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.8 pdiol f�ush;

pdiol f�ush – �ush aPDIOL logical �le

Synopsis

#include <pdiol.h>
int pdiol_fflush(PFS _FIL E *pf);

Description

Thepdiol fflush function forcesa write of all user-spacebuffereddatafor thegiven
outputof a PDIOL logical �le pointedto by pf. Theopenstatusof thePDIOL logical �le
is unaffected.

Return Value

Uponsuccessfulcompletion,0 is returned.Otherwise,-1 is returned

B.9 pdiol fr ead;

pdiol fread– readdatafrom aPDIOL logical �le

Synopsis

#include <pdiol.h>
size_t pdiol_fread(vo id * ptr, size_t size,

size_t nmemb, PFS_FILE * pf);

Description

Thepdiol fread functionreadsnmembelementsof data,eachsizebyteslong,from the
PDIOL logical �le pointedto by pf, storingthemat thelocationgivenby ptr.

Return Value

Returnsthenumberof itemssuccessfullyread.If anerroroccurs,-1 will bereturned.
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B.10 pdiol fwrite;

pdiol fread– write datato a PDIOL logical �le

Synopsis

#include <pdiol.h>
size_t pdiol_fwrite(v oi d * ptr, size_t size,

size_t nmemb, PFS_FILE * pf);

Description

Thepdiol fwrite functionwritesnmembelementsof data,eachsizebyteslong, to the
PDIOL logical �le pointedto by pf, obtainingthemfrom thelocationgivenby ptr.

Return Value

Returnsthenumberof itemssuccessfullywritten. If anerroroccurs,-1 will bereturned.

B.11 pdiol fseek;

pdiol fseek– re-positionaPDIOL logical �le

Synopsis

#include <pdiol.h>
int pdiol_fseek(PF S_FIL E * pf, long offset, int whence);

Description

Thepdiol fseek functionsetsthe �le positionof thePDIOL logical �le pointedto by
pf. Thenew position,measuredin bytes,is obtainedby addingoffsetbytesto theposition
speci�edby whence. Thesemanticsof whenceis thesameasthatof standardfseek.

Return Value

Returns0 if successful,otherwisereturns-1.

B.12 pdiol ftell;

pdiol ftell – getthe�le position.

Synopsis

#include <pdiol.h>
long pdiol_ftell( const PFS_FILE *const pf);
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Description

Thepdiol ftell functionobtainsthecurrentvalueof the�le positionindicatorfor the
PDIOL logical �le pointedto by pf.

Return Value

Returnsthecurrentvalueof the�le position

B.13 pdiol hint;

pdiol hint – settheaccesspatternof aPDIOL logical �le.

Synopsis

#include <pdiol.h>
int pdiol_hint(PFS_F IL E *pf, int access_pattern, int hint);

Description

Thepdiol hint functionsetstheaccesspatternandhintof aPDIOL �le pointedto by pf.
Theaccesspatternis speci�edby accesspattern. Currently, only AP SEQUENTIALis sup-
ported.hint speci�esspecialcharacteristicsof �le access.CurrentlythehintFINAL WRITE,
whichmeansthe�le won't beaccessedin thisapplicationafterbeingclosed,is supported.

Return Value

Returns0 uponsuccessfulcompletion,otherwisereturns-1.
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Appendix C

Thr eadLog Viewer

C.1 Overview

ThreadLog Viewer(TLV) is a tracingtool for debugging/tuningmultiple threadedapplica-
tions. Themethodis to recordtheactivity of someor all of thethreadsin oneprocessand
visualizethe log �le in a graphicalinterface. With TLV, the following informationcanbe
obtained:

1. Thestartandendtimeof a calledroutine;

2. Thetotal number, total executiontime,anddistribution of acertainroutine;

3. Theconcurrency of routinesbetweendifferentthreadsin oneprocess.

TLV includesa TLV library and a viewer. The TLV library was developedwith C
language,while theviewer wasdevelopedwith Java language.
In orderto useTLV, four stepsarenecessary:

1. Includetheheader�le of TLV andinsertTLV API calls;

2. Compiletheapplication;

3. Runtheapplicationandcreatelog �les;

4. UseTLV to show thelog �le andanalyzetheexecutionof theapplication.

C.2 TLV API

1. TLV Initialize – Initialize TLV andopenTLV log �le;

2. TLV Finalize– FinalizeTLV andcloseTLV log �le;

3. TLV AddState– Add thestatesto berecorded;

4. TLV AddThread– Let certainthreadbelogged;

5. TLV Record– Recordthestateof currentthread.
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C.3 SampleSession

In thissamplesession,wewill show how to useTLV to recordandvisualizetheexecutionof
multiple threadedapplications.FigureC.1andC.2 includethesourcecodefor thesample
program,whichusesaparallelrandomsamplingsortalgorithmto sortanarrayof integers.

FiguresC.3,C.4,C.5,C.6,andC.7aresnapshotsof of thissamplesession.
Therearethreemodesof view:

1. Eventdurationview – Shows thedurationof every recordedroutine.SeeFigureC.3;

2. Event sequenceview – Shows the sequenceof every recordedroutine. SeeFigure
C.4;

3. Eventdistribution view – Showstheexecutiontimedistribution of recordedroutines.
SeeFigureC.5.

FigureC.6shows theeventsandtheir color representations.
A summaryview is providedto offer generalinformationaboutanevent. It is shown in

FigureC.7.
Threecommandsfor analyzingtheexecutionof aprocessinclude:

1. Totalduration– Obtainthetotalexecutionof acertainroutine;

2. Overlap– Obtaintheoverlaptime betweenroutines;

3. Singleduration– Obtainthedurationof singlecalledroutines.

Besidesthesecommands,TLV alsoprovidescommandsfor zoom-in,zoom-out,and
move view, in order to provide a more clear view. TLV can openmultiple log �les of
differentprocessesin differentwindows, thusmakingit easyto seetheinteractionbetween
processes.

Conclusion TLV is helpful in debugging/tuningmultiple-threadedprograms. With it,
someimportantbugs/bottlenecksin PDIOL wereremovedduringdevelopment.However,
TLV hasconsiderableroomfor improvement.Onepossibilitywould be to show thesyn-
chronizationbetweenthreads. Also, TLV cannotdetectthe context switch information
becauseTLV library is a user-level library. For example,TLV shows that two threadsrun
someroutinesconcurrently, andthereality is that they perhapsuseonly oneprocessorin-
terchangeably. Thus,thecurrentversionof TLV is only suitablefor applicationsin which
thereis nocompetionfor processors.
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1 /* TLV state and the name of the state */
2 enum tlv_states {INIT, INIT_END, P1, P1_END,
3 P2, P2_END, P3, P3_END, P4, P4_END };
4
5 char* tlv_state_names[] = { "INIT", "INIT_END", "Phase1", "P1_END",
6 "PHASE2", "P2_END", "PHASE3", "P3_END", "PHASE4", "P4_END" };
7
8 main(int argc, char* argv[])
9 {

10 int length, *arg, index, start, end, count, my_seqid;
11 char* cs;
12
13 over_sampling = atof(argv[3]);
14 length = atoi(argv[1]);
15 thread_number = atoi(argv[2]);
16 my_seqid = 0;
17
18 //TLV initalize
19 TLV_Initialize("psrs");
20
21 TLV_AddState(INIT, tlv_state_names[INIT],
22 INIT_END, tlv_state_names[INIT_END], TLV_RED);
23 TLV_AddState(P1, tlv_state_names[P1],
24 P1_END, tlv_state_names[P1_END], TLV_GREEN);
25 TLV_AddState(P2, tlv_state_names[P2],
26 P2_END, tlv_state_names[P2_END], TLV_BLUE);
27 TLV_AddState(P3, tlv_state_names[P3],
28 P3_END, tlv_state_names[P3_END], TLV_YELLOW);
29 TLV_AddState(P4, tlv_state_names[P4],
30 P4_END, tlv_state_names[P4_END], TLV_CYAN);
31
32 TLV_Record(INIT);
33
34 my_array.RandomGenerate(length);
35 my_array.divide(args_for_thread);
36
37 TLV_Record(INIT_END);
38
39 for(int i=1;i<thread_number;i++){
40 arg = args_for_thread + 3*i;
41 *arg = i;
42 pthread_create(&(threads[i].thread_id),NULL,s lave, (void*)arg);
43 }
44
45 arg = args_for_thread;
46 slave(arg);
47
48 for(int i=1;i<thread_number;i++) pthread_join(threads[i].thread_id, NULL);
49
50 index = 0;
51
52 for(int i=0;i<thread_number;i++){
53 memcpy(my_array.nArray+index,threads[i].loca l_array ,
54 threads[i].local_array_len*sizeof(int));
55 index = index + threads[i].local_array_len;
56 }
57
58 TLV_Finalize(); // Finalize TLV
59 }

FigureC.1: Parallel RandomSamplingSort – main Program.
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1 void* slave(void* args)
2 {
3 int* my_arg = (int*)args;
4 int seq = *my_arg;
5 int start = *(my_arg+1);
6 int end = *(my_arg+2);
7 int index,i,count;
8
9 pthread_t my_tid = pthread_self();

10
11 // only the child thread need to add thread to record as
12 // the main thread has done in TLV_Intialize
13 if(args != args_for_thread) TLV_AddThread();
14
15 TLV_Record(PHASE1_START);
16
17 myarr.quicksort(start, end); /* sort */
18 myarr.GetSampling(my_arg); /* sampling */
19 barrier(thread_number, AFTER_PHASE1);
20
21 TLV_Record(PHASE1_END);
22
23 if(seq==0){
24 TLV_Record(PHASE2_START);
25 sampling();
26 TLV_Record(PHASE2_END);
27 }
28
29 barrier(thread_number, AFTER_PHASE2);
30
31 TLV_Record(PHASE3_START);
32
33 index = start;
34 for(i=0;i<thread_number;i++){
35 int pivot;
36 if(i<thread_number-1) pivot = myarr.nPivots[i];
37 else pivot = MAX_VALUE;
38
39 count = 0;
40 while(myarr.nArr[index+count]<=pivot&&index+c ount<=e nd) count++;
41
42 if(count>0){
43 if((thrds[i].parts[seq]=(int*)malloc(sizeof( int)*co unt))== NULL){
44 printf("failure to allocate memory\n");
45 exit(1);
46 }
47 thrds[i].parts_len[seq] = count;
48 memcpy(thrds[i].parts[seq], myarr.nArr+index, count*sizeof(int));
49 index = index+count;
50 }
51 }
52
53 /* partition & distribute parts */
54 barrier(thread_number, AFTER_PHASE3);
55
56 TLV_Record(PHASE3_END);
57 TLV_Record(PHASE4_START);
58 myarr.mergePartitions(seq);
59 TLV_Record(PHASE4_END);
60
61 return NULL;
62 }

FigureC.2: Parallel RandomSamplingSort – slave Program.
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FigureC.3: Snapshotof Thr eadLog Viewer – Event Duration View.

FigureC.4: Snapshotof Thr eadLog Viewer – Event SequenceView.
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FigureC.5: Snapshotof Thr eadLog Viewer – Event Distribution View.

FigureC.6: Snapshotof Thr eadLog Viewer – Event Legend.
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FigureC.7: Snapshotof Thr eadLog Viewer – Summary View.
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