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Abstract

File systemtraceshave beenusedin simulationof spe-
ci�c designtechniquessuchasdiskscheduling,in work-
load characterizationand modeling,and in identifying
interesting�le accesspatternsfor performanceoptimiza-
tion. Surprisinglythey are rarely usedto test the cor-
rectnessand to evaluatethe performanceof an actual
�le systemor server. The main reasonis that up un-
til now theredoesnot exist a �e xible and easy-to-use
traceplayerthat,givenan input trace,canproperlyini-
tialize the test �le systemandfeedthe traceto the test
�le systemin sucha way that respectsthe dependency
constraintamong�le accessrequestsin the trace. This
paperdescribesthe design,implementation,andevalu-
ationof anNFStraceplay-backtool calledFEUT (File
systemEvaluationUsing Traces),which canautomati-
cally derivetheinitial �le systemimagefrom atrace,can
speedupor slow down a traceplay-backusingtemporal
or spatialscaling,andfeaturesa highly ef�cient imple-
mentationthatminimizestheCPUanddiskI/O overhead
during traceplay-back.Experimentsusinga largeNFS
tracesetshow thattrace-driven�le systemevaluationcan
indeedproducesubstantiallydifferentthroughputandla-
tency measurementsthansyntheticbenchmarkssuchas
SPECsfs,andFEUT's traceplayeris actuallymoreef�-
cientthatSPECsfs's workloadgeneratordespitethefact
thattheformerrequiresmoreCPUcomputationanddisk
I/O accesses.

1 Intr oduction

Theevolutionof �le systemdesignis drivenby changes
in workload, hardware capabilities,and user require-
ments regarding functionality, reliability and perfor-
mance. File systemtracesfrom production�le servers
have beenthebasisfor many previousstudieson work-
load characterization,and developmentand evaluation
of individual �le systemtechniques. However, unlike
network devicesandwebservers,tracesarerarelyused
in theevaluationof complete�le systemsor servers.In-
stead,themostcommonlyusedworkloadsfor evaluation
aresyntheticmacro-benchmarksandmicro-benchmarks.
Occasionally, performancemeasurementsare collected

on actualdeployedsystems[9], but this approachis un-
realistic for most research�le systems.The main rea-
son that tracesare rarely used in �le systemevalua-
tion is thelack of a high-�delity �le systemtraceplayer
thatcancorrectlyinitialize anevaluated�le systemand
faithfully observethedependenciesamongtracerecords
while playingbacka �le systemtrace. Thegoalof this
projectis to developanNFStraceplayerthatallows the
useof tracesin theevaluationof NFSservers.

The quality of a �le systemevaluationstudy is only
as good as that of the input workload. An ideal �le
system evaluation workload should be representative
of real applicationrequirements,effective in predicting
the systemperformancein targetenvironments,easyto
use,scalableto stressthesystemsunderevaluation,and
ableto generatereproducibleresults. Syntheticmacro-
benchmarkssatisfy most of theserequirementsexcept
realismandpredictability. Sometimesthesebenchmarks
can be ratherunrealisticand thus misleadrelatedsys-
tem research.The importanceof building more realis-
tic benchmarksin advancingtheexperimentalcomputer
system�eld hasbeendiscussedin many articles[11].

Modern �le systembenchmarkshave madesigni�-
cant improvementsin realismand predictability. Dif-
ferent benchmarksare designedspeci�cally to capture
theworkloadcharacteristicsof differentoperatingenvi-
ronments.Moreover, syntheticbenchmarksaremostly
parameterizable,makingit possibleto tailor the result-
ing workload to speci�c requirements. Still, it is not
always possiblefor a syntheticbenchmarkto matcha
tracecollectedfrom a giventargetenvironmentin work-
load realismandperformancepredictabilityfor the fol-
lowing reasons.First, therearemany time-varyingand
second-orderor third-orderfactorsin a workloadwhich
arevery dif�cult (if not impossible)for a benchmarkto
capture.Second,becausetheturn-aroundtime of devel-
opinga high-qualitybenchmarkis oftenon theorderof
years,benchmarksusuallylag behindthedynamicevo-
lutionof theworkloadsin thetargetenvironment.In con-
trast,tracesareby constructionrepresentativeaslong as
they arecollectedwith care,andcanbe frequentlyre-
capturedto accommodateworkloadchangesover time.
Therefore,traceplayback-basedevaluationis a valuable
complementto theexisting benchmark-drivenapproach



to �le systemevaluation.

The major disadvantageof �le tracesis that it is not
easyto scalethemin order to stress�le serverswhose
targetperformanceismuchhigherthanthosefromwhich
traceswerecollected.This is a fundamentalproblembe-
causemost production�le servers are set up to run at
anoperatingpoint that is far lessthantheir peakcapac-
ity in orderto ensurereasonableresponsetime. There-
fore,tracescollectedfrom production�le serverstendto
generatelessload thanis required. On the otherhand,
with a high probability tracescancaptureall the other
dynamiccharacteristicsof a �le systemworkload, in-
cluding burstiness,time-varying operationmix, �le ac-
cesspatterns,andmulti-userlocality, etc.

To the best of our knowledge, there doesnot exist
a reusabletrace player that can play back real traces
againsta �le server underevaluationin the sameway
asstandardbenchmarks.We describein this paperthe
design,implementation,andevaluationof anNFStrace
player that allows �le systemresearchersto evaluate
their �le systemsor NFSserversusingrealtraces.

Therestof this paperis organizedasfollows. Section
2 givesan overview of thechallengesin usingtracesin
�le systemevaluation.Section3 reviewsrelatedwork in
tracecollection,traceanalysisandtracesimulation.Sec-
tion 4 describesthedesignof FEUT. Section5 givesim-
plementationof ourNFStraceplayer. Section6 presents
evaluation resultsof the trace player. Section7 con-
cludesthe paperwith a summaryof our researchand
givesdirectionsfor futurework.

2 Overview

For trace-driven�le systemevaluationto becomea gen-
eral approach,theremustbe a tool to collect �le traces
andconvert theminto a standardizedformatanda trace
player that can properly initialize the original �le sys-
temimagesothat it play thecollectedtracesagainstthe
�le systemunderevaluationin a way that observesthe
semanticdependenciesamong�le accesscommandsin
thetraces.

2.1 Trace Collection

To build astandardtracearchive,thereneedstobeastan-
dard traceformat, an easy-to-usetracecollector, anda
collectionof �le systemtracesfor representative work-
loadin differentenvironments.

Tracecollection involves many technicalas well as
administrative issuesespeciallywhen it comesto �le
servers that servicea large numberof end users,such

asprivacy, servicedisruption,completeness,andperfor-
manceimpact [4]. Two main tracecollectionmethods
areinstrumentationto �le serverkernelandsnoopingthe
network traf�c of adistributednetwork �le server. A de-
tailedcomparisonbetweenthesetwo approachesis given
in the paper[12]. Becausepassive snoopingis lessin-
trusive andmost�le serversareaccessibleover thenet-
work, thepassivenetworksnoopingapproachis themore
popularof thetwo. A drawbackof this approachis that
tracescollectedfrom thenetwork cannotbeusedto eval-
uatetheclient-sideprocessing.

Ellard et al.have implementeda generalNFS tracing
tool and madethis tool, along with their repositoryof
traces,availableto otherresearchers[6].

Tracesmust be representedin a standardformat, so
that they may be manipulatedwith a commonset of
tools.Ideallythetraceformatshouldbecompactin order
to reducethedisk I/O overheadof the traceplayer, and
easyto parsein order to minimize the CPU processing
costatruntime. In addition,�le accessrequestsandtheir
responsesshouldbe pairedso that it is straightforward
for the traceplayer to ensurethe evaluated�le system
functionscorrectlybeforestartingperformancemeasure-
ments. To allow a traceto be playedback fasterthan
thespeedat which it is collected,a dependency analysis
tool is neededto identify all the dependency relation-
shipsamongthetracerecords.

2.2 Trace Play-Back

2.2.1 File SystemImage Initialization

To play backrequestsin a �le traceasif realclientsare
issuingthemto the�le serverundertest,theserver's ini-
tial �le imageneedsto beproperlyinitializedsothatthe
server canprocessrequestsin the trace. Ideally, before
a trace is taken, the snapshotof the traced�le server
shouldalso be taken, and later usedas the initial im-
ageduring traceplay-back. In practice,however, this
is not possiblemost of the time becauseit may cause
servicedisruption. Therefore,it is essentialto createa
tool that can analyzea given traceand reconstructan
initial �le systemimageagainstwhich the tracecanbe
playedcorrectly. Obviously the�le systemimagerecon-
structedfrom a traceis not necessarilythe sameasthe
ideal snapbecausethe tracedoesnot always touch all
the�les. Moreover, thephysicaldisk layoutof a �le sys-
temimagereconstructedthis waymaybequitedifferent
from the ideal snapshot,andthis differencecould have
signi�cant performanceimplication,as�le systemaging
hasbeenshown to beanimportantfactor[16]. Nonethe
less,aninitial �le systemimagereconstructedfrom a�le
representsthebestonecandowhentheidealsnapshotis



notavailable,andmaywell besuf�ciently goodfor most
trace-based�le systemevaluationstudies.

2.2.2 Concurrency

A majoradvantageof syntheticbenchmarksis it is rela-
tively easyto increasethedegreeof concurrency in the
workload in order to stressthe server undertest. The
commonsoftwarestructureof asyntheticworkloadgen-
eratorconsistsof multiple processesor threadssimulta-
neouslysendingrequests,with requestsfrom eachpro-
cessor threadoperatingon a disjoint directorysubtree.
Theoveralltraf�c loadcanthusbeadjustedby tuningthe
numberof processesor threadsandtheir sendingrates.

Weusetwo methodstoarti�cially increasetheconcur-
rency of a trace.Oneis to analyzethetraceandidentify
subtracesthat are independentof oneanotherand thus
canbereplayedsimultaneouslywithoutviolating these-
manticsof the trace. The other is to take a traceand
duplicateit asmany timesasthedegreeof concurrency
requires,eachtime replacingall theargumentsin there-
questsso that they operateon a separatedirectorytree.
This option is simpler to implementand preserves the
original �le accesstiming behavior of the applications
andusers,but theconcurrency behavior of theworkload
it generatesis notgenuine.

2.2.3 Challenges

Froma conveniencestandpoint,it is highly desirableto
beableto useasinglephysicalclientmachineto emulate
asmany logicalclientsaspossibleandto dothisatasfast
aspossible.To do so,a traceplayermustbeef�cient in
termsof datastructuredesignandresourceusage.

Syntheticbenchmarksgenerate�le accessrequestsin
oneof two ways.Onewayis to invokeapplicationssuch
asmake, cp , grep , gcc , etc., which make local �le
systemcalls,whicharetransformedby thelocal �le sys-
tem into NFS calls, which aresentto the server. This
approachcan only control applicationmix, but cannot
directly controlNFSoperationmix. Theotherway is to
directly composeandsendNFSrequestsaccordingto a
pre-con�guredoperationmix target.Comparedwith the
secondapproach,a traceplayer typically incurshigher
overheadfor thefollowing reasons.First, real �le traces
arehugeandthusrequiresubstantialdisk I/O andmem-
ory bandwidthduringtraceplay-back.

For example,a typical one-dayraw tracefor a light
NFSworkloadcontains� ve million callsandresponses
andrequires200 MB to storein a compressedformat.
Second,tracerecordsmayrequireon-the-�y processing
beforethey canbeissuedto thetestedserver. For exam-
ple, each�le objectis identi�ed by a �le handle,which

containsthe device number, inodenumberandgenera-
tion number. The original �le handlesusedin the re-
questsin the tracearenot the sameas the �le handles
generatedby thetestedserverat run time. Therefore,the
traceplayer needsto maintaina mappingbetweenthe
original �le handleand the �le handlecreatedat play-
backtime. Suchmappinginformationcanitself become
quite largefor a commercial�le systemcontainingmil-
lions of �les. Finally, no traceis perfectand the trace
playerneedsto dealwith errorsin thetracesin a grace-
ful way so that the play-backcancontinuefor as long
aspossible.Typical NFStracingtoolscanloseasmany
as 10% of the NFS messagesduring bursty traf�c (al-
thoughmuch lower ratesare normal). A robust trace
playerneedsto be ableto handlevarioustracingerrors
suchthat their sideeffectscanbe effectively contained.
This type of error processingincursperformanceover-
headthat doesnot exist in syntheticworkload genera-
tors.

3 RelatedWork

Trace-basedanalyseshavemotivatedandguided�le sys-
temresearchsincetheinceptionof the�eld. Analysesof
how �le systemsareactuallyusedhasresultedin a con-
stantprogressionof new optimizationsandimplementa-
tion techniques.

Ousterhout's 1985 traceanalysis[13] set the direc-
tion for thenext decadeof �le systemresearchby show-
ing that increasedcachesizeswould reduceread-traf�c
considerably, makingwrite throughputincreasinglyim-
portant.This motivatedwork in optimizing �le systems
for writing, most notablyLFS [15], journalling, write-
clustering,andsoft-updates.

The1991Spritetraceanalysis[2] repeatedthis study
for a distributedsystemanddiscoveredthat read-traf�c
had indeeddecreasedascachesizesincreased,but not
as much as Ousterhoutet al.had predicted. More im-
portantly, it showed that the overheadof maintaining
cacheconsistency in a distributed�le systemwasman-
ageablebecauseto the relative infrequency of usersac-
tually write-sharing�les.

More recenttracestudieshave demonstratedthat �le
systemworkloadsarediverseandvarywidely depending
on theapplicationsthey serve, andthatworkloadshave
changedovertime,andraisingnew issuesfor researchers
to address:Roselli et al.measurea rangeof workloads
and show that �les have becomelarger and large �les
areoftenaccessedrandomly, in contrastto �ndings from
earlierstudies[14]. Vogelsshows that theworkloadsof
personalcomputersdiffer from mostpreviously-studied
workloads[18], andEllardetal.demonstratethatthereis



astrongrelationshipbetweenthenamesof �les andtheir
otherattributes[4, 5].

As trace-basedstudies identify changingtrends in
workloadsand uncover new problemsfor researchers
to solve, it is benchmarksthat areusedto measureour
progress.Benchmarkscanbe divided into two general
categories:micro-benchmarks,which measurea partic-
ular aspectof �le systemperformance(suchasthetime
requiredto createanew �le, scanadirectoryfor anonex-
istent�le, or readonediskblock from a �le) andmacro-
benchmarks,which measuretheperformanceof the �le
systematthelevel of anapplicationor possiblyanentire
workload.Micro-benchmarksarewell-suitedto investi-
gatingthe effectsof changesto the �le systembecause
they allow isolationof theseeffectsto the syscalllayer
(or below), andthereforeareusefulto theresearchcom-
munity. Macro-benchmarks,on theotherhand,provide
amorerealisticview of whattheusersof thesystemrun-
ning a particularworkloadwill actuallyexperience.Hy-
brid approaches,suchashBenchattemptto combinethe
bestfeaturesof micro- andmacro-benchmarksby char-
acterizinga workload as an aggregateof simple oper-
ations,eachof which can be representedby a micro-
benchmark.Thisapproachappearsto work well, aslong
asthereis away to characterizetheworkloadin termsof
thesemicro-benchmarks.

In our work, we are primarily interestedin work-
load or macro-benchmarks,so we will not dwell on
themyriadsof micro-benchmarksthathave beendevel-
oped.Thereareseveral�le systemmacro-benchmarksin
widespreaduse: the venerableAndrew Benchmarkhas
beena stapleof �le systemresearchpapersfor many
years, but seemsto be losing its popularity. This is
probably for the best,becausethe developmentwork-
loadit representsis onethatwebelieveis no longervery
relevant – most usersare unconcernedwith how long
it requiresto compile programs. Previous analysesof
our NFStracesimply thatmostusersareprimarily con-
cernedwith email [4].

The PostMarkbenchmark[10] attemptsto simulate
email, but actually only simulatesa particularkind of
mail workload– onewith many small �les. In thetraces
weexamine,thecomponentof theworkloaddueto email
is quitedifferent. Themethodologyproposedby Elprin
et al. [7] to generateemailworkloadsby sendingscripts
of commandsthrougha real IMAP server producesa
more realisticworkload,andcanbe madesite-speci�c
by creatingnew scriptsand using a productionIMAP
server.

TheSPECSFS(SystemFile Server)benchmarkis an
attemptto createa general-purposebenchmarkfor NFS
servers [17]. SFSattemptsto recreatea typical work-
load,basedon a survey of traces.Unfortunately, there-

sult doesnot resembleany NFS workloadthat we have
observed. (For example, all the �les createdby SFS
have a lengthof 136KB, which is hardly typical.) Fur-
thermore,we questionwhethera typical workloadactu-
ally exists– eachNFStracewe have examinedhashad
uniquecharacteristics.

File systembenchmarkshave evolvedin parallelwith
advancesin �le systemdesignandimplementation,but
they usually lag �le systeminnovation by many years.
Thereare two primary reasonsfor this. First, design-
ing andconstructingusefulandaccurategeneral-purpose
benchmarks(andconvincing theresearchcommunityto
usethem)is a dif�cult task. Thesecondreasonfollows
directly from the scienti�c process: in order to com-
paretwo systems,it is bestto run the sameexperiment
on each. Sincewe cannotrun today's benchmarkson
thecomputinghardwarefrom a decadeago,we instead
benchmarksthatareadecadeold onour latesthardware.

One of the goalsof our researchis to reducethese
obstacles:�rst, our systemconstructsan accurateand
repeatablebenchmarkdirectly from a tracewithout any
userintervention.Second,theresultingbenchmarksare
scalable:asour systemsimprove to thepoint whereour
currentworkloadsare trivial, we can scaleour bench-
marksto thepoint wherethey will stressany system.

4 Design

FEUTconsistsof apre-processingcomponentandatraf-
�c loadgenerationcomponent.Thepre-processingcom-
ponentanalyzesan input traceto derive an appropriate
initial �le systemimage,andtransformsthetraceinto a
formthatismorecompactandeasierto useatloadgener-
ation time. Thetraf�c loadgeneratorreadsin thetrans-
formedtracestoredon disk, performs�le handlemap-
ping,anddispatchesNFSrequestsin away thatsatis�es
inter-requestdependency constraintandfollows therate
requirementasspeci�edby theuser.

4.1 File SystemImage Initialization

In orderfor tracereplayto succeed,we musthave a �le
systemagainstwhich to play thetraces.Ideally thetrace
replayshouldbegin with an exact copy of the �le sys-
temfrom which tracesweretaken,but this is notalways
possible.Creatingasnapshotof a largeconventional�le
systemmay placea load on the systemthat is undesir-
ablein aproductionenvironment,andthereis noguaran-
teethattheresultingsnapshotwill actuallybeconsistent,
becausethe�le systemmaychangewhile thesnapshotis
beingtaken. (File systemssuchasWAFL greatlyatten-
uatethesedif�culties. [8]) The �nal problemis thatwe



mustdecideaheadof time whento take snapshots.For
example,if we take snapshotsevery night at midnight,
but laterdecidethatwewantto replaceatracestartingat
noon,themidnighttracemight notbehelpful.

Even if areable to acquirewhatever completesnap-
shotswe like, this only leadsto anotherproblem– a
snapshotof a large server may requirean equally large
server to reconstruct!Ideallywewould like to beableto
do tracereplayson relatively modesthardware.

Themethodswe describein this paperallow usto in-
fer snapshotsthatwill allow usto replaytraces

In earlierwork, we describetoolsthat infer thedirec-
tory hierarchyfrom anNFStrace[6]. Many of thetech-
niquesemployed by thesetools are not new, and date
backto work by Blaze[3]. Wehaveextendedthesetech-
niquesto build a tool thatinfersthestructureof thesub-
setof the�le systemthatis activeduringthetraceperiod.
It reconstructsthe �le systemhierarchyby observing
lookup , create , remove , link , andrename calls
andtheir responses,anddiscoverstheattributesof each
�le via theresultsfrom getattr , access , read , and
write . By scanningthe trace,we canbuild a tableof
every �le and directory accessedduring the trace,and
discovermuchof the�le systemhierarchy.

The fact that this methodonly discovers the active
partsof the �le systemis both a limitation andfeature.
Thelimitation is thatno informationis discoveredabout
theinactivepartsof the�le system,andthismayhavean
impacton thebehavior of the �le system.for example,
if only one�le is accessedin a particulardirectory, the
sub-snapshotfor thatdirectorywill only containthatsin-
gle �le. If in therealsystemthis �le is only oneof many
in thedirectory, thenoperationsonthatdirectorymaybe
considerablydifferentthanif thereis only one.

This propertyhasa positive aspect,however – sub-
snapshotsareusuallya small fractionof thesizeof the
original �le system,sothey canbereconstructedquickly
andonsmalldisks.

A moreseriouslimitation is that this methodof cre-
atinga snapshotdoesnot capturetheeffectsof thatag-
ing hashadon theoriginal �le system.Most �le system
snapshottingmethodssuffer from this problem,andit is
alsoageneralproblemof many �le systembenchmarks.
Thereis nogeneralsolutionshortof examiningtheblock
layoutof theoriginal �le system– andeventhis is notal-
wayssuf�cient, becausetheblocklayoutmaybespeci�c
to aparticular�le system.Hopefully, sincewehavelong
traces,thebeginningpartof thetracescanbeusedasag-
ing workload.

4.2 Trace Transformation

FEUT usesa trace record format that is designedto
be suf�ciently general to serve as the back-endfor
traces collected from different network �le access
protocolsor from local �le systems.Eachtracerecord
in FEUT is a tuple of four �elds, � timestamp,
operation type, operation parameter,
return values � . The time at which an operation
takes place is recordedin timestamp , whosereso-
lution is � sec,andstartsat � for the �rst tracerecord.
The operation type �eld indicates the type of
operationsuchasreador write, andits possiblevalues
may vary from one protocol to another. For example,
NFSversion2 has18 operations,NFSversion3 has24
operations.

Theoperation parameter �eld containsthear-
gumentof theoperationin question,andits valueis typ-
ically a simple integer or or a string. A major type of
operationparameteris �le ID, which identi�es the �le
systemobjectinvolvedin anoperation.Insidea �le sys-
tem,a �le objectis typically identi�ed by adevicenum-
ber, aninodenumberandagenerationnumber. However,
in a �le accesstrace,a �le canidenti�ed by its �le de-
scriptor, absolute�le path,NFS �le handle,etc. FEUT
recognizesdifferent forms of �le IDs that point to the
sameobjectand replacesthemwith a FEUT-ID in the
transformedtrace. Sincethe numberof unique�le ob-
jectsin a tracerarelyexceedsmillions, a 4-byteinteger
is suf�cient for FEUT-ID. This replacementis a form of
dictionarycompression,which reducesthetracesize.

Thereturn value of a �le accessoperationis not
alwaysavailablein thecollectedtracesandmay not be
essentialfor many tracestudies.But the returnvalueis
essentialfor FEUTto derivetheinitial �le systemimage
and to verify the correctnessof the tested�le system.
In local �le systemtraces,the return value is usually
recordedtogetherwith eachoperation. In network �le
server traces,�le systemrequestandreply packetsare
recordedindependentlyby the snoopingsoftware, and
hencemaynot benext to eachotherin thetrace.In this
case,FEUT matcheseachrequestwith its correspond-
ing reply, andoutputstherequesttogetherwith it return
valuein thetransformedtrace.

FEUT also inserts additional information into the
transformedtraceto facilitate load generation.For ex-
ample, the parametersof a remove operationare the
nameof the�le toberemovedandthe�le ID of its parent
directory. Neitherremove requestnor its responsecon-
tainsthe�le ID of theremoved�le, which is neededby
theloadgenerator. Thesameproblemexistsfor rmdir
andrename . For all threeoperations,FEUT infers the
�le ID of the object in questionfrom the parent's �le



ID, theobjectnameandthe �le systemhierarchyinfor-
mation,andaddsit to theassociatedrecordin thetrans-
formedtrace.

4.3 Err or Handling

Network �le accesstracesare often not perfect,espe-
cially thoselong tracesthatarecollectedusingnetwork
snoopingfor periodsof weeksandmonths.As a result,
sometracerecordsareduplicated,andsomearemissing.
Duplicationcanbe easilydetected,but missingpackets
can causethe test run to fail. In most cases,missing
packetsare not harmful in the sensethat they will not
stop the test run and thus can be safely ignored,such
asread, write, getattr, lookup , etc. How-
ever, othermissingpacketscanleadto abortionof test
run. FEUT needsto identify thesecasesin the pre-
processingphaseandinsertsthenecessarypackets. For
example,from thefollowing requestsequencecreate
A; create A; remove A, FEUT infers that there
mustbe a remove A or rename A missingbetween
the�rst create A andthesecondcreate A, andin-
sertsoneaccordingly.

FEUT canalsobe usedto verify thecorrectnessof a
�le server undertest. Ideally, the returnvalue to each
operationfrom the test �le server during a traceplay-
backrunshouldbethesameasthatrecordedin thetrace.
If the test �le server returnsa differentvalue for a �le
accessoperation,it is possibleto affect subsequentre-
questsandeventuallyforce the testrun to stop. For ex-
ample,if acreate thatis followedby write requests
to the newly created�le succeedsin the original trace,
but fails in the play-backrun, all subsequentwrite
requests canno longerbeexecuted.Unexpectedre-
questfailureduringtraceplay-backcanarisebecausein-
correct�le server implementationor transient�le server
problems.While thesedynamicfailuresarenot a result
of FEUT implementation,FEUT still needsto handle
themby skipping thoseoperationsthat areaffectedby
thesefailuresso that the play-backrun canproceedto-
wardtheendasmuchaspossible.In contrast,synthetic
�le workload generatorssuchas SPECsfsdo not have
this problem,becausethe requestsit generatesarecre-
atedbasedon the the accumulative resultsfrom the set
of accessrequeststhat have beensuccessfullyexecuted
sofar.

4.4 Load Generation

Before dispatchinga requestin a trace, FEUT �rst
checks (1) whether all the requeststhat the request
in question dependson are already completed, (2)
whetherthe request's time-stampout-runsthe current

time-stamp,and(3) whetherthenumberof outstanding
requeststo a givenserver exceedsa threshold.The�rst
constraintis absolutelyrequiredfor correctness.How
inter-requestdependenciesare identi�ed is covered in
Section4.5. The secondis optional and is mainly for
tracescalingas discussedin Section4.6. The third is
alsooptionalandis includedmainlyto avoid overloading
thetest�le server. If a �le server is overloaded,it tends
to have muchlow throughput.Without the third check,
eventually subsequentrequestswill be stoppedif they
dependon previousuncompletedrequests,or if thenet-
work buffer is exhaustedif theconnectionbetweenclient
and�le server is built uponTCP. Third checkservesas
an overloadprotection,which ensuresthat a �le server
beingevaluatedalwaysoperatesat a realisticoperating
point.

A traceplay-backis saidto runatfull speedif only the
dependency constraintcheckandmaximumoutstanding
requestcheckis performedevery time a requestis dis-
patched.Theinitial partof a traceplay-backrun is typi-
cally usedto warmup thetest�le server's cache.At the
warm-upstage,requestsaredispatchedat full speed.

4.5 DependencyAnalysis

If an operationP appearsbefore anotheroperationQ
in a trace,P and Q operateon somecommon�le ob-
ject(s), andat leastoneof themmodi�es the common
objects(s),Q must to be executedafter P hasbeen�n-
ished. In this case,Q is said to dependon P, which is
representedasP- � Q. A requestin a tracecan be dis-
patchedonly whenall its dependeesarecompleted.Here
a �le systemobjectcanbea regular�le, directory, sym-
bolic link or specialdevice node. In NFS,modi�cation
to a regular�le is throughsuchoperationsascreate,
write, commit, setattr andremove , andac-
cess to a regular �le is through operationssuch as
read, getattr, access, lookup , in addition
to the modi�cation operations.Note that the create
of a �le is consideredasmodi�cation to a �le, because
it has to be serializedwith all other accessesread,
write to this �le. For similar reason,remove is con-
sideredasmodi�cation to a �le too.

Modi�cation to a directory is by
adding/deleting/renaming�le system objects under
this directory and setattr operation,and accessto
a directory involves readdir and lookup of �le
system objects under the directory. The operation
readlink is consideredas accessto the symbolic
object. Operationsthataccessoverall �le systeminfor-
mationsuchasfsstat or fsinfo areignoredin the
dependency analysis,whichmeansthattheseoperations
do not dependon any otheroperationandno operation



dependson them.Table1 showshow �le systemobjects
usedin common�le systemoperationsare considered
”accessed”or ”modi�ed.” Note that if a lookup obj
operationsucceeds,theobject's handlewill be returned
andwe considerthis lookup requestaccessesboththe
parentandthereturnedobj ; otherwisewe considerthis
lookup requestonly accessestheparent.Similarly, the
[obj2] in rename is thetargetobjectwhichmayor may
not exist beforethe rename.If the objectexists, it will
bedeletedasresultof rename .

Dependency constraintdeterminestheupperboundon
the degreeof concurrency availablein a trace. That is,
a traceplayercan maximizethe numberof concurrent
requeststhat canbe dispatchedby looking asfar ahead
into thetraceaspossibleto identify the independentre-
quests,in theextremecasetheentiretrace. Thedegree
of concurrency possibledependson the granularityof
dependency analysis. FEUT currentlyuses�le system
objectsthatcanbeuniquelyidenti�ed by their �le ID as
theanalysisgranularity. Higherconcurrency is possible
if FEUT chooses�ner analysisgranularitysuchas �le
attribute, �le block, and directory entry, which can be
identi�ed by a combinationof �le ID with �ags, logical
blocknumberandnamestring,respectively.

4.6 Scaling

Thescalabilityof a workloadgeneratoris de�ned asits
ability to stress�le serverswith awiderangeof through-
put characteristics.In thecaseof FEUT , if a traceruns
at 100requests/secwhenit is collected,how canFEUT
scaleit upto stressa10000requests/secserver, andscale
it down to testa 10 requests/secserver? In the process
of scaling,it is importantto preservethe�le accesschar-
acteristicsof the original traceasmuchaspossible,as
thereis no point of usinga trace-drivenapproachif all
thecharacteristicsimportantto �le systemevaluationare
destroyedin thescalingprocess.

The degree of concurrency requiredto stressa �le
server is determinedby theproductof its throughput�

andlatency � , �	�
� . Becausea high-performance�le
server typically reachesits peakthroughputat high pro-
cessinglatency, high concurrency is neededto stressa
high-end�le server. Accordingto thebenchmarkresult
publishedby SPECsfsfor the sfs97R1.v3benchmark,
theSpinServer3300(6-nodescalablecluster)from Spin-
naker Networks Inc. hasthethehighestmaximumcon-
currency requirementof 752,with a peakthroughputof
131930requestspersecondanda latency of 0.0057sec-
ondat peakthroughput,whereasRainFiler(Failover,1-
Node,4x36,TCP)from TraakanInc. hasthelowestmaxi-
mumconcurrency requirementof 9,with apeakthrough-

putof 1957requestspersecondsanda latency of 0.0046
second.

Therearetwo waysto speedup a trace.The �rst ap-
proach,calledspatialscale-up, generatingmultipleeval-
uationloadsondisjoint working directory. Themultiple
loadscanbehomogeneouslyloadsthesametraceor het-
erogeneousloadsfrom differenttraces,Theoverall con-
currency of multiple loadsis thesumof theconcurrency
of individual load. Spatialscale-uppreservesthetiming
relationshipsamongtherequestsin theoriginal trace(s).
For homogeneousloads,randomdelayis introducedfor
the startingtime of eachload to avoid the all the loads
encounterbursty operationsimultaneously. The range
of delaytime is con�gurablebut shouldbelessthanthe
warm-uptime. Thetotal working �le setsizeis thesum
of of all disjointdirectories,andthusgrowslinearlywith
respectto the numberof loadsand degreeof concur-
rency. This approachis simpleto implement,Duplica-
tion is alsousedin mostsynthetic�le systemworkload
generators,suchasSPECsfs.

The secondapproach,called temporal scale-up, it
simplyspeedsup a traceby dividing thetime-stampsby
a speed-upfactorandplayingthe traceaccordingto the
new time-stamps.If theevaluated�le systemis slower
thanthe original �le server, operationsmay be delayed
due to traf�c burst. Traceplay-backmonitorsthe de-
layed packets and gives periodical statisticsabout the
averagedelaytime, total number, andpercentageof de-
layedpackets. Temporalscaleup preservesthe bursty-
ness,total working �le setsize,locality, andorderchar-
acteristicsof �le accessrequestsin thetrace.

Therearealso two ways to slow down a trace. The
�rst approach,calledtemporal scale-down, is theoppo-
siteof temporal scale-up. It simply slows down a trace
by multiplying the time-stampsby the slow-down fac-
tor. Thesecondapproach,calledspatialscale-down, de-
composesa traceinto subtracesaccordingto client IP
address,groupID, userID or working directories.Each
subtraceresultingfrom sucha decompositionmay not
beself-containedif �les arebeingsharedamongclients,
groupsor users.For example,if dir-A is sharedbetween
user1and user2,user1deletes�le-B underdir-A, and
user2creates�le-B underdir-A, then the subtracefor
user1will containonly the delete operationand the
subtracefor user2will containonly the create oper-
ation. As a result, both subtracesmay not be able to
beplayedbackcorrectly. FEUT solvesthis problemby
running eachresultingsubtracethroughthe tracepre-
processingstep,which handlessuchmissingrequestsin
the sameway as missingpackets in the original trace.
The temporal scale-downapproachpreserves the total
working �le set size while the spatial scale-downde-
creasesthetotalworking �le setsize.



File SystemOperation Modi�ed Accessed
read/readdir/getattr/readlinkobj obj
write/setattr/commit obj obj obj
lookup parent,name([obj]) parent,[obj]
create/mkdir parent,name(obj) parent,obj parent,obj
remove/rmdir parent,name([obj]) parent,[obj] parent,[obj]
symlink parent,name([obj]),path parent,obj parent,obj
rename parent1,name1,parent2,name2([obj2]) parent1,parent2,[obj2] parent1,parent2,[obj2]

Table1: Thistableshowshow �le systemobjectsusedin common�le systemoperations.areconsidered”accessed”or ”modi�ed.”
[obj] meansthattheobjectmaynotexist andtheoperationsmight returnfailure.

If a �le systemtraceis dominatedby a largenumber
of requeststreamseachof which operatesan indepen-
dent�le systemobjectsetsandgeneratesrelatively light
accessload,spatialscalingis moreappropriatein speed-
ing up or slowing down the trace.A typical exampleof
sucha workloadis a softwaredevelopmentenvironment
where�le accessesareinterleavedwith userthink time
andCPU/networking activities. If a �le systemtraceis
dominatedby asmallnumberof requeststreamseachof
whichgeneratesrelatively heavy �le accessload,tempo-
ral scalingis moreappropriatein speedingupor slowing
down thetrace.A typical exampleof suchaworkloadis
a supercomputerclusteron which multiple jobsareexe-
cutedconcurrentlyon disjoint sub-clusters,which share
a single�le server.

Most real-world �le systemworkloadsare a mix of
thesetwo type of workloads. Oneneedsto understand
thenatureof thetracesandthetargetworkloads,andde-
cidethebestscalingapproachbasedon thatunderstand-
ing. Thesetwo scalingapproachescanalsobecombined
together. For example,if therequiredspeed-upfactoris
12, it canbe achieved by a spatialscale-upfactorof 3
anda temporalscale-upup factorof 4.

5 Implementation

A �le systemworkloadgeneratormustdeterminewhat
requeststo dispatchandwhento dispatchthem.To min-
imize therun-timeoverheadof NFSrequestgeneration,
FEUT pre-processesa trace to make it more compact
andeasierto parse,andat run time overlapstraceread-
ing from thediskwith requestgenerationto improvethe
concurrency.

5.1 NFSTrace Pre-processing

TheFEUTpreprocessingtool is implementedin Perland
consistsof two passes.The�rst passscansthetraceand
andinfersa hierarchymapbetweeneach�le systemob-
ject thatappearsin thetraceandits absolutepath-name

andlifetime. Each�le systemobjectis uniquelyidenti-
�ed by FILEID, a 4-byteinteger.

Theformatof eachhierarchymapentryis � FILEID,
PATHNAME, LIFETIME-START, LIFETIME-STOP� .
Entries in the map can be accesseddirectly by either
theFILEID or � PATHNAME, TIMESTAMP� tuple. A
FILEID usuallycorrespondsto only onematchingentry,
but multiple entriesmay exist dueto hardlinks, which
permit a single �le to have morethanonenamein the
�le systemhierarchy. A � PATHNAME,TIMESTAMP�

tupleshouldmapto at mostoneentry, andthematching
entryshouldhavethesamePATHNAMEandtheTIMES-
TAMPshouldbebetweentheentry'sLIFETIME-START
andLIFETIME-STOP. If a �le systemobjectexists be-
fore the tracecollectionstarts,its LIFETIME-STARTis
setto 0 andif a �le systemobjectsexistswhenthetrace
collection ends,its LIFETIME-STOP is set to in�nity .
The initial �le systemimagefor a tracecorrespondsto
thoseentriesin the hierarchy map whoseLIFETIME-
STARTis 0.

In thesecondpass,theFEUTpre-processingtool con-
verts each�le handle into its correspondingFILEID,
combineseachNFS requestwith its associatedreturn
value,eliminatesunnecessaryinformationin theoriginal
trace,�lls up thedeletedobject's FILEID for remove ,
rmdir andrename operations,andproperlyinsertsre-
queststo accommodatemissingpackets.While still in a
humanreadabletext format, thesizeof the transformed
traceis typically about10%of thatof theoriginal trace.

The current FEUT pre-processingtool implementa-
tion is not incremental.Consideringthe largetracesize
( � 100GBytes),incrementalpre-processingis animpor-
tant feature.Themain limitation is that thecurrentpro-
totype always builds the hierarchy map from scratch.
One can use a standardcheck-pointingmechanismto
protectthepre-processingphasefrom software/hardware
crashes.
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5.2 NFSWorkload Generation

TheFEUT NFSworkloadgeneratoris a user-level util-
ity written in C, and adoptstwo techniquessimilar to
SPECsfs[17] to improve its ef�ciency. First, because
the input NFS traceis typically collectedvia network
snooping,FEUTbypassestheNFSclientandsendsNFS
requestsdirectly to thetested�le serverusinguser-level
RPC.The advantageof this approachis that the work-
loadis noteffectedby theNFSclient-sideprocessing.

Thesecondtechniqueis to runthetraceplayeronmul-
tiple machinesto collaborativelygenerateahigherwork-
load,andto collect the resultingperformancemeasure-
mentsfrom them,all in a way transparentto theuser.

The softwarearchitectureof FEUT , however, is dif-
ferentfrom SPECsfs.As shown in Figure1, the work-
load generatorof SPECsfson eachclient machineuses
a multi-processsoftwarearchitecture,with eachprocess
dispatchingNFS requestsusing synchronousRPC. In
contrast,FEUT usesa 3-threadsoftware structure,as
shown in Figure 2. This is more ef�cient becauseit
reducesthecontext switchingandschedulingoverhead.
The IO thread continuouslyreadstracerecordsinto a
cyclic memorybuffer called the operation queue. The
sendthreadandreceivethreadsendNFSrequeststo and

receivetheirrepliesfrom theNFSserverundertestusing
asynchronousRPCrequests.The sizeof the operation
queueshouldbe several times larger than the theoreti-
cal concurrency boundof the input traceto ensurethat
thesendthreadis alwaysableto �nd enoughconcurrent
requestsat run time.

The sendthreaddetermineswhetheran NFS request
in the input traceis readyto sendby checkingits de-
pendency constraint,temporal/spatialscalingconstraint,
andthemaximumnumberof outstandingrequestscon-
straint.Enforcingthetemporal/spatialscalingconstraint
and the maximumnumberof outstandingrequestcon-
straint is relatively straightforward. However, checking
thedependency constraintis morecomplicated.Wehave
exploredtwo alternative methodsfor managingthe de-
pendency constraint: object locking and a dependency
list.

Theobjectlockingapproachis usedin thecurrentpro-
totype and is illustratedin Figure 2. Before dispatch-
ing anNFSrequestthatmodi�es stateon theserver, the
sendthreadacquiresa write lock on theobject(s)modi-
�ed by thatrequest.Beforedispatchingaread-onlyNFS
request,thesendthreadacquiresa readlock on theob-
ject(s) it operateson. For example,a requestto create
a new �le in a directorywill lock the directoryobject,
so that anotherrequestthat accessesthe directory (for
example,a lookup request)will beblocked.

When the receivethread receives an NFS reply, it
releasesany locks held on the object(s)that the corre-
spondingNFSrequestacquires.Eachlock is just a �ag
associatedwith each�le systemobjectin hierarchymap,
andhenceverylight-weight.Becauseoneoperationmay
needto lockmultipleobjects,to avoid deadlock,thesend
threadwill acquirethe locks associatedwith one NFS
requestsonly if all locksareavailable. Thesendthread
itself is non-blockingwith respectto lock acquisition.It
keepspolling over the operation queueto checkwhich
requestcanbedispatched.If thereis no requestcanbe
dispatched,sendthreadwaits in blocking modefor re-
ceivethreadto receiveatleastonereply, andthenchecks
theoperationqueueagain.

The dependencylist approach requires the pre-
processingtool to identify all thepreviousrequeststhat
an NFS requestdirectly dependsupon and checkthat
dependency list before issuing that request. With de-
pendencylist information,run-timedependency check-
ing is fairly simple: beforedispatchingan NFS request
Q, thesendthreadcheckswhetherall requestsin its de-
pendency list have alreadybeencompleted. Note that
only direct dependency needsto be recordedin the de-
pendency list. That is, if Q dependson P and R de-
pendson Q, P doesnot needto appearin R's depen-
dency list. Most NFS requestsonly accessoneor two



�le systemobjects, and thereforehave a fairly small
dependency list. Assumeeachentry in a dependency
list is representedby an integer of 4 bytes. The av-
eragedependency list is between4 to 8 bytes, which
is not signi�cant consideringthat the on-disk and in-
memoryrepresentationsof eachNFSrequestcostaround
60 bytesand100 bytes,respectively. However, depen-
dency list mayvary in sizefrom requestto request,and
thereforerequiresa �e xible datastructure.For example,
in the requestsequencewrite a; read a; read
a; read a; read a; write a, eachreadoper-
ation dependsonly on the �rst write, whereasthe last
write dependson all 4 readoperations(becauseif it is
issuedbeforethelastreadcompletes,it might obliterate
thevaluethatwouldbereadby oneor moreof thereads).

5.3 Running the TracePlayer

Similar to SPECsfs[1], theFEUT traceplayeralsohas
aninitialization stage,a warm-upstage,anda measure-
ment collection stage. The initialization stage�lls up
the test �le server with a properinitial �le systemim-
age.Thewarm-upstageis meantto agethetest�le sys-
tem and warm its �le cacheby playing the initial part
of thetrace.As futurework, advancedagingtechniques
suchasthosedescribedby Smithetal. shouldbe incor-
porated[16]. FEUTallowsusersto controlthescalingof
atracethroughthefollowingparameters,trace/sub-trace
selection, spatialscalingfactor, temporal scalingfactor
andmaximumoutstandingrequestnumber. At the end
of aplay-backrun,FEUTreportsvariousstatisticsabout
thethroughput,latency, operationmix, initial �le system
sizeandaccesseddatasetsize,as in SPECsfs.FEUT
alsoprovidesthroughputandlatency evolutionovertime
duringatraceplay-backrunto giveusersabetterinsight
into the workloadburstinessandtemporalvariationin-
herentin theinputtrace.Forexample,in arealworkload,
differenthoursof a dayanddifferentdaysin a weekof-
tenexhibit verydifferentworkloadcharacteristics[4].

6 Evaluation

6.1 Methodology

In this section,we evaluatethe value, implementation
ef�ciency andscalabilityof FEUT. Thevalueof a trace-
basedapproachfor �le systemevaluationlies in thefact
thatit cancapturea particularsite's workloadcharacter-
isticsandat thesametime producesuf�ciently different
resultsthansyntheticbenchmarkssuchasSPECsfs[17].
Theimplementationef�ciency of FEUT limits thekinds
of �le servers it can test. Becausesyntheticworkload

generatorsrequirerelatively lessCPUanddiskoverhead,
their performancealso servesas the referencecasefor
FEUT. The scalability of FEUT concernsits ability to
scaleup anddown thegeneratedworkloadbasedon the
input traceto test �le serversratedat a wide variety of
performanceclasses.

The traceswe usedin this studywerecollectedfrom
theEECSNFSserver(EECS)andthecentralcomputing
facility (CAMPUS)atHarvard[4]. TheEECSworkload
is dominatedby metadatarequestsandhasa read/write
ratioof lessthan1.0. TheCAMPUSworkloadis almost
entirely email and is dominatedby readrequests.The
EECStraceand the CAMPUS tracegrow by 2GBytes
and8 GBytesperday, respectively.

We usethecollectedtracesto drive two NFSservers,
oneis theLinux-basedNFSserver, andtheotheris a re-
pairableNFSserver calledRFS[19], which augmentsa
genericNFS server with fast repairablity, but doesnot
changethenetwork �le systemprotocolor network �le
accesspath.The�le server machinethathostsNFSand
RFSserversis aservermachinewith 1.5-GHzPentium4
CPU,512-MByteRAM, andone40-GByteST340016A
ATA diskdrivewith 2MB on-diskcache.TheOSis Red-
hatLinux 7.2with NFSv3enabled.FEUT's traceplayer
runson a client machinethathasa 1.8-GHzPentium4
CPU,512-MBytememory, and20GB disk.

6.2 Valueof FEUT

A tracemust be valid beforeit can be of value to �le
systemevaluation.Onenotionof tracevalidity is thata
tracefaithfully capturetheworkloadcharacteristicsof a
particularsite.We assumetracesareautomaticallyvalid
in thissenseif thetracesarecollectedoverasuf�ciently
long periodof time. Theothernotionof validity is that
a traceitself doesnot missout many packetsduring the
tracingperiod. Packet lossduring tracecollection lead
to packetsthatcannot bepairedwith their repliesor re-
quests,or gapin RPCmessageids. Most of theHarvard
traceshavea packet lossratioof 0.1%- 10%.

Thesizeandstructureof initial �le systemimagedi-
rectly effectstheperformanceresults.Whenever initial
disk imagesnapshotis not available,FEUT rely on hi-
erarchy mapto generatea close-enough�le systemim-
age.Any � parent,child � relationdiscoveredby prepro-
cessingis correctbut they areusuallyincomplete.As a
result, the hierarchy mapwill be multiple isolatedsub-
treesas opposedto one big tree starting from root in
theoriginal �le system.Largenumberof subtreesindi-
catingproblemsaboutmissing � parent,child� relation-



original load scale-up peak load
Operation SPEC FEUT SPEC FEUT SPEC FEUT
Throughput 33 30 189 180 1231 1807
getattr 5.1 0.6 0.9 1.5 2.1 0.7
lookup 2.9 0.9 0.8 2.0 2.0 1.2
read 9.6 3.1 5.3 4.8 5.4 4.7
write 9.7 2.2 4.4 3.8 4.6 2.5
create 0.5 0.7 0.7 0.9 17.3 0.7

Table2: NFSlatency/throughputfor EECStraceatOct 21,2001.

original load scale-up peak load
Operation SPEC FEUT SPEC FEUT SPEC FEUT
Throughput 32 30 187 180 619 1395
getattr 4.0 0.7 2.2 1.2 3.2 0.8
lookup 4.4 0.7 2.8 1.3 2.6 1.0
read 10.8 3.3 8.4 4.1 18.1 4.9
write 11.6 5.4 7.4 4.0 11.1 2.8
create 0.7 1.0 5.1 1.3 16.3 1.2

Table3: RFSlatency/throughputfor EECStraceatOct 21,2001.
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ship. However, small numberof subtreesis not neces-
sarily good,becausea wholesubtreein theoriginal �le
systemcanbe completelymissing. Figure3 gives the
numberof subtrees,numberof �le, numberof directo-
ries,andtotal �le systemsizediscoveredby preprocess-
ing tracesof differentsize,from oneday to two weeks.
The traceusedin this study is from Oct 15 (Monday),
2001to Oct29,2001.Thetotal �le systemsizeonEECS
server is 400GB and42GB is discoveredin 14days.At
theendof theperiod,thenumberof subtreeshasstopped
growing andremainsnearconstant,mostof themcorre-
spondsto oneuser's homedirectory. The total number
of directoriesalsoremainsnearconstant.This probably
shows that directoriesareaccessedmore regularly and

easyto be discovered.On thecontrary, regular �le dis-
covery shows differentpattern. Even after two weeks,
every day thereis new discoveriesaboutold �les. We
will have to conductmore experimentto �nd the con-
vergepoint,whichcanbeeitherthe400GB upperlimit,
or someothernumberwhich representsthe active por-
tion of the�le system.

To comparetheevaluationresultsfrom a traceplayer
suchas FEUT and from a syntheticworkload genera-
tor suchasSPECsfs,we chosea Harvardtracecollected
on Oct 21, andtried to tunetheSPECsfsbenchmarkto
matchthe trace's workload as matchas we could, in-
cludingthetotal �le setsize(6GB),totalnumberof �les
(24000),total numberof directories(8000),thepercent-
ageof eachoperations,the accessed�le setpercentage
(30%) and the appendwrite vs. overwrite ratio (80%
overwrite).WealsochangedtheSPECsfssourcecodeso
thatits �le sizedistributionmatchesthe�le sizedistribu-
tion in theOct21trace.Themaximumthroughputof the
Linux NFS server underSPECsfsis 1231requests/sec,
andis 1807requests/secunderFEUT. Thedifferenceis
a non-trivial 31.8%. In termsof per-operationlatency,
Table2 lists the latency of � ver differentoperationsun-
der theoriginal load (30 requests/sec),a scale-upspeed
of 7, andthepeakload. Again theper-operationlatency
numbersarequitedifferentin many cases.

We carriedout the sameexperimentusing the RFS
server as the target. The maximumthroughputof the
RFS server underSPECsfsis 619 requests/sec,and is
1395 requests/secunderFEUT, more than a factor of
two difference. Table 3 lists the latency of � ve differ-



entoperationsundertheoriginal load (30 requests/sec),
a scale-upspeedof 6, andthepeakload. Again thereis
noobviouscorrelationbetweentheper-operationlatency
numbersfrom SPECsfsandfrom FEUT.

Anotherexperimentis conductedusingOct 22 (Mon-
day)trace.Theinitial �le systemsizeis similar (around
6 GB) but therearetwice asmany �le (40000).TheOct
22traceis dominatedby metadataoperation(80%)while
Oct 21 has substantialread/write operations(60%).
TheSPECsfscon�guration is againtuneddifferently to
matchtheOct 22 trace.Theresultis shown in Table4

If the Oct 21/22 tracesare indeedrepresentative of
theweekend/weekdayworkloadat theHarvardsite, the
resultsfrom the above experimentssuggestthat perfor-
manceresultsderived from syntheticbenchmarkssuch
as SPECsfsmay deviate from the actual results by
a substantialmargin. Therefore,trace-based�le sys-
tem/server evaluationindeedhasits valueaslong asthe
processcanbelargelyautomated.

6.3 Implementation Ef�ciency

FEUT's pre-processingtool is implementedin Perl,and
is ableto process2.5 MBytesof traceor 5000requests
persecond.TheFEUTpre-processingtime is nearlylin-
earwith respectto thetracesize,andis about30minutes
for onedayworthof theEECStrace,and2 hoursfor one
dayworthof theCAMPUStrace.

The ef�ciency of FEUT's traceplayer is determined
by its disk I/O, CPUandmemoryaccessoverhead.The
disk bandwidthrequirementof FEUT's traceplayer is
fairly small. Eachtraceentrycostslessthan100bytes.
According to the most recentthroughputresultspub-
lishedby SPECsfs,thethroughputsof �le serversrange
from 2000to 300000requests/sec,whichmeansthatthe
I/O threadneedsbetween0.2 and30 MBytes/secdisk
bandwidthto readtracesfrom disk. Given that the I/O
threadis the only threadthat accessesthe disk during
traceplay-backand traceaccessinvolvesmostly large
sequentialreads,it is unlikely thatthediskcouldbecome
theperformancebottleneck.

TheCPU loadof a traceplayercomesfrom thesend
thread, receive threadand the network subsystemin-
sider the OS. When the Linux NFS server runs under
a traceat peakthroughput(1807requests/sec),themea-
suredCPUutilizationandnetwork bandwidthconsump-
tion for theFEUT traceplayerare15%and60.5Mbps.
WhenthesameLinux NFSserver runsunderaSPECsfs
benchmarkat peakthroughput(1231requests/sec),the
measuredCPU utilization andnetwork bandwidthcon-
sumptionfor the SPECsfsworkloadgeneratorare11%

and37.9Mbps. TheseresultssuggestthatFEUT's trace
player is actuallymore ef�cient than SPECsfs's work-
load generator, despitethe fact that traceplay-backre-
quires additional additional disk I/O for trace reads,
andadditionalCPU overheadfor dependency detection
and error handling. FEUT out-performsSPECsfsbe-
causeFEUT's traceplayerusesonly 3 threads,whereas
SPECsfsusesmultiple processesandthus incur exces-
sivecontext switchingandprocessschedulingoverhead.

The memoryconsumptionof the traceplayermainly
comesfrom thefollowing datastructures:hierarchymap,
objectlock, andoperation queue. Practicallyspeaking,
thenumberof �les ona�le serverrarelyexceeds10mil-
lion, combininghierarchy mapandobjectlock mapto-
getherwith their hashingstructureresultsin around100
bytesperentry. Thetotalsizeof objectid mapandobject
lock mapis thusnomorethan1 GByte.

The operation queuestoresall the requestswhich is
beingprocessedby the�le serveror which is considered
ascandidatefor next dispatch.Thesizeof theoperation
queuesetsanupperlimit for theplay-backconcurrency
and is called look-aheadwindow. A small look-ahead
windowsizearti�cially reducetheworkloadconcurrency
andmayhave negative effect on �le systemthroughput
beingmeasured.Thelook-aheadwindowshouldbepro-
portional to the workloadconcurrency ascomputedby
throughput*latency, andsuf�ciently large to accommo-
dateburstof operationswhich all dependon eachother.
Section6.4describedasimulationstudyfor thispurpose.
Accordingthesimulationresult,look-aheadwindowsize
of 4000is enoughfor EECSwith aconcurrency valueof
80, and8000 is goodenoughfor CAMPUS tracewith
a concurrency of 160. In summary, for an workload
like EECSand CAMPUS trace,a look aheadwindow
50 timeslargerthanthetraceconcurrency is enough.

The small look aheadwindowmeansthat the opera-
tion queuewill not occupy too muchmemory. In Sec-
tion 4.6, we mentionedthat the maximumconcurrency
requiredby fastestNFS�le serveravailableis 752.Each
entry in the the operation queueis about 200 bytes,
thereforetheentireoperation queuecostsno morethan
752*200*50= 7.5M Bytes.

6.4 Trace Scalability

Scalinga tracespatiallyup anddown doesnot have any
particularlimitations. Scalinga tracedown temporally
also is relatively straightforward. However, scalinga
traceup temporallyrequiresthereis suf�cient concur-
rency in the trace. To studythe maximumconcurrency
thatcanbegeneratedfrom a trace,we conducteda sim-
ulationin whicharequestcanbedispatchedif all there-
questsit dependson arecompleted.In this mode,there



original load scale-up peak load
Operation SPEC FEUT SPEC FEUT SPEC FEUT
Throughput 16 15 191 187 2596 4125
getattr 4.7 0.5 0.7 0.7 1.02 0.7
lookup 2.8 0.6 0.5 0.8 1.01 0.6
read 10.3 2.1 19.7 3.1 7.4 4.2
write 7 1.0 6.3 1.2 3.8 3.0
create 0.5 0.9 1.2 0.5 7.9 0.7

Table4: NFSlatency/throughputfor EECStraceatOct 22,2001.
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Figure4: Discover TraceConcurrency

aretwo factorsthatlimit themaximumconcurrency: the
look-aheadwindowin which future requestsareexam-
ined during the simulation,and the per-requestlatency
at theserver. For theper-requestlatency, we usedthela-
tency numbersin Table2 andTable4. Figure4 showsthe
correlationbetweenthe maximumthroughputthat can
begeneratedandtheamountof look-ahead.Thedashed
line shows theeffect of multiplying the latency of each
directoryrequestby a factorof 2.

In general,thelargerthelook-aheadwindow, themore
concurrency can be extractedfrom the trace, and the
heavier load the trace can generate. When the look-
aheadwindowis small,thetrace'smaximumthroughput
andconcurrency is limited by the look-aheadwindow.
However, beyonda certainsize,dependency amongre-
questsin thetraceis thedominatingconstraint.

Concurrency can be calculated from (through-
put*latency). Becausethe averagelatency usedin this
simulationis about2 msec,the maximumconcurrency
is 80for theEECStraceand160for theCAMPUStrace.
The simulationresultsshow that even in an originally
lightly loadedEECStrace(30 requests/sec)anda mod-
estlook-aheadwindowsize(4000),thereis enoughcon-
currency to drive a �le server with a performancetarget
of 10000requests/sec.

7 Conclusion

Theprevailing practiceof evaluatingtheperformanceof
a �le systemis stressingthe test �le systemusingsyn-
theticbenchmarks.While sophisticatedbenchmarksdo
incorporatecharacteristicsof actualtracesandarecapa-
bleof generating�le accessworkloadsthatarerepresen-
tative of the load in real operatingenvironments,they
rarely are capableof fully capturingthe time-varying
and second-ordereffects of the workload at a speci�c
site. In this paper, we advocatea trace-driven �le sys-
tem evaluation methodology, in which one evaluates
the performanceof a �le system/server by driving it
with real tracesandmeasuringits resultantlatency and
throughput,and describean NFS traceplay-backtool
called FEUT that is designedto supportthis method-
ology. FEUT addressesmost if not all of the trace-
driven workload generationproblems,including auto-
maticderivationof initial �le systemfrom a trace,satis-
fying thedependenciesamongrequestsin thetracedur-
ing play-back,scalingatraceto aplay-backratethatcan
be higheror lower thanthe speedat which the traceis
collected,gracefulhandlingof errorsin tracecollection
andin incorrectbehavior of test �le system/server, and
ef�cient implementationthatallows a singletraceplay-
backmachineto driveawiderangeof high-performance
�le servers. The result is a �e xible and easy-to-use
NFS traceplayerthat is shown to be actuallymoreef-
�cient thanSPECsfs,astate-of-the-artsynthetic�le sys-
temworkloadgenerator.

In addition to being a useful tool for �le systemre-
searchers,perhapsthe most promising application of
FEUT is to useit as a site-speci�c benchmarkingtool
for comparingcompeting�le servers. That is, onecan
comparetwo or more�le serversfor a particularsiteby
�rst collectingtracesonthesite,andthentestingtheper-
formanceof eachof the �le serversusingthe collected
traces.Evaluationresultsderivedfrom sucha procedure
shouldbe as real as they can get, assumingthe traces
collectively arerepresentativeof thatsite's workload.

Although the current prototypecan only play back
NFStraces,its internaltraceformat is designedto serve



asa commonback-endfor tracesbasedon network �le
accessprotocolsother than NFS, suchas SMB, CIFS,
andAFS.We planto developa converterthatcantrans-
late CIFS tracescollectedfrom a SAMBA server into
FEUT's internalformat,anduseFEUT to play backthe
resultingtraceagainsta Windows-basedCIFSserver.
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