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Abstract

The performancenismatchbetweenstoragesubsystemandmicroprocessorsy computer
systemdorms a bottleneckin high-performanceomputing. The causedor the mismatch
arethelower bandwidthandhigherlateny of harddisk drivesascomparedo mainmem-
ory. Threetechniques- prefetching write-behind,and parallelism— are utilized to solve
this problem.

In this thesis we designandimplementa userlevel ParallelDisk Input-OutputLibrary
(PDIOL). The goal of PDIOL is to improve the performanceof sequentialapplications
throughtheparallelizatiorof I/O operationgcrossll workstationsn acluster Prefetching
andwrite-behindareusedin PDIOL aswell. We evaluatethe performancef PDIOL with
asuiteof applicationbenchmarksyhichincludegrep, sortandbzip2 Fromtheresultswe
nd that|/O-intensve applicationsbene t mostwhile computation-intenge applications

bene tleast,whichis consistentvith our intuition.
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Chapter 1

Intr oduction

In thischapterwe will rst discusghedevelopmentrendsin microprocessordarddisks,
andnetworks. Thetechniquesisedto make up for the increasingmismatchbetweerdisk
I/0 systemsaandmicroprocessorwill thenbe presentedFinally, we will introducea user
level Library for ParallelDisk Input-Outpuf{PDIOL), thatprovidesa UNIX I/O Application

Programmersnterface(API) for accessinges stripedacrossaworkstationcluster

1.1 Motivation

The mismatchbetweenthe storagesubsystenand CPU in computersorms a bottleneck,
especiallyin disk I/O-intensve applicationssuchastext retrieval systems.This mismatch
hasbeenincreasingever sincethe rst appearancef computers. Much of the effort in
storagedesignhasbeendevotedto nding waysof maskingthis enormoudliscrepang in
bandwidthandaccessateny. Thedemandor largestoragecapacityandhigh performance
in more and more data-intensie applicationsexacerbateshe problem. The introduction
of the high-speedwitchedlocal network createschallengesandopportunitiesfor storage
systems.In the following paragraphsthe developmentof main hardware component®of

the computersystemaredescribed.

1. Microprocessors
The improvementsin microprocessorsonformto Moore's Law, i.e., the transistor
densityroughlydoublesevery 18 months.Tablel.1 shavs the numberof transistors
in one microprocessorandthe processingpower of varioustypessincethe 1970s.
Moore's Law hasbeenmaintainedandstill holdstruetoday It is expectedo continue

to bevalid atleastthroughthe endof this decade.



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
Pentiumll 1997 7,500,000 300.00
Pentiumill 1999 28,100,000 733.00
Pentium4 2000 42,000,000 155.00
ltanium2 2002 291,000,000 6000.00

Tablel.1: The trendin the number of transistors and processingpower of Intel micro-
processorsThetableis adaptedrom [3].

2. Disk storagesystems

With thedevelopmentsn harddiskdrivesandharddisk drive connectionstheperfor
manceof disk storagesystemsn termsof capacityhasimproved continuallyoverthe
lastfew decadesFromthe 10MB harddisksinstalledin IBM/XTs in theearly1980s
to the current120GBharddisks,the capacityhasexpandedl2,000times— a factor
whichis evengreaterthanthe proportionaimprovementin microprocessorgverthe
sameperiod. However, thebandwidthand(especiallythe dataaccessateng, which
arelimited by mechanicatomponents- notablyspindlespeedandread/writehead
movement- hasnotimproved much. Table1.2 shavs the mostcommonPC spindle
speedsindthe averagerotationallateng in early2000[5]. From3,600RPM in the
early 1980sto the currently most popular7,200 RPM, the spindle speedhasonly
doubled. Evenfor the high-endSCSldiskswith 15,500RPM, the improvementis
only 5 times, comparedwith early 3,600RPM hard disks. The averagerotational
lateny of a15,550RPM diskis: 60 secondg 15500/ 2 = 1.93milli secondsCom-
paredwith the accesdateny of main memory which is tensof nanosecondg29],
themismatchis huge withouteventakinginto accounthespeef microprocessors.
Furthermoredisk headmovementlateny brings moreoverhead. The badnews is

thatthe performancef read/writeheadshasnotimproveda greatdealeither

Themechanically-relatedverheacdcauseslisk performanceo lag far behindmicro-



SpindleSpeed| AveragelLateny | 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

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

processors- asituationwhichis expectedo continuein the currentsituation.

3. Network systems

Switchedlocal areanetworks, suchas Myrinet [8], provide high bandwidthin the
hundredsof megabytes/seconthnge[29] — a ratewhich canscalefurther with the
numberof machinesin a network systems. Furthermorenenv network protocols
with lesscomputationabverheadandlower lateny (lessthanafew microseconds),
enablemachinego cooperatdo perform ner granularitywork thanpreviously. For
example, 178 Myrinet clusterswerelistedin the June2003TOP500List [23].

Suchinnovationsbring aboutnew challengesor storagesystemsFor example,only

afew workstationgrocessingnultimediadatacanover ow acentral le system.

4. Demandfrom disk I/O-intensie applications

I/O-intensve applicationssuchassatellitedataprocessingmedicalimagedatabases,
high-performanceelationaldatabasesiatamining, anddetailedscienti ¢ modeling
of comple phenomenanot only requirea hugecapacityto storedata,but alsohave
a needfor high-accesspeed.Disk I/0O systemanustbe designedo accommodate

suchrequirements.

1.2 Techniques

Amdabhl's Law tells usthatwithout trackingcomputingperformancedisk I/O systemawill
limit the improvementsto high-performancd/O-intensve computation.Thereareseveral

techniqueswvailableto addresghis problem:

1. PrefetchingandWrite-behind



Prefetchings atechniqueto delegatea proxy, suchasan operatingsystemto load
dataprior to processingt and write-behindis a techniqueto delegatea proxy to
storedataafter processingt. Throughprefetchingand write-behind,applications

canoverlapcomputatiortime with I/O waiting time, andpipelinel/O operations.

2. CachingandBuffering

Databufferedin cachescan be reusedwithout accessinglisks. However, this ap-
proachdependon the locality of dataaccess.For applicationswith poor locality,

buffering brings little or no bene t becausdew dataare reused. However, when
combinedwith prefetching,cachescanbe usedto buffer the datathatwill be used
andthusplay animportantrole, evenin applicationsvith poorlocality. Theprefetch-

ing andcacheapproacheseedto bebe consideredogether

3. ParallelismthroughDisk Striping

Throughdisk striping, a body of datais divided into blocksandthe datablocksare
spreadacrossseveral partitionson several hard disks. Disk I/O bandwidthcanbe
improved by utilizing the aggrgatebandwidthof multiple disks. At the sametime,
the decreasingprice of disksmalesit costeffective to utilize paralleldisk systems.

However, paralleldisk systemsaremorecomplex thansingledisk systems.

1.3 Parallel Disk Input-Output Library

With the developmentof commoditycomputerhardware and open-sourcesystemsijt has
becomecost-efective to utilize workstationclustersystemso implementa parallel disk
system[14, 10]. In this thesis,we implementa userlevel library for paralleldisk input-
output(PDIOL) on aworkstationcluster

Thecontrikutionsof thethesisinclude:
1. Implementauserlevel library basednthe UNIX API for paralleldisk input-output;

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

brary;

3. Experimentwith benchmarkinghe performanceof network and disk drives, and

benchmarkin@ndtuningthe performancef PDIOL.

The contentsof this thesisare asfollows: The backgroundknowledgeandrelatedre-

searchwill bediscussedh Chapter2. Thedesignandimplementatiorof the PDIOL will be

4



describedn Chapter3. In Chapter4, the microbenchmarkor PDIOL andseveral bench-
marksof real applicationswill be described.Chapters senesasthe conclusionandwill
discusspossibledirectionsof future research.The usageof the PDIOL library and APls
will be describedn AppendixA andAppendixB. During the developmentof thelibrary,
anauxiliarytool calledThreadLog Viewer (TLV) wasdevelopedto aid with tuning perfor

mance It will bedescribedn AppendixC.



Chapter 2

Background and RelatedWork

The gapbetweenthe performanceof microprocessoranddisk /0O systemscontinuesto
widen[12]. Improvementsn microprocessoraill resultin maginal performanceémprove-
mentsin overall systemperformancef thereareno accompaying improvementsin disk
I/0 systems.Oneof the mostimportantsolutionsto theseproblemsis that of distributing
data,for example,striping,acrosgaralleldisks.

In orderto improve paralleldisk storagesystemperformancemuchresearcthasbeen

donein thefollowing areas.

1. Increasingaggreatebandwidthfrom disksthroughparalleldisk systems;

2. Exploring I/O concurreng throughprefetching,combinedwith cachemanagement

andeffective schedulingof data-accestechniques;

3. Exploiting the parallelismof parallelstoragesystemswith parallel le systems.

In this chapter somebackgroundmaterialwill be presentegindsomerelatedresearch

will bediscussed.

2.1 Parallel Disk Systems

Like multi-processorsmultiple diskscanimprove capacity performanceandavailability
in storagesystems. Thereare two main kinds of disk parallelism: RedundantArray of

Independentor Inexpensve) 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 utilizesparallelismbetweermultiple disksto improve aggrgatel/O performance.



By striping dataacrossparalleldisks,RAID increaseghe bandwidthof disk systems.At
the sametime, RAID improvesreliability andavailability throughredundang RAID uses
device virtualizationto represeninternaldisksasa larger virtual drive, andthe sener and
applicationview the RAID systemasa singledisk system.Therearesesencon gurations
of RAID, rangingfrom RAID 0 to RAID 6, which differ in interlearing granularity their
algorithmfor redundang andtheir placemenof redundantiata. The 7 RAID levels are
shavn in Figure2.1.

AlthoughthedifferentRAID levelsareoptimalfor differentapplicationsRAID 5isone
of themostcommonimplementationsf RAID in themarket. By computinga parity block
andstriping dataacrossan arrayof disks,RAID 5 improvesthe bandwidthandreliability
of storagesystems.

However, RAID systemsmprove performanceprimarily by increasinghroughputvia
multiple read-writeoperations.For applicationswith a throughputbottleneck, RAID im-
provesperformance Exceptfor RAID level 0, which utilizes only the striping technique,
theotherRAID levelsmayincreasdhelateny of writing dueto the needfor morewriting
operationgor redundanyg, andthe computatioroverheador parity datageneration.

Anothershortcomingof RAID is thatthe le sener which manages RAID system
may form a bottleneck.If the speed-upf the disk arrayexceedsthe processingower of
the sener, the high performanceof RAID cannotbe deliveredto theclient side. It canbe
saidthat RAID is moderatelyscalable.For RAID systemsthe striping unit, which is the
maximumamountof consecutie dataassignedo a singledisk, is animportantcharacter
istic. Muchresearchl6, 36, 15] hasbeendoneon how to selectappropriatestripingunits,
accordingo theworkload.

By striping dataacrossworkstationclusters,PDIOL implementsa kind of RAID 0
library andutilizesthe aggrgyatebandwidthof multiple disks. Note that PDIOL doesnot

currentlysupportredundang

2.1.2 Network Storage

Thedemandor high-performancestorageandtheintroductionof high-speedwitchedlo-
cal areanetworksbring aboutthe useof network storage By comparinghe network speed
anddirect-attachedlisk speedwe candraw the conclusiorthatby distributing dataacross
a bundle of storageseners connectedn a network, storagesystemperformancecanbe
improved. At the sametime, scalabilityandreliability canalsobeenhanced.

Thearchitectureof the network storagds shavn in Figure2.2.



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

P Algo. Q Algo.

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

Figure2.1: RAID level 0 - RAID level 6 data distrib ution.
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Figure2.2: Ar chitecture for the network storage.
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The StorageArea Network (SAN) andNetwork AttachedStorage(NAS) [20, 19, 21]
aretwo approacheto network storage.SAN is a network of disksthatinteractwith a le
sener via SCSloperationsacrossa network andNAS is a setof disk senersthatinteract
with otherservicewia le systenmpperatioroveranetwork. Thedifferencebetweerthemis
thatNAS systemsffer le systemfunctionalitywhile SAN systemado not. SAN systems
aremorelike traditionalattachedlisks,while NAS systemgsesembletraditionallocal le
system.Usually NAS systemsaarebuilt uponSAN systemshowever, it is worthnotingthat
thereis considerableross-deelopmentbetweerSAN andNAS.

Comparedwith direct-attachedtorage(DAS) systemswheredisksare attachedo a

singlesener notvia a network, network storagehasthefollowing advantages:

1. Scalability.All thestoragesenersin anetwork storagesystenmareconnectedhrough
a Local AreaNetwork (LAN). In theory thereis no limit on the numberof storage
seners. A traditional DAS system,however, hasa limit on the numberof devices

thatcanbeattachedo atypical sener (i.e., limited numberof SCSlports).

2. Availability. Theavailability in anetwork storagesystemis inherent.With redundant
storageseners,network storagecanmaintainhigh availability, sincea failed sener

doesnot preventothersenersfrom accessinghe samedisk acrossa network.

The main disadwantageof network storagesystemss their compleity. In additionto
thecomplity of thedatanetwork, network storagesystemsiave to addresproblemssuch

as, dataintegrity afterfaultsand dataconsisteng amongstorageseners. Much research



hasbeendoneon network storagesystemsn termsof performancemprovement.
Gibsonetal. [20] proposed Network-AttachedSecureDisk (NASD) storagearchitec-
tureto shortenthe datatransfempath. Theideaof utilizing the aggrgateprocessingpower
of networked diskswasproposed34]. With on-drive processingandsoftwaredownload-
ability, the disks can executeapplication-lgel processingand reducedatatrafc. This
techniqueis especiallyusefulfor somebasicdataprocessingasks. A kernel-basedhet-
work memorysystemwasalsodeveloped[6]. It manageshe memoryof clusternodesasa
sharedlistributedpagecachein thekernel,andimprovesdata-intensie applicationsy re-
placingdisk I/O operationsvith memory-to-memoryransferacrossa high-speechetwork.
Implementinga storagenetwork on a workstationclusteris alsopossible.A worksta-
tion clusterbasedstoragenetwork hasseveral advantages:maximizingthe utilization of
the disksin a workstationcluster;usingthe main memoryin the workstationsas caches
andreplacingdisk I/O operationsvith memorycopy; andimproving the utilization of idle
workstationgn thecluster Theincreasingnetwork bandwidthandnew protocols[8] malke

this approactfeasible.

2.2 Prefetchand CacheManagement

Throughprefetching,the lateny of disk dataaccesgime canbe overlappedwith com-
putation. Especiallyfor sequentiabpplicationsit is dif cult to utilize the parallelismof
paralleldiskswithout prefetching sincethereis alwaysonly onel/O operationin progress.
Sinceprefetchedlatamustbe storedin cachesthesetwo techniqueshouldbe considered
togetherWith paralleldisk systemscachemanagemerntbecomesnorecomplex [24].

In theory prefetchingcanbe doneon threelevels:

1. Theapplicationlevel. With asynchronou#O commandsapplicationscanprefetch
data.Theadwantageof this approaclhis thatonly the dataneededwill be prefetched.

However, this approacltreatesurdensfor the applicationdeveloper

2. The le systemlevel. Aimostall le systemsprovide somekind of prefetchingalgo-
rithm. However, without accurateaccess-patterrisformation,it is ratherdif cult to
prefetchdataprecisely How to provide aninterfaceto passapplicationaccess-pattern
informationto le systemsandhow to utilize suchinformationremainimportantre-

searchopics.

3. Thestoragesystemlevel. Thediskshave no knowledgeof the datadistribution. One
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caseis that adjacentblocks on the storagesystemdo not necessariljoelongto the
same le or object. Thus, the storagesystemcannotprefetchdatafor sequential

accesslet alonefor amorecomplex accesgattern.

It is critical for le systemsto know the accessatternsof applicationsin orderto
prefetchdataprecisely In the following section,we will review someresearcihon how
le systemautilize accespatterndo prefetchdata,andhow applicationgasssuchaccess-
patterninformationto the le systembelow.

Therearethreewaysfor le systemgo obtainaccesgatterns:

1. Predictionfrom pastaccesgpatterns.

All le systemshave somemechanisnfor deducingaccesatternsirom pastdata
accessegndfor predictingfutureaccessesrl his approachs completelytransparent
to applicationdevelopers.However, mostof themfocusonly on sequentiaprefetch-
ing. For example,if block N andN+1 of a le have beenreferencedblock N+2 will

be prefetched. Although le systemswhich predictmore complex accesgatterns
exist [26, 22], without hints from applications thesesystemmay not prefetchdata

correctlyandmayreduceperformance.

2. Application-provided accesgatterns.

Application developersmay know the prefetchaccesgatternsof their programsn
detail. Throughhints, suchinformationcanbe passedo le systems.With the ad-
vanceknowledge of future referenceCaoet al. [13] proposeda two-level cache
managemenstratgy. In the kernel,an algorithmcalled LRU-SP (Least-Recently-
Usedwith Swappingand Placeholder)s usedto managethe cacheamongmulti-
ple processesWith a policy namedcontrolledaggressie policy, eachprocesauses
application-speci dnformationto managets own cachingandprefetching A proto-
type le systemApplicationControlledFile System(ACFS),utilizing thisalgorithm
wasimplementedHowever, this algorithmdoesnot addresgheissueof unbalanced

disk workload.

In InformedPrefetchind33], a cost-bene tanalysianodelis usedto allocatebuffers
amongthreecompetingdemandsprefetchinghintedblocks, cachinghinted blocks
for reuse andcachingrecently-usediatafor unhintedaccesse®Differencedetween
Informed Prefetchingand ACFSinclude: (1) Differentlevels of abstractions.The

hintsin ACFSspecifytheto-be-prefetchethlocksand les, while hintsin Informed
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Prefetchingspecifythe accesgatternof les. (2) Informed Prefetchingaddresses
the problemof how far aheada prefetchshouldbe done,with respectto a certain
diskworkload,while ACFSfocuseson prefetchingandcachingaccordingo thedata

block assessequence.

Collaborationamongresearcherfl3, 33, 24] hasbroughtaboutmore adwancedal-
gorithms. In Kimbrel etal. [24], four algorithmsare comparedunderthe multiple
disk environment,in which a singleprocesss runningwith full advanceknowledge
of referencesThe rst threealgorithmspresentedre: x edhorizon[13], aggressie
prefetchingandreverseaggressie prefetching13]. Thereverseaggressie prefetch-
ing algorithmworks bestunderdifferentsituationsbut needsto knowv the complete
accessequencén adwance. Forestall,a nen algorithmwhich combinesthe above
threealgorithmsis then proposed. The idea behindforestallis that, throughesti-
matingthe point to prefetch,the shortcomingsof aggressie prefetchingand x ed

horizonareovercome.

3. Compilerfoundaccespatterns

Mowry etal. [28] usedcompilertechnologyto staticallydervethe le accespattern
especiallyfor loops and issueprefetchingcommandsaccordingly The compiler
OS, and a run-time library cooperateo make prefetchingwork. A. Brown et al.
[11] improvedtheearlierwork [28] by letting applicationgeleasgagespro-actvely,

whichis bettercachemanagement.

Yangetal. [39] proposeamethodto dynamicallyprefetchthroughaprefetchinghread.
Their methodcorvertsoriginal sourcecodeinto a computatiorthread,which executesall
theinstructionsof theoriginal program anda prefetchthread which executesonly thedisk
access-relatemstructions. At run-time,the prefetchthreadrunsfar aheadof the compu-
tationthread,andprefetchesll datablocksinto the cachebeforethe computatiorthread.
Althoughlimitationsexist becaus®f the compleity of data-dependep@nalysistheidea

is distinctfrom thatof prefetchingwith knowledgeof accesgatterns.

2.3 Parallel File Systems

In termsof level of abstractionPDIOL is mostcomparabldo otherparallel le systemso
we make moreexplicit comparison®etweerPDIOL andtherelatedwork in this section.

Throughparallel le systemsthe parallelismof network storagecanbe exposedand
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utilized. Fromthesimplestle sharingsystemNetwork File System(NFS),to morecom-
plex systemssuchasVaxClusterg25], therearemary kindsof parallel le systemsWith

respectto granularity VaxClustersallows block-lesel striping in a clusterervironment,
while themountunit of NFSis adirectoryand les cannotspanover multiple workstations.
Althoughmuchresearctil4, 10, 7] onparallel le systemssin progresstherearenostan-
dard,widely availableparallel le systemson Linux operatingsystems.Here,we discuss

ses/eraltypical parallel le systems.

2.3.1 Network File System(NFS)

TheNFS le systemis the mostcommondistributed le systemin the UNIX world. NFS
usesa basicclient-serer approachandhasthefollowing limitationsfor high-performance

computation.

1. Coarsegranularity. Although NFS distributesa le systemacrossmary senersby
partitioning directory trees,a le is alwaysat one sener, thereforea hot spotcan

developfor asingle le.

2. Weak cacheconsisteng In NFS, the client is responsiblefor cachingdata. No
consisteng is guaranteeéisNFS doesnot de ne strict semanticgor the cachecon-

sisteng amongclients.
Unlike NFS,PDIOL alwaysspansasinglelogical le acrosamultiple clusternodes.

2.3.2 SewerlessNetwork File System(xFS)

XFS[7], asenerlessnetwork le systemsasbeenproposedWithoutacentralizedsener,
xFStriesto breakthebottleneckof traditionalcentralizedle seners.Thetechniquesised
in XxFSinclude: distribution of the control of le systemmetadatecontrol over systems;
implementatiorof a software RAID acrossstorageseners; andutilization of cooperatie
cachingto form aglobal le cache.

ThedifferencebetweerxFSandPDIOL is thatwhile xFS providesacompletele sys-
tem,PDIOL providesa simpleuserlevel library to utilize paralleldisksover aworkstation

cluster

2.3.3 Parallel Virtual File System(PVFS)

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

Laboratory Its goalis to provide high-speedle dataaccesdor parallelapplicationsanda
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| [ NFS | xFS | PVFS | GPFS |  PDIOL

Interface (O oS (O (O Userlevel API
Deployment || InsideOS | InsideOS | InsideOS | InsideOS | Userlevel library
StripingFile N Y Y Y Y

MetaData N/A Distributed | Centralized| Distributed N/A
Supportconcu- Y Y Y Y N
rrentprocess
Sharedisk N N N Y N

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

clusterwide consistennamespace.lt is designedasa client-serer systemwith multiple

seners. Theclientinteractswith a PVFSsener throughthe PVFSlibrary. In thisrespect,
PDIOL is similarto PVFS.However, the goal of PVFSis to improve the accesspeedor

parallelapplicationghrougha concurrentead/writeinterface,while PDIOL is designedo

improve the performancdor sequentiabpplicationsin PVFS,a singlemanagers respon-
sible for the PVFS le metadatawhich describethe characteristice®f a le, suchasthe

physicaldistribution of the le data. Thedistribution andstripesizearespeci ¢ to certain
PVFS les, providing more e xibility thanPDIOL.

2.3.4 GeneralParallel File System(GPFS)

GPFS[35] for Linux is a shared-diskle system(i.e. SAN), which hasbeenrun on IBM
RS/6000SP and provides an interface as closeas possibleto the standardUNIX 1/O le
interface. It usesa data-stripingechniqueo distribute dataacrosamultiple disksandmul-
tiple nodes,andto improve /0O performancehroughprefetchingandwrite-behind. With
distributedlocksandcentralizednanagemerfor consisteng of le dataandmetadataon-
sisteng, it achievesdataconsisteng amongmultiple nodes.ThedifferencebetweenGPFS
andPDIOL is thatthe nodesin the GPFS le systemsharecommondisk poolsconnected
througha SAN, and every node hasequalaccesgo every disk, whereasevery node of

PDIOL hasits own local le systemandcannotaccesslisksof othernodesdirectly.

2.3.5 Concluding Remarks

Thedifferencesdetweertheabove le systemsandthe PDIOL library areshavn in Figure
2.3andTable2.1
AlthoughPDIOL is implementecht userlevel andlackssome e xibility andfunction-

alities, the userlevel propertymalesthe implementatioranduseof PDIOL simple,asit
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Figure2.3: Comparison of architecturesof GPFS,PVFS,xFS,and PDIOL.

doesnotrequirekernelmodi cation.
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Chapter 3

Designand Implementation

3.1 Overview

PDIOL is a userlevel library in C for improving the I/O performanceof sequentiabp-
plications. It improves|/O performancan two ways: improving effective bandwidthby
stripingdatasetsacrossaworkstationcluster andreducingdisk /0O operation$y utilizing
the buffers of multiple computers.With prefetchandwrite-behind,PDIOL delivershigh

performancdo applications.

Themaindesigngoalsfor PDIOL areto:

1. Improve disk I/O bandwidthby striping dataacrossparalleldisksin a workstation

cluster;
2. Decreasealisk /O lateny with prefetchingcaching.andwrite-behind;

3. Provide goodusabilitywith aUNIX /O APl wrapper (AppendixB).

3.2 Architecture

PDIOL consistsof two parts— a PDIOL library and PDIOL agents(local andremote)—
which areshavn in Figure3.1. The PDIOL library implementsoutinesfor PDIOL cache
managemerandcommunicationPDIOL applicationsheedio be compiledandlinkedwith
thePDIOL library in orderto utilize the prefetchability of PDIOL. Thedatapathsbetween
remotedisksandPDIOL applicationsareshavn in Figure3.2.

The PDIOL cacheis a large partition of memoryallocatedin userspace,and stores
datareadfrom remoteagents.The size of the PDIOL cacheis currentlycon guredto be

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

[ PDIOL Application User Spa(% [ Remote Agent User Space]
PDIOL Cach
i Myrinet

[ Kernel Space ] | Kernel Space]

Hard Disk Hard Disk

Figure3.2: The PDIOL data path.

PDIOL cacheis dividedinto x ed-sizecachepagesgachwith a size of 64KB, which are
managedia acachepagetable.Wewill discusshecachepagesn Section3.4.2.0nly les
locatedon remotedisksarecachedn the PDIOL cache.Dataof the les onthelocal disk
aremanagedy the local operatingsystems le system.Whenaccessingles on remote
disks, PDIOL applicationscall PDIOL library functionswhich, in turn, sendrequestdo
remoteagents.Uponarrival, fetcheddataarestoredin the PDIOL cache.Whenaccessing
les onthelocaldisk, PDIOL applicationsbypasshe PDIOL cacheby callingthestandard
I/O APIsdirectly.

In thefollowing discussionye will usea samplePDIOL logical le mydir/mypdiol le

with PDIOL applicationperatingonit.
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@/ mydir/mypdiolfile.abcd0
brule-m-a I
mypdiolfile.abcd!
Compute node
" brule-m-f \/: mydir/mypdiolfile.abcd1
: brule-m-b .
mypdiolfile.abcd
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mypdiolfile \ . D
yp . : mydir/mypdiolfile.abcd2
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: brule-m-c |——| .
‘ mydir/ block 2] block 6]block 19 ..
mypdiolfile.abcd
@/ mydir/mypdiolfile.abcd3
brule-m-d .
mypdiolfile.abcd

Figure3.3: PDIOL data distrib ution 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, asshavn in Figure3.3. The partitioningof alogical le into mary
physical les is analogougo RAID 0 systems.The numberof sub- les is determinecdby
the PDIOL con guration le $HOME/PDIOLconf The datadistribution, namingscheme,
andPDIOL logical le propertyarediscussedbelon. We assumehatthe computingnode

is brule-m-fandthe datanodesarebrule-m-a brule-m-h brule-m-¢ andbrule-m-d

3.3.1 Data Distrib ution

Thedatain aPDIOL logical le aredistributedcyclically to multiple sub- les residingon
differentdisks,asshavn in Figure 3.3. With this distribution scheme sequentiahccess,
which occursin mostcasescanobtainmaximalconcurreng. Thereasorfor thisis thatthe
sequentiabccespatterncanprefetchandpipelinethe dataaccesdo multiple disks,when
dataare distributed over disksin this way. The block size of distribution affects concur

reng/: abiggerblock sizeresultsin lessconcurreng but alsoincurslessperblock cache
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managementverhead. In one extremecase,if the block sizeis the sameasthe size of
a le, sequentiabccesawill getno concurreng. In our implementationwe used64KB
asthe block size— a valuewhich is the default soclet send/receie buffer size— andhad
reasonabl@erformanceesults.The PDIOL cachepagesizeis the sameasthedistribution

block size,which makesmappingthe PDIOL cachepagedo diskseasyto do.

3.3.2 Naming Scheme

In orderto simplify the implementationall the sub- les of onePDIOL logical le reside
in the samelocal- le-systempaths,with the samenameasthe PDIOL logical le. In the
exampleshovn in Figure 3.3, the nameof the PDIOL logical le is mypdiol le in the
directorymydir/ The datanodesconsistsof brule-m-ag brule-m-h brule-m-candbrule-
m-d Thesub- les arenamedmypdiol le.abcdQ mypdiol le.abcdl mypdiol le.abcd2and
mypdiol le.abcd3 andresidein mydir/ of brule-m-ato brule-m-d respectiely. Sincethe
namesof sub- les encodeinformation aboutthe PDIOL logical le, remotedisks, and
distribution sequencetherewill be no namecon ict for differentPDIOL logical les and
distributions. Thus,thisnamingschemenalesit corvenientto detugthePDIOL library on
a singlecomputer To openthe le on brule-m-f the applicationwould call, for example,
pdiol_open(’mydir/mypdiol le”, O_RDONLY)

3.3.3 PDIOL Logical File Property

In PDIOL, thereis no explicit metadataassociatedvith eachPDIOL logical le, which
makesPDIOL easyto implement. The PDIOL logical le hasthe sameproperty— suchas
ownershipandaccessime —asthe rst sub- le. Thesizeof aPDIOL logical le isthesum

of the sizesof all sub- les.

3.4 In-Memory Data Structure and CacheManagement

In this section severaldatastructuresyith which PDIOL les andPDIOL cacheareman-

agedwill beshavn in detail. Thealgorithmfor cachemanagemeris givenaswell.

3.4.1 In-Memory Data Structure

Themainin-memorydatastructuref the PDIOL library are(asshavn in Figure3.4):

1. ThePDIOL logical le table.ThetablestoresPDIOL logical le propertiessuchas

le path,size,and le position.
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PDIOL logical file table

Cache page table Hash table
Path: mydir/mypdiolfile -
Mode: E/ v inode: 573471 Page pointer
inode: 573471 Paggio ) Page pointer]
access_pattern: SEQUENTIAL| fip_index: 0 »
hint: PREFETCH flag:USED Page pointer2
fpos:0 offset:0 -
fzize: 1234567bytes hash_prev.... Page pointer3
cache_head———m——— hash_next....
cache_tail: prev.:NULL
in_cache_pages: 2 next: -
prefetch_start:0 rw_prev:...
window_size: 64 pages rw_next...

Suppose hash(57371, 1) == 1, then
the page pointer of hash cell 0
points to page 1.

] - — inode: 573471
Path: mydir/mypdiolfile2 page:1

Mode: "w"

inode: 573473 I:ZalzdseéDo The size of hash_ table can be less
access_pattern: SEQUENTIAL| offset:0 or equal to the size of cache page table
hint: POSTWRITE hash_prev:...

fp_OS:O hash_next:...

fsize: O bytes prev:

cache_head: null next:NULL

cache_tail:null;
in_cache_pages: 0
prefetch_start:0
window_size: 64 pages

wW_prev:...
rw_next...

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

2. Thecachepagetable. Thepagetablefor the PDIOL cachepages.

3. The hashtable. The hashtable providesa fastway to nd pagesthrough le de-
scriptorandpageindex. The cell of the hashtable storesthe pagepointerpointing
to apagewhosehashvalueis theindex of the hashtablecell. The hashcon icts are

handledby chaining.

Sinceremoteagentonly read/writeaccordingo therequest$rom thecomputingnode
anddo not have a PDIOL cachemanagementnechanismthe cachepagetableandhash
table exist only on the computingnode, andthe Linux buffer cacheperformsthe cache
managementntheremotenodeq9]. ThePDIOL logical le tableexistsonall remotel/O

nodesandthe computingnode.

3.4.2 CacheManagement

Prefetchingand cachingshould be consideredogetherbecauseprefetchingmust cache
prefetcheddata. Several pagereplacemenalgorithmsexist: First-In, First-Out (FIFO),

SecondChanceClock Page,andLeastRecentlyUsed(LRU) pagereplacemenalgorithm
[37].

In PDIOL, we selectedthe SecondChancealgorithm becauseof its small overheadand
easyimplementationSinceour experimentsvith PDIOL emphasize xibility anddiver

sity with respectto prefetching,insteadof cachemanagementyur experimentusesonly

the SecondChanceReplacemendalgorithm,with which we achiere satisactoryresults. If
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(On file page list)

Figure3.5: PDIOL cachepagestatetransition.

multiple les areopenedthe SecondChancealgorithmwill be appliedglobally acrossall
open les.

The cachemanagemendtructurels describedelown. Figure3.5 shaws the statetransi-
tion of thePDIOL cachepagesEachof the ve statef Figure3.5correspondso alinked
list.

Four kinds of lists — the free pagelist, thereadlist, thewrite list, andthe le-page lists
— areusedto groupthe PDIOL cachepages.The Freepagesbelongto the free pagelist.
The Pending Read pagesbelongto boththereadlist and le-page lists. Pending Write
pageselongto thewrite list and le-page lists. Clean andDirty pagedelongto le-page

listsonly.

1. Thefreepagelist (A), which containsall pageghatdo not belongto any openedle.
After theinitialization of the PDIOL environment,all PDIOL pagesareon this list.
Whena le is closed,all its pageswill be puton this list by the functionFileClose
Whenonepageof a le is accessefbr the rst time, thepagewill beallocatedrom
this list by the function GetPage whenthe datais not bufferedin the free pagesor

reclaimedby thefunctionReclaim, whenthedatais bufferedin thefreepages.

2. Thereadlist (B), which containsall the pageswhich arein Pending-Readstateand
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to beprefetchedTheto-be-prefetchepageis putontheprefetchlist by thefunction
Prefetch After beingRead the pagewill changedo Clean state.The pageon the
readlist maybe movedto thefree pagelist by the functionRe lIFr eewhenthefree

pagelist is emptyandhigherpriority requesie.g.demand-readequestprrives.

3. Thewrite list (C), which containsall thepageswvhich arein Pending-Write stateand
to bewritten outto remotenodes A to-be-written-behingageis putonthewrite list
by the function WriteBehind. After SynchronousWriting , the stateof the pageon

write list will bechangedo Clean.

4. The le-page list (D), which containsall the pagesof an openedle. It includes
Pending-Readpage, Pending-Write page,Clean page,and Dirty pages. Every
PDIOL le hasits own le-page list.

Therelationshipdetweerthemareasfollows:

1. . This meanghatpagesn thefree pagelist do not belongto
ary open le;

2. = empty No pagescanbewritten outandreadin atthe sametime;

3. . Only pageselongingto anopenedle canbereador written out.

3.5 Communication Mechanisms

As shavn in Figure 3.6, PDIOL applicationscommunicatewith remoteagentsthrough
soclets. Eachremoteagenthastwo soclets connectedo the PDIOL application. One
soclet, the control soclet, senesasa channelto transfer le managementommandsor
other systemcommands. Another soclet, the datasoclet, senes as a channelthrough
which datapagesof PDIOL logical les aretransferredIf thereareN remoteagentsthere
are 2*N socletson the PDIOL applicationside, andtwo soclets on every remoteagent
side.Commandmessagebave high priority andareoftensmallmessageghey shouldnot
beblocked by long datamessages.

In PDIOL, we selectedhe TCP-basedatonnection-orientedoclet, insteadof a UDP-
basedtonnection-lessommunicatiormechanismThereasoris thatwith Myrinet, ahigh-
performancenetwork, bandwidthand lateny over the network is no longeras much a
bottleneckasit is with disk I/O operations.Although TCP hasa little higheroverheadit

is still suitablefor PDIOL implementation. Furthermorejf we useUDP, PDIOL hasto
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Figure3.6: Socketsbetweenthe PDIOL application and remoteagents.

reimplemensomeof the buffering functions(e.g.retransmitlof TCPin orderto make sure
thedatawill besentreliably, makingPDIOL morecomplex to implement.
ThemessagebetweerPDIOL applicationsandremoteagentsanbedividedinto three

groupswhich aretransferredhroughdifferentsoclets:

1. Systemcontrol/statusnessagesyhich carry systeminitialization/termindon com-

mandsandsystemstatusnformation,aretransferred¢hroughcontrolsoclets;

2. File control/statusnessagesyhich passinformationabout le 1/0 commandsand

le statusnformation,aretransferredhroughcontrolsoclets;

3. Datamessagesyhichcarry le data,gothroughdatasoclets.

3.6 Prefetchingand the Local Read Agent

Prefetchings themostimportanttechniquan PDIOL. This sectionwill detailthewindow-
basedprefetchingalgorithm. The local agent,which prefetchegpagesaccordingto the

algorithm,will bediscussedswell.

3.6.1 Prefetching

PDIOL provides an API for enablingsequentiaprefetching,throughwhich PDIOL ap-
plicationsenableprefetchingfor certain les. For sequentially-accesgeles, the default

prefetchingalgorithmis a window-basedprefetchingalgorithm. The algorithmwaorks in
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the following way: Supposethe window size is W pagesand the referencesequences
If isthecurrentlyaccesseghage,the pagesfrom page to
page will be prefetched Whenselectingthe window size,several factorsneedto

beconsidered:

1. Thenumberof disks.

If thereareN disks,the window size shouldnot be lessthanN in orderto obtain
maximalconcurreng. For example,if pagel is currentlyaccessedndthe window

sizeis N-1, pageN will notbe prefetchedanddisk N isidle.

2. Lateny of messag@assing.

Thewindow sizeshouldbe big enoughin orderto hidethelateny of messag@ass-
ing, especiallysincethe lateny of messagepassingbetweentwo userlevel pro-
cesse®n differentworkstationsis so high. Thus, even I/O-intensve applications
which do not bene t from overlappingcomputationwith communication can still
bene tfrom alargewindow size,via pipeliningandparallelizingdisk accessesT his

canbedemonstratetly the micro-benchmarkesultsin Chapter4.

3. Freebuffer size.

If the numberof free pagesn the systemis small,a largerwindow sizemay deteri-
orateperformanceyy evicting pagesheforethey areused,dueto pagereplacement.
Therefore thereare factorsthat force a lower and an upperboundon the window

size.In practiceonehasto nd theoptimalwindow size.

3.6.2 Application-side Read Agent

Theapplication-sideeadagentis responsibldor readingdatafrom datasoclets. Prefetch-

ing is donein thefollowing stepsasshawn in Figure3.7.

1. The PDIOL applicationsendsa prefetchmessagdo a remoteagentthrougha data

soclet;

2. Thereadagenton a datanodereadsthe pagefrom thelocal physical le andwrites

to datasoclets;

3. If a PDIOL applicationis waiting on the page,it will be signaledvia a wakeup
message.lf no PDIOL applicationis waiting for it, the readagentwill leave the
prefetchedlatain the PDIOL cache.
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Figure3.7: Flowchart of prefetchingand write-behind.

ThePDIOL applicationsendganary prefetchmessage&ependingn thewindow size
andthe userprefetchingcommand)at one time. The prefetchingoperationsof the read
agentcanoverlapwith the PDIOL applications computation.Evenif thereis no overlap
betweencomputationand communication the prefetchingcan still greatly decreasdhe
lateny by pipeliningandparallelizingdisk accesses.

To male surethat remoteagentsstartprefetchingasearly aspossible,it is necessary
to sendprefetchmessageswvithout ary delayon the part of the buffer of the soclet. The

TCP_.NO_NODELAY optionis appliedto the socletsto passprefetchingnessages.

3.7 Write-behind and the Application-side Write Agent

The datacan be written to disk two differentways— synchronousvrite or asynchronous
write. A synchronousvrite function blocksuntil the writing is completedwhile anasyn-
chronouswrite function delegatesthe writing to a proxy and returnsimmediately The
lateny of synchronousvritesdatato diskis very high. Traditional le systemsaddresshis
problemwith asynchronousvrites or write-behind. With write-behind,applicationswrite
datato buffersin mainmemory andcontinuerunning. Thedatain the buffer will bewritten
to disk lateron by thelocal/remotele systemsThelateny of writing is thushiddenfrom
applications.

PDIOL needdo addresghe lateny of writing aswell, especiallybecausehe lateng
of writing to remotedisksis higherthanthatof writing to local disks. Figure3.7 shovs the
o wchartof write-behindimplementedn PDIOL.

In PDIOL, write-behindis implementedn two ways:

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

to theremoteagentiater

2. Thelocal write agentwill delaysendingdataof a temporary le to remoteagents
until thecachepageof thetemporaryle areevicted. If thetemporaryle is created,
accessedandthendeleted the dataof a temporaryle may not have to written out

to remotedisksat all, andthe amountof datato betransferredlecreases.

Oncecreated the local write agentkeepscheckingthe write list. If the write list is
notempty it sendshe pagesonthewrite list to theremoteagents.The PDIOL application
communicatewith thelocalwrite agenthroughPthread38] signals.Whenthewrite listis

empty thelocal write agententersa waiting stateuntil signaledoy the PDIOL application.

3.8 RemoteAgents

Remoteagentsresideon remoteworkstationsand processequestdrom PDIOL applica-
tions. They do not have their own cachemanagementechanisma&ndrely on local le
systemsto provide prefetchingand write-behindabilities. Remoteagentsprocessthree

kindsof requests:

1. File datareading/prefetchingriting;

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

operations;

3. PDIOL system-lgel operationsincludinginitialization and nalizing.

In orderto give higherpriority to the lasttwo kinds of requestsandto provide a clear
interface,every remoteagentspavns a read/writedaemornwhich only reads-from’ writes-
to a datasoclet. The mainthreadof aremoteagentis responsibldor le level operations
andotherPDIOL system-lgel operations.In this way, the bulk datatransferof les will
notblock the processingf higherlevel operations.

Processingommand$rom the PDIOL applicationconsistof thestepsshavnin Figure
3.8.

1. Whenaread/writedaemorrecevesa prefetchingnessaget putsit into the prefetch-

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

2. Whenaread/writedaemorrecevesa demand-readhessaget will checkwhetherit
is in the prefetchlist or not. If it is, it will remove the pagefrom the prefetchlist. It

thenreadsdatafrom local sub- les andwrites datato thedatasoclet;

3. Whena read/writedaemonreceves a write messageit will readdatafrom a data

soclet andwrite datato local sub- les;

4. Whennoincomingmessagarrivesandthe prefetchindist is notempty aread/write
daemonwill obtainone pagefrom the prefetchlist, readit from local sub- les, and

write it to thedatasoclet.

Only whenthereis no demand-read/writnessagewill anagentread/writedaemon
processa prefetchingmessageas demandread/writerequestdhave higher priority

thana prefetchingequest.

Themainthreadsynchronizesvith theread/writedaemorthroughPthreadsignals.
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3.9 Concluding Remarks

In this chapter we discussedhe architectureof PDIOL, which includesthe PDIOL li-
brary, local agents,andremoteagents. The datastructureand cachemanagemenin the
PDIOL library wereexaminedin detail. The communicatiormechanismimplementation
of prefetch,write-behind,andremoteagentsvereanalyzedaswell. With the cooperation
betweerPDIOL applicationsandremoteagentsthe aggrgatebandwidthof paralleldisks
overaworkstationclustercanbeutilized. In thenext chapterwe will evaluatePDIOL with

microbenchmarkandrealapplications.
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Chapter 4

Performance Evaluation

In this chapter we will evaluatethe ideasof prefetchingand disk parallelismasimple-
mentedin PDIOL. As the goal of PDIOL is to overcomethe I/O bottleneckby increasing
thebandwidthanddecreasinghelatengy of disk systemswith disk parallelismwe planto

conductexperimentsn thefollowing way:

1. Wetestthebandwidthandlateng of thenetwork andthedisksin thetestbedo shav
thefeasibility of PDIOL;

2. We usemodi ed versionof cat andgrep, which arel/O intensve applicationsand
sortandbzip2 whicharecompute-intense applicationsto evaluateandanalyzethe

performancef PDIOL.

With PDIOL, cat and grep eliminatemuch of the I/O waiting time and obtaina speedup
of 2.6 with 4 remotedisks,while sort andbzip2gaina maginal speedubecausef their
already-lav I/O waiting times. Fromtheresults we canseethatl/O-intensive applications
gain more bene t, while compute-intense applicationsbene t less— a resultwhich is
consistentith our intuition.

In orderto give a clearview of the experimentsTable4.1 summarizeshe purposeand

theresults.

4.1 Experimental Testbed

Ourtestbeds aworkstationclusterwhich consistsof 8 nodesconnectedy a Myrinet net-
work. Eachnodehasdual800MHz Pentiumlll processorss12MB (ECC)mainmemory
anda 18 GB SCSldisk (Seagatel8.4GBBarracuddJSCSI ST318416W) Note that the

PDIOL usesmultiple threadsfor agentsput the applicationsaresingle-threadedThe de-
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| Exp. | Benchmark | Result Note |

1 | The bandwidth and | Figure4.3and4.4 Network bandwidth and lateny
lateny of disk ac- shouldbe betterthandisksto sup-
cess porttheuseof PDIOL.

2 The bandwidth and | Figure 4.5, 4.6 and | Since the network is fasterthan
lateny of the net- | 4.9 disks,PDIOL canbeuseful.
work

3 | mycat and PDIOL | Figure4.12and4.15, | PDIOL improves performanceby
mycat Table4.3and4.4 reducingwaitingtime throughdisk

parallelismandprefetching.

4 | Effect of prefetch | Figure4.16andTable | Performancecannotimprove be-
window size 4.5 yond a certainsize of the prefetch

window. As the numberof disks
varies, the minimum and maxi-
mum window size for improved
performancealsochanges.

5 | grep sort and bzip2 | Figure 4.17, 4.18,| Whenis PDIOL useful?It is use-
onthelocal disk and 4.19, 4.20 and | ful whenthe applicationis bottle-

Table4.6 necled on I/O waiting time (i.e.,
grep), but not whenit is bottle-
necled on computation(i.e. sort
andbzip?.

6 | PDIOLgrep Figure4.24and4.25, | PDIOL improves the the perfor

Table4.7and4.8 manceof grep by a factor of 2.6
with 4 disks.

7 | PDIOL sort Figure 4.27, 4.28,| sort gets maginal speedupwith

4.29,4.32,and 4.33, | morethanl disk.

Table4.9and4.10

8 | PDIOL bzip2 Figure4.36and4.37, | bzip2getslittle speedupvith more

Table4.11and4.12 | thanl disk, similar to Experiment
7.

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

Table4.2: Detailsconcerninghe CPUsof the computersn thetestbed.

Application
p N
UDP TCP
Redhat 7.1 P
Kernel 2.4.5 /\
Myrinet
Ethernet gm_1.4.1 prel0

L J

Figure4.1: The software structur e of the testbed.

tails areshavn in Table4.2. The operatingsystemis Linux with the kernelversion2.4.5
SMP Thelow-level message-passiraystemfor the Myrinet is GM version1.4.1pre10.

Thetopologyof theclusteris shavn in Figure 3.3andthesoftwarelayersareshavn in
Figure4.1:

To justify PDIOL, thefollowing two conditionsmustbe considered:

1. Thetotalbandwidthof thenetwork for onecomputemustbehigherthanthatof local
disks. Otherwisethe network will form anew bottleneckandmale it impossibleto

obtainperformancémprovementthroughdisk parallelism;

2. The lateny of the network shouldnot be too high. If the lateny of the network
is much higher than that of the disk accessa PDIOL cachemisswill causel/O

operationgo wait alongertime thanthatof local disks.

In thefollowing sectionswe benchmarkhedisk andnetwork systemsn thetestbed.
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------- Sequential Output-------- ---Sequential Input-- --Random--
-Per Char- --Block--- -Rewrite-- -Per Char- --Block--- -- Seeks---
Machine MB K/sec %CPU K/sec %CPU K/sec %CPU K/sec %CPU K/sec %CPU K/sec %CPU
brule-a 63 8933 99.1 230613 100.0 178413 99.6 9914 100.0 517632 96.3 35225. 82.5

Figure4.2: A sampleoutput of Bonnie

4.1.1 Disk System

Thereare mary disk I/O benchmarktools [1, 30, 32, 27, 17]. Bonnie[1] benchmarks
sequentialoutput, sequentiainput, and randomseeksof le systemswith accessaunits

rangingfrom one charactetto blocksof differentsizes. One sampleoutputof Bonnieis

shawvn in Figure4.2

We selectBonnieasour benchmarkindool for the following reasons:

1. Bonnieis a simpleprogramandit is easyto con gure its codeto benchmarlcertain

accesgatterns;
2. Thesequentiahccespatternof PDIOL is similarto oneof Bonniés testcases.

However, Bonniehassomeshortcomingslf the le sizeis lessthanavailablephysical
RAM, all operationswill be doneon physicalRAM insteadof on disks. This is shavn in
Figures4.3and4.4.

Becausghesizeof aPDIOL pageis 64KB, thechunksizein Bonnieis updatedrom the
defaultvalueof 16KB to 64KB in orderto compareheresultwith the PDIOL benchmarks.

From Figures4.3 and4.4, it canbe seenthatwhenthe le sizeis lessthan256MB,
the Linux operatingsystemitself cachesall le dataresidein the physicalmemory and
thereis almostno disk accessWhenthe le sizeis greaterthan256MB, disk accesseare
requiredto fetch datafrom disk to the physicalmemory Thelargerthe le size,themore
representate theresultis of theactualharddisk performanceln thefollowing discussion,
we will usethebenchmarkesultsfor the2GB le.

Becausehe I/0 waiting time cannotbe obtainedfrom the outputof Bonniedirectly,
we calculatethe I/O waiting time in the following way, with the assumptiorthat CPU

utilizationis zerowhenapplicationsarewaiting for I/O operations:

1. Obtain the CPU utilization ratio _ of disk operationsthroughthe Bonnie

benchmark;

2. Obtainthetotal accessime :
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3. Calculatewaitingtime perpage:

is shavn by theY-axisin Figure4.4. _ Iisobtainedrom

the outputof Bonnie.

4.1.2 Network

Netperf[18] is a benchmarkool which measureshe performanceof mary differenttypes
of networks, suchas: TCP and UDP via BSD Soclets, DLPI, UNIX Domain Soclets,
Fore ATM API, andHP HiPPI Link Level Access. Netperfcantestboth unidirectional
throughputandend-to-endateng.

We selectNetperfasour benchmarkingool for thefollowing reasons:
1. Netperfis apopularandstandardool for benchmarkingietworks;

2. Netperfprovidesall the measurementsuchasbandwidthandlateny thatwe need

in our experiments.

Theversionof Netperfusedin our experimentss 2.1[4]
Two experimentshave beencarriedout. The rst is for one-to-oneconnectionsand
teststhe bandwidthandlateng for a singleconnection.The secondexperimentis for one-

to-mary connectionsin orderto testthe scalabilityof the network.

One-to-oneConnection

The experimentshave beenperformedon brule-m-a which senesasa sener, andbrule-
m-f, which senesasa client. SeeFigure3.3for thetopologyof thetestbed.Thebandwidth
andlateny of the network areshavn in Figures4.5and4.6, respecirely. Thecon dence
intenal for +/-2.5%is 99% for all results. The resultin Figure 4.5 is obtainedthrough
anupdatedversionof thetcp _stream _script in Netperf which teststhe performance
of TCP/IPstreamover Myrinet. Thetcp _stream _script measure$ulk-datatransfer
performancei.e.,"unidirectionalstream”performanceEachtestlasts60 seconds.
Exceptfor the buffer sizesfor sendingandreceving, all otherTCP settingsareat their
default settings. Figure 4.7 shaws the settingsof the soclets. With respecto Figure4.6,
network request/respongeerformancas expressedstherateof thetransactionwhichis

theexchangeof arequesandaresponsef certainsizes.Giventhetransactiomateobtained
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Figure 4.5: The bandwidth of the Myrinet network for one-to-oneconnection The
resultis obtainedfor the TCP stream. The benchmarkingtool is Netperf2.1 and the

tcp _stream _script.

Benchmarking Myrinet Network Latency Over Clusters
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Figure4.6: One-way latency The resultis for the TCP stream. The benchmarkingool

is Netperf2.1andtcp _rr _script

. Therequessizeis x edat 128bytes. Themessage

sizesareshavn in the X-axis, andlatenciesareshown in the Y-axis.
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SO_BROADCASTdefault = off

SO_DEBUG: default = off

SO_DONTROUTEdefault = off

SO_ERROR:default =0

SO_KEEPALIVE: default = off

SO_LINGER: default = | onoff = 0, | linger =0
SO_OOBINLINE: default = off

SO_RCVBUF:default = 131070

SO_SNDBUF: default = 131070

SO_RCVLOWATdefault 1

SO_SNDLOWAT default 1

SO_RCVTIMEO: default 0 sec, 0 usec
SO_SNDTIMEO: default 0 sec, 0 usec
SO_REUSEADDRdefault = 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: Soclet settings

fromthetcp _rr _script , thelateny (Figure4.6) of the network canbe calculatedwith

thefollowing method:

In this experiment,we settherequessizeat 128 bytes,which is aboutthe size of the
reading,prefetching,andwriting messagesf PDIOL; we setthe responsesize at 64KB
bytes,whichis the pagesizeof PDIOL.

Fromthe abore experimentandthosein Section4.1.1,it canbe seenthatthe network

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

One-to-manyConnections

In orderto evaluatethe scalability of the Myrinet for one-to-mag connectionsyhich is
the scenariaf we usedisk parallelism(Chapter3.2), the following experimentis doneon
brule-m-f which senes asa client, and brule-m-a brule-m-h brule-m-¢ brule-m-d the
four of which sene asseners(Figure4.11).

Becausst is dif cult to getthe aggrgatebandwidthfor multi-connectionswith net-
perf, a benchmarkool — pdiol_nettest- is developed.pdiol_nettesiconsistsf two parts—

pdiol_nettestclientandpdiol_nettestserver Thealgorithmsof netperfandpdiol_nettestre
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pdiol_nettest_client pdiol_nettest_server

Main Thread Communication Thread Communication Process Main Process

Finish Sending
Size/N bytes?

Finish Receiving
Size/N bytes?

( Create a listen soc%)el

1. Wait for connection

{ Spawn N thread§ Y

B Send a chunk Receive a chunk]
Waiting for all " of data frpm | ! of data into 2. When connection reques
threads to finish € same circula the same circulaf :
i . comes, spawn a child
list of buffers list of buffers P

communication process
L : L to process the request

Figure4.8: The algorithm of pdiol-nettest

shawvn in Figure4.8. The experimentsaredoneon brule-m-f onwhich pdiol_nettestclient
is run, andbrule-m-a brule-m-h brule-m-candbrule-m-d on which pdiol_nettestserver
isrun.

Figure4.9 shawvs thatthe bandwidthfor 4 nodesis not higherthan2 nodes.We specu-
latethat2 stream®f dataareenoughto saturatéhe bandwidthof the PClbusof thesener,
brule-m-f However, aswe will see,it will take morethan2 disksto generatahat much
datatrafc.

Carefulreaderswill noticethatthe resultsof pdiol_nettestand Netperffor one-to-one
connectiorarea little different. Thisis becausavhensendingandreceving data,Netperf
and pdiol_nettestusesdifferent buffer managemenmechanisms.Netperfusesdifferent
circularlists of bufferswhile pdiol_nettestkeepsusingthe samecircularlist of buffers. As
the purposeof pdiol_nettests to measuraghe raw performancef PDIOL, it is designedo
work in thesameway asPDIOL.

Sinceit is morecomple to updateNetperfto simulatethe PDIOL behaior, we leave
it unchanged As thereis not too muchdifferencebetweenNetperfand pdiol_nettest we
speculatehattheresultsarestill useful.

Fromthe resultsshavn in Figures4.5, 4.6, and4.9, it canbe seenthatthe aggrgate
bandwidthreacheghe maximalvalue whenthe connectionnumberis 2. We canexpect
thatwhenthe aggr@atebandwidthof all disksoutnumbersghe aggrgatebandwidthof the

network, no furtherimprovementcanbe obtainedby addingmoredisks.
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Myrinet network aggregate bandwidth of multiple connections
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Figure4.9: One-to-manyaggregatebandwidth Theresultis obtainedor the TCPstream.
Thebenchmarkindool is pdiol_nettesfTherequessizeis x edat128bytes.Theresponse

sizesareshawvn in the X-axis, andthelateng is shavn in the Y-axis.

Netperf client
Part of the algorithm

Finish Sending
Size/N bytes?

Send a chunk of data
from a circular list
of buffers

|

Netperf server
Part of the algorithm

Finish Receiving
Size/N bytes?

Receive a chunk of data
into a circular list
of buffers

I

Figure4.10: The algorithm of Netperf
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brule-m-a brule-m-g

brule-m-f

brule-m-e brule-m-h

Figure4.11:One-to-four connectionsfor pdiol_nettest pdiol_nettesiclient, whichspavns
4 communicatiorthreadsT0, T1, T2 andT3, runonclientnode.pdiol_nettestserveris run
on nodeO,nodel,node2,andnode3concurrently TO communicatesvith nodeO, T1 with
nodel, T2 with node2, andT3 with node3.

4.1.3 Justi cation of PDIOL

Fromtheresultsshovn in Figures4.3,4.4,4.5,4.6,and4.9, we canseethatwhenreading
a64KB pagefrom remoteagentsthe bandwidthcanreachnearlyl00MB, andthelateng
isonly 300 s.However, whenreadingonepagefrom thelocal disk, the bandwidthis only
about20MB andthewaitingtimeis almost2,500 s. Thereforewe canexpectthatPDIOL,
with the properpoliciesanda reasonablémplementationcanbring abouta performance
improvement. As discussedater (Chapter4.2), it will likely requiremorethan2 disksto

saturateghe network.

4.2 Micr obenchmarks

In thissectionwetestthereadingtime of PDIOL logical les andcompargheperformance
with thatof les onlocaldisks.

Thescalabilityof PDIOL is animportantmetric,andwe testit with differentnumbers
of disksand le sizes.Thecoretechniqueof PDIOL is prefetch.By varyingthe sizeof the
prefetchwindow, we evaluatethe effect of the sizeof the prefetchwindow in PDIOL.

From the experiments we canseethat PDIOL decreasethe I/O waiting time when
the numberof disksincreasesin thefollowing experimentsgvery benchmarlapplication
is run 5 times— the resultis shavn in both a table, which shawvs the average,maximal,

minimal valueandvarianceanda gure which shavs the performancevariation.
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Figure4.12: The executiontime for reading les onthelocal disk (1 disk). The program
mycatusesa buffer of the samesizeasthoseof the PDIOL mycati.e., 64KB.

| Filesize| 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 reading data on thelocal disk (1 disk). The program
mycatusesa buffer of the samesizeasthoseof the PDIOL mycat i.e., 64KB bytes.

4.2.1 mycatOn The Local Disk

We usea simpleprogrammycatto measurdhereadingtime of les onthelocal disk. The
key differencesbetweenmycatand standardcat arethat mycathasa tunablebuffer size.
Thenby replacingthe le 1/O functions,it is easyto transformmycatto a PDIOL version,
andcomparethe performance.

Figure4.12andTable4.3shav thereadingtime of les with different le sizes.mycat
usesabuffer of size64KB, thesamesizeasPDIOL mycat in orderto make thecomparison

betweerPDIOL 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. The prefetchwindow sizeis 128 pages.

4.2.2 mycatvs. PDIOL mycat

By replacingthel/O operationsn mycat we getthePDIOL mycat Wetesttheperformance
PDIOL mycatwith differentnumbersof disks. The le sizeis x ed at 128MB andthe
prefetchwindow sizeis 128pages.Theexperimentsaredonein thefollowing stepgFigure
4.14):

1. A le of 128MBis created:;

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

whichis stripedacrosgheremotedisks;
3. The le buffersof all nodesare ushed;

4. PDIOL mycatis usedto readPDIOL logical les andredirectthe outputto /dev/null

onthelocal node.

FromFigure4.13,it canbe seenthat: usingparalleldisksis effective in reducingl/O-
waiting time and mycatgainsa speedupof 2.53 with 4 disks. However, the usertime
increasebecausef the communicatioroverheadandcachemanagementverhead.

In the following section,we will explorethetheeffectsof otherparameters- different

le sizesandprefetchwindow sizes.
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| I 1 disk [ 2 disks [ 4 disks |

File Size Avg Max Min Avg Max Min Avg | Max | Min
8MB 042 | 043 | 041 | 0.000 | 0.45 | 093 | 0.28 | 0.080 || 0.26 | 0.28 | 0.23 | 0.000
32MB 144 | 158 | 1.37 | 0.009 || 094 | 1.45 | 0.78 | 0.083 | 0.63 | 0.65 | 0.62 | 0.000

128MB 531 | 549 | 514 | 0.016 || 290 | 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

Table4.4: The executiontime of PDIOL mycatwith different le sizeson 1 (left), 2
(middle),and4 (right) disks. Thesizeof prefetchwindow is 128 pages.

4.2.3 PDIOL mycatPerformancewith Different File Sizes

In this section,we testthe effect of le sizeson the performancenf PDIOL with different
numberof disksand le sizes. The le sizesare8MB, 32MB, 128MB, and512MB. The
reasonwe selectthesenumbersis thatthe PDIOL cachesizeis 256MB, andwe want to
examinethe performancdor les whosesizesarelargerandsmallerthancachesize.

Thessizeof the prefetchwindow is setat 128 pages.In reality, asthe next experiment
shaws, the sizeof the prefetchwindow doesnotimprove the performancdoeyonda certain
point, for I/O-intensve applications. Figure 4.15 and Table 4.4 shav the scalability of
PDIOL.

Comparingthe resultsof the above two experimentswe canseethatthe waiting time
decreasewith theincreasdn the numberof disks. For the 512M le, thewaitingtimeis
15.16sfor 1 disk, 7.1sfor 2 disks,and1.35sfor 4 disks. The waiting time decreasefaster
thantheincreasen thenumberof disks.We speculatehatthereasorfor therapiddecrease
is thatwith theincreasef thenumberof disks,thereis morecachingatthe harddisk's host

workstation,andmorel/O waiting time is overlappedwith the increasediserandsystem
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Figure4.15: The benchmark of PDIOL mycatwith different le sizeson1 (left), 2 (mid-
dle),and4 (right) disks. The prefetchwindow sizeis 128 pages.

1disk 2 disks 4 disks
Window || Avg [ Max | Min | Avg [ Max | Min | Avg [ Max [ Min ]
1 782 | 813 | 760 | 0.052 || 8.04 | 868 | 7.26 | 0.377 || 7.99 | 810 | 7.88 | 0.007
4 532 | 564 | 513 | 0.048 || 3.24 | 3.41 | 3.14 | 0.014 || 3.75 | 4.61 | 3.43 | 0.240
16 532 | 574 | 510 | 0.073 || 297 | 3.52 | 282 | 0.095|| 242 | 2.76 | 2.13 | 0.093
64 539 | 559 | 523 | 0.022 || 2.83 | 2.89 | 280 | 0.001 || 251 | 3.95 | 2.13 | 0.645
256 540 | 558 | 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. The experiment
is doneona128MB PDIOL logical le.

time. As shavn by thebreakdevn of executiontime, systentimeincreasesvith thenumber
of remotenodeswhile usertime is largely unafected. This shavs thatthe overheadf the

PDIOL library remainsreasonableegardlesf theincreasan the numberof disks.

4.2.4 PDIOL mycatPerformanceWith Differ ent PrefetchWindow Sizes

The purposeof the experimentss to shav the effect of prefetchwindows on the perfor
manceof PDIOL. In this experiment,the le sizeis x edat 128MB. The performanceof
PDIOL mycatis shavn in Figure4.16andTable4.5.

Fromthesegraphsjt canbeseerthat:

1. Becausdhereis no computatiorthat canbe overlappedwith readingin mycat the

performanceannotimprove afterthe sizeof the prefetchwindow increaseso a cer
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Figure4.16: The executiontime of PDIOL mycat with differentprefetchwindow sizes
on 1 (left), 2 (middle), and4 (right) disks. The experimentis doneon a 128MB PDIOL
logical le.

tain point,asall disksarekeptbusyalready For 4 disks,afterthesizeof the prefetch
window increase$o 16, no signi cant improvementcanbeobtainedrom increasing
thesizeof the prefetchwindow —andfor 1 diskthethresholds 4. Thereasoris that
with 4 pagesprefetchedor eachdisk, the lateng is overlappedcompletely For my-
cat, thenumberof diskshasa greatelimpacton performancehandoesthe prefetch
window. A largersizeof the prefetchwindow, without anincreasean the numberof

disks,doesnotresultin greateiimprovement.

2. Thewaiting time decreaseproportionallywith the increasen the numberof disks,
as expected. But the usertime and, especially the systemtime increasewith the
numberof disks. The usertime is spenton datacopying in userspaceand cache
management.The systemtime is spenttransferringdata betweencomputersand

copying dataacroskernel-spacanduserspace.

Carefulreadersnay noticethatwhenthe size of prefetchwindow is 4 pagesthe per
formanceof 4 disksis lowerthan2 disks.We speculatéhatthereasorfor thisis that,with
a prefetchwindow of only 4 pagesthebene t of morebandwidthis too little andis offset

by increaseccommunicatioroverhead.
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Figure4.17: The executiontime breakdawvn of greponthelocal disk (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 | 565 | 5.08 | 0.031 || 83.18 | 87.35 | 66.03 | 37.859 || 32.13 | 32.22 | 32.00 | 0.007
512MB 221 | 229 | 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) onthelocal
disk (1 disk).

4.3 Application Benchmarks: grep, sortand bzip2

In this section,we evaluatethe performanceof PDIOL with threecommonapplications.
grepis a programto retrieve text from text les. Sortis usedto sorttext les. bzip2can
compresslata les.

grepis anl/O-intensve application,while sort andbzip2arecompute-intense appli-
cations.As PDIOL canreducel/O waiting time throughdisk parallelism,we expectgrep

to bene t mostfrom PDIOL.

4.3.1 grep sortand bzip20n The Local Disk

In orderto evaluatethe performancef PDIOL, it is necessaryo knov howv muchtime is
spentwaiting on I/0. Theperformancef grep sort andbzip2is testedandtheresultsare

shawvn in thefollowing tableand gures.
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Figure4.18: The executiontime breakdown of sortonthelocal disk (1 disk).
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Figure4.19: The executiontime breakdown of bzip2onthelocal disk (1 disk).
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Figure 4.20: The normalized executiontime of grep (left), sort (middle), and bzip2
(right) onthelocal disk (1 disk).

Fromtheresultsshavn in Figures4.17,4.18,4.19,and4.20,andTable4.6,we cansee
that grep spendamostof its time waiting, while sort andbzip2 spendmostof their time
computing.With PDIOL, grepshouldbeableto reducd/O waiting time greatlyandobtain

themostimprovement.

4.3.2 grep sortand bzip2vs. PDIOL grep, PDIOL sortand PDIOL bzip2

By replacingthe I/O functionswith the correspondind®DIOL I/O functionsin grep and
compilingwith the PDIOL library, we generatea PDIOL versionof grep. With the same
methodwe createPDIOL versionsof sortandbzip2

Figure4.21,4.22,and4.23 shav the experimentresultsof PDIOL grep, PDIOL sort
andPDIOL bzip2 The le sizeis x ed at 128MB andthe prefetchwindow sizeis 128
pages. From Figure4.21it canbe seenthat PDPIOL improvesthe performanceof grep
asthe I/O-waiting time is reducedgreatly Figure4.22,unfortunately shavs that PDIOL
bringsmaiginal improvementfor sort As the I/O-waiting time is a smallpartin thetotal
executiontime of sort, thereis nottoo muchl/O-waitingtime to be overlapped.Thisresult
is consistentith ourintuition. Figure4.23comparesheperformancef bzip2andPDIOL
bzip2 As little 1/0-waiting time can be overlapped,bzip2 gainsmaginal performance
improvementaswell.

In thefollowing sectionswe experimentwith parameters- le sizes prefetchwindow
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Figure4.22: The benchmark of sort on the local disk and PDIOL sorton 1, 2, and 4
remotedisks. The le sizeis 128MB. Theprefetchwindow sizeis 128 pages.
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Figure4.23: The benchmark of bzip2on the local disk and PDIOL bzip2on 1, 2,and 4
remotedisks. The le sizeis 128MB. The prefetchwindow sizeis 128 pages.

1 disk 2 disks 4 disks

FileSize || 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 151 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 3.17 293 | 0.010 || 2.31 | 2.58 | 2.22 | 0.023
512MB 2221 | 22.49| 21.97 | 0.044 || 11.34| 1191 | 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. The prefetchwindow sizeis 128 pages.

sizes,andthe numberof disk for eachof the threeapplicationsto explore the effects of

theseparameters.

4.3.3 PDIOL grep

By varyingthe le sizeandthe numberof disks,we obtainthefollowing results,asshavn
in Figures4.24and4.25,andTables4.7and4.8. Fromtheresultsjt canbeseerthatPDIOL
improvesthe performanceof grep by reducingl/O waiting time throughdisk parallelism.
Figure4.25andTable4.8 shav the executiontime of PDIOL grep with differentprefetch
window sizeson 1, 2, and4 disks. Again, we seethatthe window sizeneeddo increase
with the numberof disks,but thatthereis an effective upperboundonthewindow size.

As expectedtheperformancef grepimproveswith anincreasen thenumberof disks.

Sincethereis little computatiorin grep, the overheads almostthe sameasthatof PDIOL
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Figure4.24: The executiontime of PDIOL grep with different le sizeson 1 (left), 2
(middle),and4 (right) disks. The prefetchwindow sizeis 128 pages.
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Figure4.25: The executionTime of PDIOL grepwith differentprefetchwindow sizeson
1 (left), 2 (middle),and4 (right) disks.The le sizeis x edat128MB.
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1disk 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
4 542 | 586 | 525 | 0.065 || 3.37 | 3.55| 3.28 | 0.015|| 3.88 | 4.21 | 3.62 | 0.064
16 543 | 585 | 523 | 0.063 || 3.19 | 3.45| 294 | 0.040|| 2.65| 4.18 | 2.26 | 0.730
64 540 | 582 | 523 | 0.057 || 3.01| 3.18 | 293 | 0.012 || 2.25 | 2.28 | 2.22 | 0.001
256 549 | 576 | 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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: N :

E Read data into buffea P

Merge M files
Sort data in buffer | : : and save in a temp file
and save in a temp file : j

_ BlockSortPhase  © MergePhase

Figure4.26: SortAlgorithm.

mycat asdescribedn thelastsection.

4.3.4 PDIOL sort

This experimentis doneto testthe performanceof PDIOL for compute-intense applica-
tions. Thebuffer sizeis setat BMB, the samesizethatof 128 PDIOL cachepages.

The sort algorithm containstwo phases- block sort phaseand mege phase(Figure
4.26):

1. Block sortphase- Reada block of datainto a buffer, sortit, andstoretheresultinto

atemporaryle until all datain the le aresorted,;
2. Merge phase- Mergethedatain all temporaryles into oneresult le.

With PDIOL, the performancemprovementcanbe obtainedthroughhiding accesda-
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Figure 4.27: The executiontime of PDIOL sort with different le sizeson 1 (left), 2
(middle),and4 (right) disks. The prefetchwindow sizeis x edat128pages.

1disk 2 disks 4 disks
FileSize | 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
dle),and4 (right) disks. The prefetchwindow sizeis x edat128pages.

sizeson 1 (left), 2 (mid-

teng/ by sendingmore than one readrequest,and overlappingcomputationwith access

latengy. 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, becausehe writing canbe

overlappecdef ciently by OS,no signi cant improvementcanbe obtainedthroughPDIOL,

for this application.Theresultsareshavn in Figures4.27,4.28,and4.29,andTable4.9.

From the resultsshavn in Figure4.27 and Table 4.9, it can be seenthatwith more

disks,the performancef PDIOL sortimproves. Theimprovementof 2 disksover 1 diskis

greaterthanthatof 4 disksover 2 disks.

To analyzethe effect of PDIOL in differentphasesf 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. The prefetchwindow sizeis x edat 128
pages.

down is shavn in Figures4.28and4.29

Figures4.18,4.30,and4.31 shav the performancenf sort without PDIOL. From Fig-
ures4.30and4.28,it canbeseerthatthel/O waiting time of theblock sortphasedecreases
greatly Especiallyfor the512MB le, thesizeof the le plusthe sizeof the sortedtem-
porary le exceedghe availablephysicalmemory andmostpageshatare ushed to disk
causehel/O waitingtimeto increasagreatly Forthe PDIOL version,becaus¢hephysical
memoryon the computenodeandremoteagentnodecanbe utilized, fewer pageswill be
ushedto disk andthe I/O waiting time decreasesA comparisorof Figures4.29and4.31
shawvs thatthel/O waiting time of the meige phasealsodecreases.

Figures4.32,4.33,and4.34,andTable4.10shaw the effect of the sizeof the prefetch
window on the executiontime of sort FromFigure4.32andTable4.10,thefollowing can

beseen:

1. Whenthe size of the prefetchwindow is onepage limited improvementcanbe ob-

tainedasthereis little overlap.

2. Whenthe size of the prefetchwindow is 64 pagesmostof the readinglateny is
overlappedvith computationandnosigni cant bene t canbeobtainedoy increasing

thenumberof remotedisksfrom 2 to 4.
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Figure4.29: The executiontime of merge phasein PDIOL sort with different le sizes
on 1 (left), 2 (middle),and4 (right) disks. The prefetchwindow sizeis x edat128pages.
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Figure4.30: The executiontime of block sort phasein sortalgorithm onthelocal 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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Figure4.32: The executiontime of PDIOL sortwith differentprefetchwindow sizeson 1
(left), 2 (middle),and4 (right) disks.The le sizeis x edat128MB.
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1disk

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 sortwith differentprefetchwindow sizeon 1

(left), 2 (middle),and4 (right) disks.The le sizeis x edat128MB.
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Figure4.33: The executiontime for block sort phasein PDIOL sortwith differentsizes
of prefetchwindows on 1 (left), 2 (middle), and4 (right) disks. The le sizeis x edat

128MB.
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Figure4.34: The executiontime for merge phasein PDIOL sortwith differentprefetch
window sizeson 1, 2 and4 disks.The le sizeis x edat128MB.

4.3.5 PDIOL bzip2

bzip2is afreely-available,high-qualitydatacompressont compressedatausingthealgo-
rithm shawvn in Figure4.35. Theversionwe usedis 1.0.2[2]. After replacingthe standard
I/0 le functionswith PDIOL logical le functions,we generatedhe PDIOL versionof
bzip2 In orderto make afair comparisorbetweerthe PDIOL versionandthe non-PDIOL
version,the sggmentsizesfor eachcompressionvereboth setto 512KB. In the following
experimentswe will evaluatethe performancef the PDIOL versionof bzip2

By varying the numberof disksandthe sizeof les to be compressedye obtainthe
following resultsasshavn in Figure4.36and Table4.11. In this experiment,we setthe
sizeof prefetchwindows at 128 pages.FromFigure4.36,we canseethatsincebzip2is a
compute-intense application,l/O waiting time is only a small partof the total execution
time. Evenwith moredisks,the executiontime doesnot decreaselt is worth noting that
in Figure4.19thereis moreI/O waiting time thanthereis for the 1-disk casein Figure
4.36. The reasonis that for the PDIOL version,the local/remoteagentsand the PDIOL
applicationwork concurrentlyon two nodes.Beforethe PDIOL applicationasksfor data
to be processedhedatahasalreadybeenprefetchedy thereadagent.But for theversion
without PDIOL, the OSdoesnot prefetchquickly enoughgventhoughbzip2is a compute-

intensve application.
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Figure4.36: The executiontime of PDIOL bzip2 with different le sizeson 1 (left), 2
(middle),and4 (right) disks. Thesizeof the prefetchwindow is 128 pages.
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1disk 2 disks 4 disks
FileSize || 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 | 2796 | 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 || 1125 | 112.7 | 112.4 | 0.013

Table4.11: The executiontime of PDIOL bzin2with different le sizeson 1 (left). 2
(midd
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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
usinga128MBdatale. Figure4.37andTable4.12shav theexecutiontime of bzip2with
differentprefetchwindow sizes.

From the results,we can seethat when the size of the prefetchwindow is one, the
performancas muchworse;in fact, it is evenslower thanthatof the non-PDIOLversion.
Thereasoris thatout of every 512KB of datacompressedynly 64KB (1 page)of datais
prefetched Furthermorefor every pagewhichis not prefetchedthe lateny is the sumof
the network lateny andthe disk lateny. Whenthe sizeof the prefetchwindow increases
to 16, the prefetcheddatasizeis 16*64KB = 1,024KB. Exceptfor the rst segment,other
segmentscanbe prefetchedeforebeingcompressedThus,almostall thewaiting time for
disk I/O is overlappedby the computation Evenwith alarger sizeof the prefetchwindow,

the performanceannotbeimproved.
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1disk 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 chapterwe evaluatedthe performanceof PDIOL with a suiteof experiments.First
thebaselingoerformancef thenetwork anddisk systemaverequanti ed with Netperfand
Bonnie The higherbandwidthandlower lateny of the network, comparedwith thoseof
disks,supportour ideaof overcomingthe /O bottleneckwith disk parallelism.

The microbenchmarksvritten usingPDIOL evaluatethe effect of the numberof disks
andthesizeof the prefetchwindow. Theresultsshav thatthe numberof disksandthesize
of prefetchwindow shouldbeconsideredogether Neitherof themcanbringimprovements
withoutthe correctcon guration of the otherfactor

With PDIOL, grepreducesnuchof the I/O waiting time andobtainsa speedupf 2.6
with up to 4 remotedisks,while sort andbzip2overlaplittle 1/0O waiting time, andgaina
marginal speedupFromtheresultswe canseethatl/O-intensie applicationgprovide more
bene t, while compute-intense applicationgprovide less—-aresultwhichis consistentvith
our intuition.

In summarywith PDIOL, multiple diskscanbeutilizedto improve thel/O performance
of applications.However, only I/O-intensve applicationsareableto derive the maximum

bene t.
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Chapter 5

Concluding Remarks

As new I/O-intensve applicationsemege, the needfor high-performance/O increases.
Onepromisingapproachs throughparalleldisk systems.In this thesis,the Parallel Disk
Input-OutputLibrary (PDIOL) is implementedo utilize paralleldisksover a workstation
cluster

Thecontrikutionsof this thesisinclude:

1. Designandimplementatiorof PDIOL with a UNIX-lik e API andthe techniques-
windows-basedrefetchingandwrite-behind(Chapter3 andAppendicedA, B);

2. Evaluationof PDIOL usingmicrobenchmarkandapplicationgChapterd);

3. Evaluationof the impactof parameterssuchasthe numberof disks, the prefetch

window sizes,andapplicationcharacteristicéChapter4).
Thevalueof PDIOL canbe summarizedy thefollowing:

1. PDIOL is implementeccompletelyat the userlevel, which makesit unnecessaro

recompiletheoperatingsystemkernel;

2. It is simpleto transforman applicationwith normal le accesgo a PDIOL version
with UNIX-lik e APIs;

3. PDIOL is effective at decreasind/O waiting time throughdisk parallelism prefetch
and write-behindwhich is con rmed by microbenchmarksind applicationbench-

marks.

Fromthe experimentswe draw thefollowing conclusionsPDIOL is especiallyuseful
for 1/0O-intensve applications.For example,PDIOL grep gainsa speedupf 2.6 with four

diskswhile PDIOL sortandbzip2gainvirtually no speedupln mostcaseslargerprefetch
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windows andalargernumberof disksaregoodfor performanceThetwo factorsarecorre-
lated,i.e.,changingonly onefactorwithout changinganothercannotmprove performance

in certaincases.

5.1 FutureWork

BecausePDIOL is a userlevel library, performancas limited by the overheadof context
switchesbetweenuserlevel and kernel-level. The datapath of PDIOL shawn in Figure
3.2 shouldbe shortenedo decrease¢he contentionof memorybus. By implementingthe
read/writeagentsat the kernel-level, pinning dowvn memoryblocks andtransferringdata
directly to/from userlevel area,the overheadof context switch canbe decreasedThese
techniquesrewell describedy Mukherjeeetal. [29].

In additionto this, the currentversionof PDIOL supportonly sequentiahpplications,
which limits its value greatly It would be ideal to upgradePDIOL to supportparallel
applicationsHowever, whendifferentthreadscanwrite to the sameunit of data,ef ciently
keepingthe dataconsistent,especiallyif thereare mary cachecopies,is a challenging
problem.
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Appendix A

PDIOL Usage

In this appendixwe demonstratéow to usethe PDIOL library. First,the headerles and
library les of PDIOL will be described.Second,a samplecon guration le of PDIOL
nodesis given. Third, we will detailthe optionsof PDIOL applications.Finally a sample
programwhichtransfersaa PDIOL logical le stripingover PDIOL nodego anormal le is
given.

A.1 HeaderFilesand Library Files

TousePDIOL, anapplicationneeddo includetheheaderle of PDIOL andbelinkedwith
the PDIOL library. The headerle is pdiol.h andthelibrary is libpdiol.a. In additionto
thesetwo les, tlv.h andutility.h containprototypesof somecorvenientroutinesfor tuning
PDIOL programs.

A.2 PDIOL NodesCon guration File

The con guration le of PDIOL nodesis locatedin $HOME/bin/conf which containsall
the computemamesn the cluster The con guration le for our experimentds shavn in
FigureA.2.

A.3 Command-line Options

PDIOL providessomeoptionsfor controllingthe behaior of its routines.In orderto dif-
ferentiatebetweenthe PDIOL optionsandthe optionsof an application,the symbol ™"
separators usedin the commandine of PDIOL applications.The agumentsbhefore”-"
will beregardedasthe optionsfor PDIOL, andtherestareregardedastheargumentof the
application.

Thecommandine 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| amgument | meaning | default | environmentvariable |
prefetch p 0/1 Prefetchenabled 1 PREFETCH
write-behind| w 0/1 Write-behindenabled 0 WRITEBEHIND
disknumber| d unsignednt Disk number 1 DISKNUMBER
window W | unsignednt Prefetchwindow size 1 WINDOW _SIZE
ssock s unsignednt | sendsocletbuffersize | 65,536 SND_BUFF
rsock r unsignednt | recevesocletbuffer size | 65,536 RCV_BUFF
LOG I 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 examplethe following commands

usedto transfera pdiol le sort.txtstripedover 4 disksto atraditional le sorttxt.bakwith
prefetchenabledandwrite-behinddisabled:

pfs2fs-disk.number4 -prefetchl -w 0 — sort.txtsorttxt.bak

A.4 SampleProgram

A sampleprogramnamedpfs2fs.cis shavn in FigureA.4. The purposeof this programis
totransferaPDIOL logical le stripedacrossa workstationclusterinto anormal le.
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/* pfs2fs.c - To transfer a PDPL file

*

#include
#include
#include
#include
#include
#include
#include
#include
#include

#define

<sys/time.h>
<sys/resource.h>
<stdio.h>
<stdlib.h>
<assert.h>
<string.h>
<sys/time.h>
<unistd.h>
"pdiol.h"

BUFFERSIZE 655360

int  main(int argc, char** argv)

{

}

to a normal file

file

PFS_FILE* pf;

FILE *oultf;

int size, count, w_count = O;

char pbufferBUFFERSIZE+1], *input, *output;
initialize_pdiol (&argc,  &argv); // initialize
if(argc < 2| argc > 3){

fprintf(stderr, "\n%s file  [pdiol_file]\n",
exit(1);

}

input = argv[l];

if(argc ==3) output = argv[2];

else output = NULL;

pf = pdiol_fopen(input, ™); /lopen  pdiol
pdiol_hint(pf, AP_SEQUENTIAL, 0); hint
if(output 1= NULL) outf = fopen(output, "wW'");
else outf = fdopen(d, "w'");

w_count = O;

while(!pdiol_feof(pf))

count = pdiol_fread(pbuffer,

w_count += fwrite(pbuffer,

pdiol

}

fclose(outf);

pdiol_fclose(pf); llclose
finalize_pdiol(); [ffinalize

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

PDIOL API Reference

PDIOL providesthefollowing APIs,which arepresentednh thesameformatasUNIX man
pages.

B.1 initialize _pdiol;

Initialize the PDIOL ervironment

Synopsis

#include  <pdiol.h>

int initialize_pdiol (i nt* pargc, char***  pargv);
Description
The initialize Jpdiol function initializes the PDIOL ernvironment. This function

shouldbe called beforeary other statements.pagc is the pointerof the argc agument
of themainentryfunction. pagv is thepointerof theargv agumentof themainentryfunc-
tion. It setsthe PDIOL library optionin thefollowing sequencecommandine aguments;
environmentvariable;hardcodeddefault value;

Return Value

Uponsuccessfutompletion 0 is returned Otherwise;1 is returned
B.2 nalize _pdiol
FinalizePDIOL ervironment

Synopsis

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

Thefunctionfinalize  _pdiol nalizes the PDIOL ervironment. This functionshould
be calledafterary statementselatedto PDIOL. It closesthe connectiondetweernPDIOL
applicationsandremoteagentsandrelease$DIOL resources.

Return Value

Uponsuccessfutompletion 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 functionopenghePDIOL logical le whosenameis thestringpointed
to by path The agumentmodeis the pointerof a string which is one of the following
sequencesT”, "r+”, "w”, "w+”, "a”, "a+”. Themeaningof thesestringsis the sameasthe
modein standardopen. Seefopenfor detaileddescription.

Return Value

UponsuccessfutompletionaPFSFILE pointeris returned.Otherwise NULL isreturned.

B.4 pdiol_fclose;

pdiol_fclose— closea PDIOL 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,ary buffereddatawill be written out when
nalize_io is called,or its buffer is reclaimedby the PDIOL library.

Return Value

Uponsuccessfutompletion 0 is returned Otherwise;1 is returned
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B.5 pdiol_fstat;

pdiol_fstat— getthe statusof a PDIOL logical le.

Synopsis
#include  <pdiol.h>
int int pdiol_fstat(st ru ct pdiol_file* pf,
struct  pdiol_state_str uct* pstat);
Description

Thepdiol fstat functionobtainsthestatusof aPDIOL logical le pointedto by pf and
storeghestatusnformationin a pdiol_statestructstructurepointedto by pstat

Return Value

Uponsuccessfutompletion 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 pathand storesthe statusinformationin a pdiol_statestructstructurepointedto by
pstat

Return Value

Uponsuccessfutompletion 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

Thepdiol _unlink functionunlinks a PDIOL logical le whosepathis pointedto by
path Currently every PDIOL logical le hasonly onelink anddoesnot supportmultiple
links.

Return Value

Uponsuccessfutompletion 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  functionforcesa write of all userspacebuffereddatafor the given
outputof a PDIOL logical le pointedto by pf. The openstatusof the PDIOL logical le
is unafected.

Return Value

Uponsuccessfutompletion 0 is returned Otherwise;1 is returned

B.9 pdiol_fread,

pdiol_fread— readdatafrom a PDIOL 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 functionreadshmembelement®f data,eachsizebyteslong,fromthe
PDIOL logical le pointedto by pf, storingthematthelocationgivenby ptr.
Return Value

Returnghenumberof itemssuccessfullyead.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 oid* ptr, size_t size,
size t nmemb, PFS_FILE * pf);

Description

Thepdiol _fwrite functionwritesnmembelementof data,eachsizebyteslong, to the
PDIOL logical le pointedto by pf, obtainingthemfrom thelocationgivenby ptr.

Return Value

Returnsghenumberof itemssuccessfullywvritten. If anerroroccurs-1 will bereturned.

B.11 pdiol_fseek;

pdiol_fseek-re-positiona PDIOL logical le

Synopsis

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

Description

Thepdiol _fseek functionsetsthe le positionof the PDIOL logical le pointedto by
pf. Thenew position,measuredn bytes,is obtainedoy addingoffset bytesto the position
speci ed by whence Thesemantic®f whences thesameasthatof standardseek.

Return Value

Returns0 if successfulptherwisereturns-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 functionobtainsthe currentvalueof the le positionindicatorfor the
PDIOL logical le pointedto by pf.

Return Value

Returngthecurrentvalueof the le position

B.13 pdiol_hint;

pdiol_hint — settheaccesgpatternof a PDIOL logical le.

Synopsis

#include  <pdiol.h>

int  pdiol_hint(PFS_F IL E *pf, int access_pattern, int  hint);
Description

Thepdiol _hint functionsetstheaccesgatternandhintof aPDIOL le pointedto by pf.
Theaccespatternis speci edby accesspattern Currently only AP_SEQUENTIALis sup-
ported.hint speci esspeciakcharacteristicef le accessCurrentlythehintFINAL WRITE,
whichmeanghe le won't beaccesseth this applicationafterbeingclosed,s supported.
Return Value

Returns uponsuccessfutompletionotherwisereturns-1.
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Appendix C

ThreadlLog Viewer

C.1 Overview

ThreadLog Viewer (TLV) is atracingtool for detugging/tuningmultiple threadedpplica-
tions. The methodis to recordthe actvity of someor all of thethreadsn oneprocessand
visualizethelog le in agraphicalinterface. With TLV, the following informationcanbe
obtained:

1. Thestartandendtime of a calledroutine;
2. Thetotal numbeytotal executiontime, anddistribution of a certainroutine;

3. Theconcurreng of routinesbetweerndifferentthreadsn oneprocess.

TLV includesa TLV library anda viewer. The TLV library was developedwith C
languagewhile the viewer wasdevelopedwith Javalanguage.
In orderto useTLV, four stepsarenecessary:

1. Includetheheaderle of TLV andinsertTLV API calls;
2. Compiletheapplication;

3. Runtheapplicationandcreatdog les;

4

. UseTLV to shav thelog le andanalyzetheexecutionof theapplication.

C.2 TLV API

. TLV _Initialize — Initialize TLV andopenTLV log le;

. TLV _Finalize— Finalize TLV andcloseTLV log le;

1
2
3. TLV_AddState- Add the statego berecorded;
4. TLV_AddThread- Let certainthreadbelogged;
5

. TLV_Record- Recordthe stateof currentthread.
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C.3 SampleSession

In thissamplesessionwewill shav how to useTLV to recordandvisualizetheexecutionof

multiple threadechpplications.FigureC.1 andC.2 includethe sourcecodefor the sample

programwhich usesa parallelrandomsamplingsortalgorithmto sortanarrayof integers.
FiguresC.3,C.4,C.5,C.6,andC.7 aresnapshotsf of this samplesession.
Therearethreemodesof view:

1. Eventdurationview — Shavs thedurationof every recordedoutine. SeeFigureC.3;

2. Eventsequenceriew — Shaws the sequencef every recordedroutine. SeeFigure
C.4;

3. Eventdistribution view — Shavsthe executiontime distribution of recordedoutines.
SeeFigureC.5.

FigureC.6 shawvs the eventsandtheir color representations.
A summaryview is providedto offer generainformationaboutanevent. It is shavn in

FigureC.7.
Threecommanddor analyzingthe executionof a processnclude:

1. Totalduration— Obtainthetotal executionof a certainroutine;
2. Overlap— Obtainthe overlaptime betweerroutines;

3. Singleduration— Obtainthe durationof singlecalledroutines.

Besidesthesecommands;TLV also provides commanddor zoom-in,zoom-out,and
move view, in orderto provide a more clearview. TLV canopenmultiple log les of
differentprocesses differentwindows, thusmakingit easyto seetheinteractionbetween
processes.

Conclusion TLV is helpful in delugging/tuningmultiple-threadedrograms. With it,
someimportantbugs/bottlenecks PDIOL wereremoved during development.However,
TLV hasconsiderableéoom for improvement. One possibility would be to shawv the syn-
chronizationbetweenthreads. Also, TLV cannotdetectthe context switch information
becausd'LV library is a userlevel library. For example, TLV shavs thattwo threadsrun
someroutinesconcurrentlyandthe reality is thatthey perhapsuseonly oneprocessoin-
terchangeablyThus,the currentversionof TLV is only suitablefor applicationan which
thereis no competionfor processors.
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and the name of the state */
{INIT, INIT_END, P1, P1_END,

/¥ TLV state
enum tlv_states

P2, P2_END, P3, P3 END, P4, P4 END}

char* tlv_state_names][] = { "INIT", "INIT_END",
"PHASE2", "P2_END", "PHASE3", "P3_END",

main(int argc, char* argv[])

{

int length, *arg, index, start, end, count,

char* cs;

over_sampling = atof(argv[3]);

length = atoi(argv[1]);

thread_number = atoi(argv[2]);

my_seqid = 0;

/ITLV initalize

TLV_Initialize("psrs");

TLV_AddState(INIT, tlv_state_namesJ[INIT],

INIT_END, tlv_state_names[INIT_END],
TLV_AddState(P1, tlv_state_names[P1],

P1_END, tlv_state_names[P1_END],
TLV_AddState(P2, tlv_state_names[P2],

P2_END, tlv_state_names[P2_END],
TLV_AddState(P3, tlv_state_names[P3],

P3_END, tlv_state _names[P3_END],
TLV_AddState(P4, tlv_state_names[P4],

P4_END, tlv_state_names[P4_END],

TLV_Record(INIT);

my_array.RandomGenerate(length);
my_array.divide(args_for_thread);

TLV_Record(INIT_END);

for(int
arg =
*arg
pthread_create(&(threads][i].thread_id),NULL,s

i=1;i<thread_number;i++){
args_for_thread + 3%;

}

arg = args_for_thread;
slave(arg);

for(int i=1;i<thread_number;i++)
index = 0;

for(int i=0;i<thread_number;i++){
memcpy(my_array.nArray+index,threadsyi].loca

"Phasel",
"PHASEA4",

"P1_END",
"P4_END" }

my_seqid;

TLV_RED);
TLV_GREEN);
TLV_BLUE);
TLV_YELLOW);

TLV_CYAN);

lave, (void*)arg);

pthread_join(threadsli].thread_id,

|_array

threads[i].Iocal_arrayZIen*sizeof(int));

index = index + threads]i].local_array_len;

}

TLV_Finalize(); 1
}

Finalize TLV

FigureC.1: Parallel Random Sampling Sort — main Program.
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void*  slave(void* args)

{

int*  my_arg = (int*)args;
int seq = *my_arg;

int start = *(my_arg+1);
int  end = *(my_arg+2);
int index,i,count;

pthread_t my_tid = pthread_self();

/I only the child thread need to add thread to record
/I the main thread has done in TLV_Intialize
if(args 1= args_for_thread) TLV_AddThread();
TLV_Record(PHASE1_START);

myarr.quicksort(start, end); /* sort */
myarr.GetSampling(my_arg); /* sampling */
barrier(thread_number, AFTER_PHASE1);
TLV_Record(PHASE1_END);

if(seq==0){

TLV_Record(PHASE2_START);

sampling();

TLV_Record(PHASE2_END);

}

barrier(thread_number, AFTER_PHASEZ2);

TLV_Record(PHASE3_START);

index = start;
for(i=0;i<thread_number;i++){
int  pivot;
if(i<thread_number-1) pivot = myarr.nPivotsi];
else pivot = MAX_VALUE;
count = 0;

while(myarr.nArr[index+count]<=pivot&&index+c

if(count>0){
if((thrds[i].parts[seq]=(int*)malloc(sizeof( int)*co
printf(“failure to allocate memory\n");
exit(1);
thrdsl[i].parts_len[seq] = count;
memcpy(thrds[i].parts[seq], myarr.nArr+index, count*sizeof(int));
index = index+count;
}
}
/*  partition & distribute parts  */
barrier(thread_number, AFTER_PHASE3);

TLV_Record(PHASE3_END);
TLV_Record(PHASE4_START);
myarr.mergePartitions(seq);
TLV_Record(PHASE4_END);

return NULL;

FigureC.2: Parallel Random Sampling Sort — slave Program.
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FigureC.3: Snapshotof ThreadLog Viewer — Event Duration View.

FigureC.4: Snapshotof ThreadLog Viewer — Event Sequence/iew.
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FigureC.5: Snapshotof ThreadLog Viewer — Event Distrib ution View.

FigureC.6: Snapshotof ThreadlLog Viewer — Event Legend.
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FigureC.7: Snapshotof ThreadLog Viewer — Summary View.
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