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Abstract

File systemtraceshave beenusedin simulationof spe-
ci ¢ designtechniguesuchasdisk schedulingin work-
load characterizatiorand modeling,and in identifying
interestingle accespatterndor performanceptimiza-
tion. Surprisinglythey arerarely usedto testthe cor
rectnessand to evaluatethe performanceof an actual
le systemor sener. The main reasonis that up un-
til now theredoesnot exist a e xible and easy-to-use
traceplayerthat, givenaninput trace,canproperlyini-
tialize the test le systemandfeedthe traceto the test
le systemin sucha way that respectdhe dependeng
constraintamong le accesgequestsn thetrace. This
paperdescribeghe design,implementationand evalu-
ation of an NFS traceplay-backtool calledFEUT (File
systemEvaluationUsing Traces),which can automati-
cally derivetheinitial le systemimagefrom atrace,can
speedup or slow down atraceplay-backusingtemporal
or spatialscaling,andfeaturesa highly ef cient imple-
mentatiorthatminimizesthe CPUanddisk /O overhead
during traceplay-back. Experimentausinga large NFS
tracesetshow thattrace-drven le systemevaluationcan
indeedproducesubstantiallyifferentthroughputandla-
teng measurementhansynthetichenchmarksuchas
SPECsfsandFEUT's traceplayeris actuallymoreef -
cientthat SPECsfs workloadgeneratodespitethe fact
thattheformerrequiresmoreCPUcomputatioranddisk
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 seners
have beenthe basisfor mary previous studieson work-
load characterizationand developmentand evaluation
of individual le systemtechniques. However, unlike
network devicesandweb seners,tracesarerarely used
in the evaluationof completele systemsr seners.In-
steadthemostcommonlyusedworkloadsfor evaluation

aresynthetiomacro-benchmarkandmicro-benchmarks.

Occasionally performancemeasurementare collected

on actualdeployedsystemd9], but this approachs un-
realisticfor mostresearchle systems.The mainrea-
son that tracesare rarely usedin le systemevalua-
tion is thelack of ahigh- delity le systemtraceplayer
thatcancorrectlyinitialize an evaluatedle systemand
faithfully obsenethe dependencieamongtracerecords
while playingbacka le systemtrace. The goal of this
projectis to developanNFStraceplayerthatallows the
useof tracesin the evaluationof NFSseners.

The quality of a le systemevaluationstudyis only
as good as that of the input workload. An ideal le
system evaluation workload should be representatie
of real applicationrequirementseffective in predicting
the systemperformancen target ervironments easyto
use,scalableto stresghe systemainderevaluation,and
ableto generateeproducibleresults. Syntheticmacro-
benchmarkssatisfy most of theserequirementsxcept
realismandpredictability Sometimeshesebenchmarks
can be ratherunrealisticand thus misleadrelatedsys-
tem research.The importanceof building more realis-
tic benchmarksn adwancingthe experimentalkcomputer
systemeld hasbeendiscussedn mary articles[11].

Modern le systembenchmarkshave madesigni -
cantimprovementsin realismand predictability Dif-
ferentbenchmarksare designedspeci cally to capture
the workload characteristicef differentoperatingervi-
ronments. Moreover, synthetichenchmarksare mostly
parameterizablenakingit possibleto tailor the result-
ing workload to speci ¢ requirements. Still, it is not
always possiblefor a synthetichenchmarkto matcha
tracecollectedfrom a giventargetervironmentin work-
load realismand performancepredictability for the fol-
lowing reasons.First, thereare mary time-varying and
second-ordeor third-orderfactorsin a workloadwhich
arevery dif cult (if notimpossible)for a benchmarko
capture.Secondpecauséeheturn-aroundime of devel-
oping a high-qualitybenchmarks often on the orderof
years,benchmarksisuallylag behindthe dynamicevo-
lution of theworkloadsin thetargetervironment.In con-
trast,tracesareby constructiorrepresentatie aslong as
they are collectedwith care,and canbe frequentlyre-
capturedto accommodatevorkload changesover time.
Therefore fraceplayback-basedvaluationis a valuable
complemento the existing benchmark-dsienapproach



to le systemevaluation.

The major disadwantageof le tracesis thatit is not
easyto scalethemin orderto stressle senerswhose
targetperformancés muchhigherthanthosefromwhich
traceswerecollected.Thisis afundamentaproblembe-
causemost production le senersare setup to run at
anoperatingpoint thatis far lessthantheir peakcapac-
ity in orderto ensurereasonableesponsdime. There-
fore, tracescollectedfrom productionle senerstendto
generatdessload thanis required. On the other hand,
with a high probability tracescan captureall the other
dynamic characteristicof a le systemworkload, in-
cluding burstinesstime-varying operationmix, le ac-
cesgpatternsandmulti-userlocality, etc.

To the bestof our knowledge, there doesnot exist
a reusabletrace player that can play back real traces
againsta le sener underevaluationin the sameway
as standardoenchmarks.We describein this paperthe
design,implementationandevaluationof an NFStrace
player that allows le systemresearcherdo evaluate
their le systemsr NFSsenersusingrealtraces.

Therestof this paperis organizedasfollows. Section
2 givesanoverview of the challengesn usingtracesin
le systemevaluation.Section3 reviewsrelatedwork in
tracecollection traceanalysisandtracesimulation.Sec-
tion 4 describeshedesignof FEUT. Section5 givesim-
plementatiorof our NFStraceplayet Section6 presents
evaluationresultsof the trace player Section7 con-
cludesthe paperwith a summaryof our researchand
givesdirectionsfor futurework.

2 Overview

For trace-drven le systemevaluationto becomeagen-
eral approachtheremustbe a tool to collect le traces
andcorverttheminto a standardizedormatanda trace
playerthat can properly initialize the original le sys-
temimagesothatit play the collectedtracesagainstthe
le systemunderevaluationin a way that obsenesthe
semanticdependencieamong le accessommandsn
thetraces.

2.1 Trace Collection

To build astandardracearchive,thereneedgo beastan-
dardtraceformat, an easy-to-usdracecollector anda
collectionof le systemtracesfor representatie work-
loadin differentervironments.

Trace collection involves mary technicalas well as
administratve issuesespeciallywhen it comesto le
senersthat servicea large numberof end users,such

asprivagy, servicedisruption,completenessndperfor

manceimpact [4]. Two maintracecollectionmethods
areinstrumentatiorto le senerkernelandsnoopinghe
network traf ¢ of adistributednetwork le sener. A de-
tailedcomparisorbetweerthesewo approacheis given
in the paper[12]. Becausepassve snoopingis lessin-

trusive andmost le senersareaccessibl®verthe net-
work, thepassive network snoopingapproachs themore
popularof thetwo. A drawbackof this approachis that
tracescollectedfrom the network cannotbeusedto eval-

uatetheclient-sideprocessing.

Ellard et al.have implementeda generalNFS tracing
tool and madethis tool, alongwith their repositoryof
tracesavailableto otherresearcherfg].

Tracesmustbe representedn a standardformat, so
that they may be manipulatedwith a commonset of
tools. Ideallythetraceformatshouldoecompacin order
to reducethe disk I/O overheadof the traceplayer, and
easyto parsein orderto minimize the CPU processing
costatruntime. In addition, le accessequestsindtheir
responseshouldbe pairedso thatit is straightforvard
for the traceplayerto ensurethe evaluated le system
functionscorrectlybeforestartingperformanceneasure-
ments. To allow a traceto be playedback fasterthan
thespeedatwhichit is collected,a dependenganalysis
tool is neededto identify all the dependeng relation-
shipsamongthetracerecords.

2.2 TracePlay-Back
2.2.1 File Systemimage Initialization

To play backrequestsn a le traceasif realclientsare
issuingthemto the le senerundertest,thesener'sini-

tial le imageneedso beproperlyinitialized sothatthe
sener canprocesgequestsn the trace. Ideally, before
a traceis taken, the snapshobf the traced le sener
should also be taken, and later usedas the initial im-

ageduring trace play-back. In practice,however, this
is not possiblemost of the time becausat may cause
servicedisruption. Therefore,it is essentiato createa
tool that can analyzea given trace and reconstructan
initial le systemimageagainstwhich the tracecanbe
playedcorrectly Obviouslythe le systemimagerecon-
structedfrom a traceis not necessarilfthe sameasthe
ideal snapbecauseéhe trace doesnot always touch all

the les. Moreover, thephysicaldisklayoutof a le sys-
temimagereconstructedhis way maybe quite different
from the ideal snapshotandthis differencecould have
signi cant performancémplication,as le systemaging
hasbeenshavn to beanimportantfactor[16]. Nonethe
less,aninitial le systemimagereconstructedfoma le

representthebestonecandowhentheidealsnapshois



notavailable,andmaywell besufciently goodfor most
trace-basede systemevaluationstudies.

2.2.2 Concurrency

A majoradvantageof synthetichenchmarkss it is rela-
tively easyto increasethe degreeof concurreng in the
workloadin orderto stressthe sener undertest. The
commonsoftwarestructureof a syntheticworkloadgen-
eratorconsistof multiple processesr threadssimulta-
neouslysendingrequestswith requestdrom eachpro-
cessor threadoperatingon a disjoint directory subtree.
Theoveralltraf ¢ loadcanthusbeadjustedy tuningthe
numberof processesr threadsandtheir sendingrates.

We usetwo methodgo arti cially increaseheconcur
reng/ of atrace.Oneis to analyzethetraceandidentify
subtraceghat are independenbf one anotherand thus
canbereplayedsimultaneouslyvithoutviolating the se-
manticsof the trace. The otheris to take a traceand
duplicateit asmary timesasthe degreeof concurrenyg
requiresgachtime replacingall theargumentsn there-
guestsso thatthey operateon a separatealirectorytree.
This option is simplerto implementand preseres the
original le accesdiming behaior of the applications
andusersbut the concurreng behaior of theworkload
it generategs notgenuine.

2.2.3 Challenges

Froma corveniencestandpointjt is highly desirableto
beableto useasinglephysicalclientmachineo emulate
asmary logical clientsaspossibleandto dothisatasfast
aspossible.To do so,atraceplayermustbe ef cient in
termsof datastructuredesignandresourcaisage.

Synthetichenchmarkgeneratele accesgequestsn
oneof two ways.Oneway is to invoke applicationssuch
asmake, cp, grep , gcc, etc., which make local le
systencalls,which aretransformedy thelocal le sys-
teminto NFS calls, which are sentto the sener. This
approachcan only control applicationmix, but cannot
directly controlNFS operationmix. The otherway is to
directly composeandsendNFS requestsaccordingto a
pre-con guredoperationmix target. Comparedvith the
secondapproacha traceplayertypically incurs higher
overheador thefollowing reasonsFirst, real le traces
arehugeandthusrequiresubstantiatlisk /O andmem-
ory bandwidthduringtraceplay-back.

For example,a typical one-dayraw tracefor a light
NFSworkloadcontains ve million callsandresponses
andrequires200 MB to storein a compressedormat.
Second{racerecordsmayrequireon-the- y processing
beforethey canbeissuedo thetestedsener. For exam-
ple, each le objectis identi ed by a le handle,which

containsthe device number inode numberandgenera-
tion number The original le handlesusedin the re-
questsin the traceare not the sameasthe le handles
generatedby thetestedseneratruntime. Thereforethe
trace player needsto maintaina mappingbetweenthe
original le handleandthe le handlecreatedat play-
backtime. Suchmappinginformationcanitself become
quite largefor acommercialle systemcontainingmil-
lions of les. Finally, no traceis perfectandthe trace
playerneedso dealwith errorsin thetracesin a grace-
ful way so that the play-backcan continuefor aslong
aspossible.Typical NFStracingtoolscanloseasmary
as 10% of the NFS messagesluring bursty trafc (al-
though much lower ratesare normal). A robust trace
playerneedsto be ableto handlevarioustracingerrors
suchthattheir side effectscanbe effectively contained.
This type of error processingncurs performanceover
headthat doesnot exist in syntheticworkload genera-
tors.

3 RelatedWork

Trace-basednalysefiave motivatedandguided le sys-
temresearclsincetheinceptionof the eld. Analysesof
how le systemsareactuallyusedhasresultedn acon-
stantprogressiorof new optimizationsandimplementa-
tion techniques.

Ousterhous 1985 trace analysis[13] setthe direc-
tion for thenext decadeof le systenresearctby shav-
ing thatincreasedcachesizeswould reduceread-trafc
considerablymakingwrite throughputincreasinglyim-
portant. This motivatedwork in optimizing le systems
for writing, mostnotably LFS [15], journalling, write-
clustering,andsoft-updates.

The 1991 Spritetraceanalysig2] repeatedhis study
for a distributed systemanddiscoveredthat read-trafc
hadindeeddecreaseés cachesizesincreasedbut not
as much as Ousterhoutet al.had predicted. More im-
portantly it shaved that the overheadof maintaining
cacheconsisteng in a distributed le systemwasman-
ageablebecausdo the relative infrequeng of usersac-
tually write-sharingles.

More recenttracestudieshave demonstratedhat le
systemworkloadsarediverseandvarywidely depending
on the applicationsthey sene, andthatworkloadshave
changedvertime,andraisingnew issuedor researchers
to address:Roselli et al.measurea rangeof workloads
and showv that les have becomelarger andlarge les
areoftenaccessecandomlyin contrasto ndings from
earlierstudieg[14]. Vogelsshaws thatthe workloadsof
personaktomputergsliffer from mostpreviously-studied
workloadg[18], andEllard etal.demonstratéhatthereis



astrongrelationshipbetweerthenamef les andtheir
otherattributes[4, 5].

As trace-basedstudiesidentify changingtrendsin
workloadsand uncover new problemsfor researchers
to solve, it is benchmarkshat are usedto measureour
progress.Benchmarksanbe divided into two general
categories: micro-benchmarkswhich measurea partic-
ularaspecbf le systemperformancdsuchasthetime
requirecto createanew le, scanadirectoryfor anonec-
istent le, orreadonediskblockfroma le) andmacro-
benchmarkswhich measurdhe performanceof the le
systematthelevel of anapplicationor possiblyanentire
workload. Micro-benchmarksrewell-suitedto investi-
gatingthe effectsof changedgo the le systembecause
they allow isolation of theseeffectsto the syscalllayer
(or below), andthereforeareusefulto theresearcltom-
munity. Macro-benchmarksyn the otherhand,provide
amorerealisticview of whattheusersof thesystenrun-
ning a particularworkloadwill actuallyexperience Hy-
brid approachesuchashBenchattemptto combinethe
bestfeaturesof micro- and macro-benchmarkisy char
acterizinga workload as an aggreyate of simple oper
ations, eachof which can be representedy a micro-
benchmarkThisapproactappearso work well, aslong
asthereis away to characterizéheworkloadin termsof
thesemicro-benchmarks.

In our work, we are primarily interestedin work-
load or macro-benchmarksso we will not dwell on
the myriadsof micro-benchmarkghathave beendevel-
oped.Thereareseveral le systemmacro-benchmarka
widespreadise: the venerableAndrew Benchmarkhas
beena stapleof le systemresearchpapersfor mary
years, but seemsto be losing its popularity This is
probablyfor the best, becausehe developmentwork-
loadit representss onethatwe believe is nolongervery
relevant — most usersare unconcernedvith 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 mary small les. In thetraces
we examine thecomponenbf theworkloaddueto email
is quite different. The methodologyproposedy Elprin
etal. [7] to generatemailworkloadsby sendingscripts
of commandsthrougha real IMAP sener producesa
more realistic workload, and can be madesite-speci ¢
by creatingnew scriptsand using a productionIMAP
sener.

The SPECSFS(SystemFile Sener) benchmarks an
attemptto createa general-purposbenchmarkor NFS
seners[17]. SFSattemptsto recreatea typical work-
load, basedon a suney of traces.Unfortunately there-

sult doesnot resembleary NFS workloadthatwe have
obsened. (For example,all the les createdby SFS
have alengthof 136 KB, whichis hardlytypical.) Fur-
thermore we questionwhethera typical workloadactu-
ally exists— eachNFStracewe have examinedhashad
uniguecharacteristics.

File systembenchmark$iave evolvedin parallelwith
adwancesin le systemdesignandimplementationput
they usuallylag le systeminnovation by mary years.
Therearetwo primary reasondor this. First, design-
ing andconstructingusefulandaccurateyeneral-purpose
benchmarkgandcorvincing the researcltcommunityto
usethem)is a dif cult task. The secondreasorfollows
directly from the scienti ¢ process:in orderto com-
paretwo systemsit is bestto run the sameexperiment
on each. Sincewe cannotrun today's benchmarkon
the computinghardwarefrom a decadeago, we instead
benchmarkshatarea decadeold onourlatesthardware.

One of the goalsof our researchs to reducethese
obstacles: rst, our systemconstructsan accurateand
repeatabldenchmarldirectly from a tracewithout ary
userintervention. Secondtheresultingbenchmarksre
scalable:asour systemsamprove to the point whereour
currentworkloadsare trivial, we can scaleour bench-
marksto the pointwherethey will stressary system.

4 Design

FEUT consistof apre-processingomponenandatraf-

¢ loadgeneratiorcomponentThepre-processingom-

ponentanalyzesan input traceto derive an appropriate
initial le systemimage,andtransformghetraceinto a

formthatis morecompactandeasieto useatloadgener

ationtime. Thetrafc loadgeneratoreadsin thetrans-
formedtracestoredon disk, performs le handlemap-
ping, anddispatchedNFSrequestsn away thatsatis es
inter-requesdependeng constraintandfollows therate
requiremenasspeci edby theuser

4.1 File Systemimage Initialization

In orderfor tracereplayto succeedwe musthave a le
systemagainstwhichto play thetraces.Ideallythetrace
replay shouldbegin with an exactcopy of the le sys-
temfrom which tracesweretaken, but this is notalways
possible Creatinga snapshobf alargecorventional le
systemmay placea load on the systemthatis undesir
ablein aproductionervironment,andthereis noguaran-
teethattheresultingsnapshowill actuallybeconsistent,
becaus¢he le systemmaychangevhile thesnapshois
beingtaken. (File systemssuchasWAFL greatlyatten-
uatethesedif culties. [8]) The nal problemis thatwe



mustdecideaheadof time whento take snapshotsFor
example,if we take snapshotgvery night at midnight,
but laterdecidethatwe wantto replaceatracestartingat
noon,themidnighttracemight not be helpful.

Evenif areableto acquirewhatever completesnap-
shotswe like, this only leadsto anotherproblem— a
shapshobf a large sener may requirean equallylarge
senerto reconstructldeally we would like to beableto
dotracereplaysonrelatively modesthardware.

The methodswe describein this paperallow usto in-
fer snapshotshatwill allow usto replaytraces

In earlierwork, we describetoolsthatinfer the direc-
tory hierarchyfrom anNFStrace[6]. Many of thetech-
niguesemplogyed by thesetools are not new, and date
backto work by Blaze[3]. We have extendedhesetech-
niquesto build atool thatinfersthe structureof the sub-
setof the le systenthatis active duringthetraceperiod.
It reconstructghe le systemhierarchyby observing
lookup ,create ,remove,link ,andrename calls
andtheir responsesanddiscoversthe attributesof each

le viatheresultsfrom getattr , access ,read , and
write . By scanningthe trace,we canbuild a table of
every le anddirectory accessedluring the trace,and
discover muchof the le systemhierarchy

The fact that this methodonly discovers the active
partsof the le systemis botha limitation andfeature.
Thelimitation is thatno informationis discoreredabout
theinactive partsof the le systemandthis mayhavean
impacton the behaior of the le system.for example,
if only one le is accessedh a particulardirectory the
sub-snapshdor thatdirectorywill only containthatsin-
gle le. If in therealsystenthis le is only oneof mary
in thedirectory thenoperation®nthatdirectorymaybe
considerablydifferentthanif thereis only one.

This propertyhasa positive aspect,however — sub-
shapshotareusuallya small fraction of the size of the
original le systemsothey canbereconstructeduickly
andon smalldisks.

A more seriouslimitation is that this methodof cre-
ating a snapshotoesnot capturethe effectsof thatag-
ing hashadontheoriginal le system.Most le system
snhapshottingnethodssuffer from this problem,andit is

alsoageneraproblemof mary le systembenchmarks.

Thereis nogenerabolutionshortof examiningtheblock
layoutof theoriginal le system-andeventhisis notal-
wayssufcient, becaus¢heblocklayoutmaybespeci ¢
to aparticularle system.Hopefully, sincewe havelong
tracesthebeginningpartof thetracescanbeusedasag-
ing workload.

4.2 Trace Transformation

FEUT usesa trace record format that is designedto
be sufciently generalto sene 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 . Thetime at which an operation

takes placeis recordedin timestamp , whosereso-
lution is sec,andstartsat for the rst tracerecord.
The operation type eld indicatesthe type of
operationsuchasreador write, andits possiblevalues
may vary from one protocol to another For example,
NFSversion2 has18 operationsNFS version3 has24
operations.

Theoperation parameter eld containghear
gumentof the operationin questionandits valueis typ-
ically a simpleinteger or or a string. A major type of
operationparameteiis le ID, which identi es the le
systemobjectinvolvedin anoperation.nsidea le sys-
tem,a le objectis typically identi ed by adevice num-
ber, aninodenumberandageneratiomumber However,
in a le accesdrace,a le canidenti ed by its le de-
scriptor absolutele path,NFS le handle,etc. FEUT
recognizedifferentforms of le IDs that point to the
sameobjectand replaceshemwith a FEUT-ID in the
transformedrace. Sincethe numberof unique le ob-
jectsin atracerarely exceedamillions, a 4-byteinteger
is sufcient for FEUT-ID. This replacemenis aform of
dictionarycompressionwhich reduceghetracesize.

Thereturn  value ofa le acces®perations not
alwaysavailablein the collectedtracesand may not be
essentiafor mary tracestudies.But the returnvalueis
essentiafor FEUT to derivetheinitial le systemimage
andto verify the correctnes®f the tested le system.
In local le systemtraces,the return valueis usually
recordedtogetherwith eachoperation. In network le
sener traces, le systemrequestandreply pacletsare
recordedindependentlyby the snoopingsoftware, and
hencemay not be next to eachotherin thetrace. In this
case,FEUT matcheseachrequestwith its correspond-
ing reply, andoutputsthe requestogethemwith it return
valuein thetransformedrace.

FEUT also inserts additional information into the
transformedraceto facilitate load generation. For ex-
ample, the parameterf a remove operationare the
nameof the le toberemovedandthe le ID of its parent
directory Neitherremove requesnorits responseon-
tainsthe le ID of theremoved le, whichis neededby
theload generatarThe sameproblemexistsfor rmdir
andrename . For all threeoperationsFEUT infersthe
le ID of the objectin questionfrom the parents le



ID, the objectnameandthe le systemhierarchyinfor-
mation,andaddsit to the associatedecordin thetrans-
formedtrace.

4.3 Error Handling

Network le accesdracesare often not perfect, espe-
cially thoselong tracesthatare collectedusingnetwork

shoopingfor periodsof weeksandmonths.As aresult,
sometracerecordsareduplicatedandsomearemissing.
Duplicationcanbe easilydetected put missingpaclets
can causethe testrun to fail. In mostcasesmissing
pacletsare not harmful in the sensethatthey will not
stop the testrun and thus can be safely ignored, such
asread, write, getattr, lookup , etc. How-

ever, other missingpacletscanleadto abortionof test
run. FEUT needsto identify thesecasesin the pre-
processingphaseandinsertsthe necessarpaclets. For

example,from the following requessequencereate

A; create A; remove A, FEUT infersthatthere
mustbe aremove A or rename A missingbetween
the rst create A andtheseconctreate A, andin-

sertsoneaccordingly

FEUT canalsobe usedto verify the correctnessf a
le sener undertest. Ideally, the returnvalueto each
operationfrom the test le sener during a traceplay-
backrunshouldbethesameasthatrecordedn thetrace.
If thetest le sener returnsa differentvaluefor a le
accesgperation,it is possibleto affect subsequente-
guestsandeventuallyforce thetestrun to stop. For ex-
ample,if acreate thatisfollowedby write requests
to the newly createdle succeeds$n the original trace,
but fails in the play-backrun, all subsequentvrite
requests canno longerbe executed.Unexpectedre-
guesffailureduringtraceplay-backcanarisebecausén-
correctle senerimplementatioror transientle sener
problems.While thesedynamicfailuresarenot a result
of FEUT implementation,FEUT still needsto handle
them by skipping thoseoperationshat are affected by
thesefailuresso that the play-backrun canproceedto-
wardthe endasmuchaspossible.In contrastsynthetic
le workload generatorsuchas SPECsfsdo not have
this problem,becausdhe requestst generatesre cre-
atedbasedon the the accumulatie resultsfrom the set
of accesgequestghat have beensuccessfullyexecuted
sofar.

4.4 Load Generation

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

time-stampand(3) whetherthe numberof outstanding
requestdo a givensener exceedsa threshold.The rst
constraintis absolutelyrequiredfor correctness.How
inter-requestdependencieare identi ed is coveredin
Section4.5. The secondis optionalandis mainly for
tracescalingasdiscussedn Section4.6. The third is
alsooptionalandis includedmainlyto avoid overloading
thetest le sener. If a le seneris overloadedit tends
to have muchlow throughput.Without the third check,
eventually subsequentequestswill be stoppedif they
dependon previous uncompletedequestsor if the net-
work bufferis exhaustedf theconnectiorbetweerclient
and le seneris built uponTCP Third checksenesas
an overloadprotection,which ensureghata le sener
being evaluatedalways operatesat a realisticoperating
point.

A traceplay-backis saidto runatfull speedf only the
dependeng constrainttheckandmaximumoutstanding
requestcheckis performedevery time a requests dis-
patched.Theinitial partof atraceplay-backrunis typi-
cally usedto warmupthetest le sener'scache.At the
warm-upstagerequestaredispatchedtfull speed.

4.5 DependencyAnalysis

If an operationP appearsbefore anotheroperationQ
in a trace, P and Q operateon somecommon le ob-
ject(s), and at leastone of them modi es the common
objects(s),Q mustto be executedafter P hasbeen n-
ished. In this case,Q is saidto dependon P, which is
representedsP- Q. A requestin atracecanbe dis-
patchednly whenall its dependeearecompleted Here
a le systemobjectcanbearegular le, directory sym-
bolic link or specialdevice node. In NFS, modi cation
to aregular le is throughsuchoperationsascreate,
write, commit, setattr andremove , andac-
cessto 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 considerecasmodi cation to a le, because
it hasto be serializedwith all other accessesead,
write  tothis le. For similarreasonremove is con-
sideredasmodi cationto a le too.

Modi cation to a directory is by
adding/deleting/renamingle 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. Operationghataccessverall le systeminfor-
mationsuchasfsstat orfsinfo  areignoredin the
dependenganalysiswhich meanghattheseoperations
do not dependon ary otheroperationandno operation



depend®nthem.Tablel shavshow le systemobjects
usedin common le systemoperationsare considered
"accesseddbr 'modi ed.” Note thatif alookup obj
operationsucceedsthe object's handlewill be returned
andwe considetthis lookup requesticcesseboththe
parentandthereturnedobj ; otherwisewe considerthis
lookup requesbnly accessetheparent.Similarly, the
[obj2] in rename is thetargetobjectwhichmayor may
not exist beforethe rename.If the objectexists, it will
bedeletedasresultof rename .

Dependengconstrainteterminesheupperboundon
the degreeof concurreng availablein atrace. Thatis,
a trace player can maximizethe numberof concurrent
requestghat canbe dispatchedy looking asfar ahead
into thetraceaspossibleto identify theindependente-
guestsjn the extremecasethe entiretrace. The degree
of concurreng possibledependson the granularity of
dependeng analysis. FEUT currentlyusesle system
objectsthatcanbeuniquelyidenti ed by their le ID as
the analysisgranularity Higherconcurreng is possible
if FEUT choosesner analysisgranularitysuchas le
attribute, le block, and directory entry, which canbe
identi ed by acombinationof le ID with ags, logical
block numberandnamestring,respectiely.

4.6 Scaling

The scalability of a workloadgeneratois de ned asits
ability to stressle senerswith awide rangeof through-
put characteristicsln the caseof FEUT , if atraceruns
at 100requests/sewhenit is collected,how canFEUT
scaleit upto stressa 10000requests/sesener, andscale
it down to testa 10 requests/sesener? In the process
of scaling,it isimportantto preserethe le accesshar
acteristicsof the original traceas much as possible,as
thereis no point of usinga trace-drven approachif all
thecharacteristicsnportantto le systemevaluationare
destrgyedin thescalingprocess.

The degree of concurreng requiredto stressa le
sener is determinedoy the productof its throughput
andlateny , . Becausea high-performancele
senertypically reachests peakthroughputat high pro-
cessinglateng, high concurrenyg is neededo stressa
high-end le sener. Accordingto thebenchmarkesult
publishedby SPECsfsfor the sfs97R1.v3benchmark,
the SpinSerer3300(6-nodescalablecluster)from Spin-
naker Networks Inc. hasthe the highestmaximumcon-
curreny requiremenbf 752, with a peakthroughputof
131930requestpersecondandalateng of 0.0057sec-
ond at peakthroughputwhereasRainFiler (Failover,1-
Node,4x36,TCProm Traakarinc. hasthelowestmaxi-
mumconcurreng requiremenof 9, with apeakthrough-

putof 1957requestpersecondandalateng of 0.0046
second.

Therearetwo waysto speedup atrace. The rst ap-
proachcalledspatialscale-upgeneratingnultiple eval-
uationloadson disjointworking directory Themultiple
loadscanbehomogeneouslipadsthesametraceor het-
erogeneoukadsfrom differenttraces,The overall con-
curreny of multiple loadsis the sumof the concurrenyg
of individual load. Spatialscale-uppreseresthetiming
relationshipsamongtherequestsn theoriginal trace(s).
For homogeneoukads,randomdelayis introducedfor
the startingtime of eachload to avoid the all the loads
encounterbursty operationsimultaneously The range
of delaytime is con gurable but shouldbe lessthanthe
warm-uptime. Thetotal working le setsizeisthesum
of of all disjointdirectories andthusgrowslinearly with
respectto the numberof loadsand degree of concur
reng/. This approachs simpleto implement,Duplica-
tion is alsousedin mostsynthetic le systemworkload
generatorssuchasSPECsfs.

The secondapproach,called tempoal scale-up it
simply speedsup atraceby dividing the time-stampdy
a speed-ugactorandplayingthe traceaccordingto the
new time-stamps.If the evaluatedle systemis slower
thanthe original le sener, operationamay be delayed
dueto trafc burst. Trace play-backmonitorsthe de-
layed paclets and gives periodical statisticsabout the
averagedelaytime, total number andpercentagef de-
layed paclets. Temporalscaleup preseresthe bursty-
nessjotal working le setsize,locality, andorderchar
acteristicof le accessequestsn thetrace.

Thereare alsotwo waysto slow down atrace. The
rst approachcalledtempoal scale-downis the oppo-
site of tempoal scale-up It simply slows down a trace
by multiplying the time-stampsby the slow-down fac-
tor. Thesecondapproachcalledspatialscale-downde-
composes traceinto subtracesaccordingto client IP
addressgrouplD, userlD or working directories.Each
subtraceresultingfrom sucha decompositiormay not
beself-containedf les arebeingsharedamongclients,
groupsor users.For example,if dir-A is sharecbetween
userlanduser2,userldeletesle-B underdir-A, and
user2createsle-B underdir-A, thenthe subtracefor
userlwill containonly the delete operationandthe
subtracefor user2will containonly the create oper
ation. As a result, both subtraceamay not be able to
be playedbackcorrectly FEUT solvesthis problemby
running eachresulting subtracethroughthe trace pre-
processingtep,which handlessuchmissingrequestsn
the sameway as missing pacletsin the original trace.
The tempoal scale-downapproachpreseresthe total
working le setsize while the spatial scale-downde-
creaseshetotalworking le setsize.



File SystemOperation Modi ed Accessed
read/readdir/getattr/readlinlobj obj
write/setattr/commit obj obj obj

lookup parentname([obj]) parent,[obj]
create/mkdir parenthame(obj) parent,obj parent,obj
remove/rmdir parenthame([obj]) parent obj] parentobj]

symlink parentname([obj]),path parentobj parent,obj

rename parentlpamelparent2name2([obj2])| parentlparent2[obj2] | parentlparent2[obj2]

Tablel: Thistableshavshow le systenmobjectsusedn commonle systenoperationsareconsideredaccessedbdr’modi ed.”
[obj] meanghatthe objectmay not exist andthe operationsmight returnfailure.

If a le systemtraceis dominatedby a large number
of requeststreamseachof which operatesan indepen-
dent le systemobjectsetsandgenerateselatively light
accessoad, spatialscalingis moreappropriatén speed-
ing up or slowing down thetrace. A typical exampleof
suchaworkloadis a softwaredevelopmenternvironment
where le accesseareinterleared with userthink time
and CPU/netvorking actiities. If a le systemtraceis
dominatecby a smallnumberof requesstreamsachof
whichgenerateselatively heary le acces$oad,tempo-
ral scalingis moreappropriatén speedingip or slowing
down thetrace.A typical exampleof suchaworkloadis
a supercomputeelusteron which multiple jobs areexe-
cutedconcurrentlyon disjoint sub-clusterswhich share
asingle le sener.

Most real-world le systemworkloadsare a mix of
thesetwo type of workloads. One needsto understand
thenatureof thetracesandthetargetworkloads,andde-
cidethebestscalingapproactbhasedn thatunderstand-
ing. Thesewo scalingapproachesanalsobe combined
together For example,if therequiredspeed-ugactoris
12, it canbe achieved by a spatialscale-upfactor of 3
andatemporalscale-upup factorof 4.

5 Implementation

A le systemworkload generatomustdeterminewhat

requestgo dispatchandwhento dispatchthem. To min-

imize therun-timeoverheadf NFSrequesgeneration,
FEUT pre-processea traceto make it more compact
andeasierto parse andat run time overlapstraceread-
ing from the disk with requesgenerationio improvethe

concurreng.

5.1 NFSTracePre-processing

TheFEUT preprocessintpol is implementedn Perland
consistf two passesThe rst passscanghetraceand
andinfersahierarchy mapbetweereach le systemob-
jectthatappearsn the traceandits absolutepath-name

andlifetime. Each le systemobjectis uniquelyidenti-
ed by FILEID, a4-byteinteger

Theformatof eachhierarchy mapentryis FILEID,
PATHNAME, LIFETIME-START LIFETIME-STOP .
Entriesin the map can be accessedlirectly by either
the FILEID or PATHNAME, TIMESTAMP tuple. A
FILEID usuallycorrespond$o only onematchingentry;
but multiple entriesmay exist dueto hardlinks, which
permita single le to have morethanonenamein the
le systemhierarchy A PATHNAME, TIMESTAMP
tuple shouldmapto at mostoneentry, andthe matching
entryshouldhave thesamePATHNAME andthe TIMES-
TAMP shouldbe betweertheentry's LIFETIME-START
andLIFETIME-STOP. If a le systemobjectexists be-
fore the tracecollectionstarts,its LIFETIME-START s
setto 0 andif a le systemobjectsexistswhenthetrace
collection ends, its LIFETIME-STOP is setto in nity .
Theinitial le systemimagefor atracecorrespondso
thoseentriesin the hierarchy map whoseLIFETIME-
STARTIs 0.

In thesecondpassthe FEUT pre-processingpol con-
verts each le handleinto its corresponding=ILEID,
combineseachNFS requestwith its associatedeturn
value,eliminatesunnecessarnformationin theoriginal
trace, lls up the deletedobject's FILEID for remove ,
rmdir andrename operationsandproperlyinsertsre-
guestgo accommodatenissingpaclets. While still in a
humanreadableext format, the size of the transformed
traceis typically about10% of thatof the originaltrace.

The currentFEUT pre-processingool implementa-
tion is notincremental.Consideringhe large tracesize
( 100GBytes),incrementapre-processing animpor-
tantfeature. The mainlimitation is thatthe currentpro-
totype always builds the hierarchy map from scratch.
One can use a standardcheck-pointingmechanisnto
protectthepre-processinghasdrom software/hardvare
crashes.
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5.2 NFSWorkload Generation

The FEUT NFS workloadgeneratoiis a userlevel util-
ity written in C, and adoptstwo techniquessimilar to
SPECsfq17] to improve its efciency. First, because
the input NFS traceis typically collectedvia network
snooping FEUT bypassetheNFSclientandsendsNFS
requestglirectly to thetestedle senerusinguserlevel
RPC. The adwvantageof this approachs that the work-
loadis not effectedby the NFS client-sideprocessing.

Thesecondechniquésto runthetraceplayeronmul-
tiple machinedo collaboratively generate higherwork-
load, andto collectthe resultingperformanceneasure-
mentsfrom them,all in away transparento the user

The softwarearchitectureof FEUT , however, is dif-
ferentfrom SPECsfs.As showvn in Figure 1, the work-
load generatoiof SPECsfson eachclient machineuses
amulti-processsoftwarearchitecturewith eachprocess
dispatchingNFS requestsusing synchronousRPC. In
contrast,FEUT usesa 3-threadsoftware structure,as
shawvn in Figure 2. This is more ef cient becauset
reduceshe contet switchingandschedulingoverhead.
The 10 thread continuouslyreadstrace recordsinto a
cyclic memorybuffer calledthe opertion queue The
sendthreadandreceivethreadsendNFSrequest$o and

recevetheirrepliesfromtheNFSsenerundertestusing
asynchronou®RPCrequests.The size of the opertion

gueueshouldbe several times larger than the theoreti-
cal concurreng boundof the input traceto ensurethat

thesendthreadis alwaysableto nd enoughconcurrent
requestatruntime.

The sendthread determinesvhetheran NFS request
in the input traceis readyto sendby checkingits de-
pendenyg constrainttemporal/spatiascalingconstraint,
andthe maximumnumberof outstandingequestson-
straint. Enforcingthe temporal/spatiascalingconstraint
and the maximum numberof outstandingrequestcon-
straintis relatively straightforvard. However, checking
thedependengconstrainis morecomplicated We have
exploredtwo alternatve methodsfor managingthe de-
pendeng constraint: objectlocking and a dependency
list.

Theobjectlockingapproachs usedn thecurrentpro-
totype and s illustratedin Figure 2. Before dispatch-
ing anNFSrequesthatmodi es stateon the sener, the
sendthreadacquiresa write lock on the object(s)modi-

ed by thatrequestBeforedispatchingaread-onlyNFS
requestthe sendthreadacquiresa readlock on the ob-
ject(s)it operaten. For example,a requestto create
anew le in adirectorywill lock the directory object,
so that anotherrequestthat accesseshe directory (for
example,alookup requestwill beblocked.

When the receivethread receives an NFS reply, it
releasesary locks held on the object(s)that the corre-
spondingNFSrequestacquires.Eachlock is justa ag
associategvith eachle systemobjectin hierarchymap
andhenceverylight-weight. Becaus@neoperatiormay
needo lock multiple objectsto avoid deadlockthesend
thread will acquirethe locks associatedvith one NFS
requestonly if all locks areavailable. The sendthread
itself is non-blockingwith respecto lock acquisition.It
keepspolling over the operation queueto checkwhich
requestcanbe dispatched.If thereis no requesttanbe
dispatchedsendthreadwaits in blocking modefor re-
ceivethreadto receve atleastonereply, andthenchecks
theopermation queueagain.

The dependencylist approach requires the pre-
processingool to identify all the previousrequestghat
an NFS requestdirectly dependsupon and checkthat
dependeng list beforeissuingthat request. With de-
pendencyist information, run-time dependeng check-
ing is fairly simple: beforedispatchingan NFS request
Q, thesendthreadcheckswhetherall requestsn its de-
pendeng list have alreadybeencompleted. Note that
only directdependeng needsto be recordedn the de-
pendenyg list. Thatis, if Q dependson P and R de-
pendson Q, P doesnot needto appearin R's depen-
deng list. Most NFS requestonly accessone or two



le systemobjects, and thereforehave a fairly small
dependeng list. Assumeeachentry in a dependeng
list is representedy an integer of 4 bytes. The av-
eragedependeng list is between4 to 8 bytes, which
is not signi cant consideringthat the on-disk and in-
memoryrepresentationsf eachiNFSrequestostaround
60 bytesand 100 bytes,respectiely. However, depen-
deng list mayvary in sizefrom requesto requestand
thereforerequiresa e xible datastructure. For example,
in therequestsequencavrite a; read a; read

a, read a; read a; write a, eachreadoper
ation dependsonly on the rst write, whereasthe last
write dependson all 4 readoperationgbecaussf it is
issuedbeforethe lastreadcompletesit might obliterate
thevaluethatwould bereadby oneor moreof thereads).

5.3 Running the Trace Player

Similar to SPECsfq1], the FEUT traceplayeralsohas
aninitialization stage a warm-upstage,anda measure-
ment collection stage. The initialization stage lls up
the test le sener with a properinitial le systemim-
age.Thewarm-upstagels meantto agethetest le sys-
temandwarmits le cacheby playing the initial part
of thetrace.As futurework, advancedagingtechniques
suchasthosedescribedy Smith etal. shouldbeincor-
porated16]. FEUT allowsuserso controlthescalingof
atracethroughthefollowing parametergrace/sub-tace
selection spatial scalingfactor, tempoel scalingfactor
and maximumoutstandingrequestnumber At theend
of aplay-backrun, FEUT reportsvariousstatisticsabout
thethroughputjateng, operatiommix, initial le system
size and accessedlatasetsize,asin SPECsfs. FEUT
alsoprovidesthroughputindlateng evolutionovertime
duringatraceplay-backrunto give usersa betterinsight
into the workload burstinessand temporalvariationin-
herentn theinputtrace.For example,in arealworkload,
differenthoursof a day anddifferentdaysin a weekof-
tenexhibit very differentworkloadcharacteristic§4].

6 Evaluation

6.1 Methodology

In this section,we evaluatethe value, implementation
ef ciency andscalabilityof FEUT. Thevalueof atrace-
basedapproactfor le systemevaluationliesin thefact
thatit cancapturea particularsite's workloadcharacter
isticsandat the sametime producesufciently different
resultsthansyntheticoenchmarksuchasSPECsf417].

Theimplementatioref ciency of FEUT limits thekinds
of le senersit cantest. Becausesyntheticworkload

generatorsequirerelatively lessCPUanddiskoverhead,
their performancealso senes as the referencecasefor

FEUT. The scalability of FEUT concernsits ability to

scaleup anddown the generatedvorkloadbasedon the

input traceto test le senersratedat a wide variety of

performancelasses.

The traceswe usedin this studywerecollectedfrom
theEECSNFSsener (EECS)andthe centralcomputing
facility (CAMPUS)atHarvard[4]. The EECSworkload
is dominatecby metadataequestsandhasa read/write
ratio of lessthan1.0. The CAMPUSworkloadis almost
entirely email andis dominatedby readrequests.The
EECStraceandthe CAMPUS tracegrow by 2GBytes
and8 GBytesperday, respectiely.

We usethe collectedtracesto drive two NFS seners,
oneis theLinux-based\FSsener, andtheotheris are-
pairableNFS sener calledRFS[19], which augmenta
genericNFS sener with fastrepairablity but doesnot
changethe network le systemprotocolor network le
accesgath. The le senermachinethathostsNFSand
RFSsenersis asenermachinewith 1.5-GHzPentiumé
CPU,512-MByteRAM, andone40-GByteST340016A
ATA diskdrivewith 2MB on-diskcache TheOSis Red-
hatLinux 7.2with NFSv3enabled FEUT'straceplayer
runson a client machinethathasa 1.8-GHzPentium4
CPU,512-MBytememory and20 GB disk.

6.2 Valueof FEUT

A tracemustbe valid beforeit canbe of valueto le
systemevaluation. Onenotion of tracevalidity is thata
tracefaithfully capturethe workloadcharacteristicef a
particularsite. We assumeracesareautomaticallyvalid
in this sensef thetracesarecollectedoverasufciently
long periodof time. The othernotion of validity is that
atraceitself doesnot missout mary packetsduring the
tracingperiod. Packet lossduring tracecollectionlead
to pacletsthatcannot be pairedwith their repliesor re-
questspr gapin RPCmessagéds. Most of theHarvard
traceshave a pacletlossratio of 0.1%- 10%.

The sizeandstructureof initial le systemimagedi-
rectly effectsthe performanceesults. Whenever initial
disk imagesnapshots not available, FEUT rely on hi-
erarchy mapto generatea close-enoughle systemim-
age.Any parentchild relationdiscoveredby prepro-
cessings correctbut they areusuallyincomplete.As a
result, the hierarchy mapwill be multiple isolatedsub-
treesas opposedto one big tree starting from root in
theoriginal le system.Large numberof subtreesndi-
catingproblemsaboutmissing parent,child relation-



original load scale-up peakload
Operation SPEC | FEUT SPEC | FEUT || SPEC | FEUT
Throughput| 33 30 189 180 || 1231 | 1807
getattr 5.1 0.6 0.9 15 2.1 0.7
lookup 29 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 25
create 0.5 0.7 0.7 0.9 17.3 0.7

Table2: NFSlateng/throughputfor EECStraceat Oct 21,2001.

original load scale-up peakload
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 4.1 181 | 4.9
write 11.6 5.4 7.4 4.0 111 | 2.8
create 0.7 1.0 51 1.3 16.3 1.2

Table3: RFSlateng/throughputfor EECStraceat Oct21,2001.
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ship. However, small numberof subtreeds not neces-
sarily good,because whole subtreein the original le

systemcan be completelymissing. Figure 3 givesthe
numberof subtreesnumberof le, numberof directo-
ries,andtotal le systemsizediscoveredby preprocess
ing tracesof differentsize,from onedayto two weeks.
The traceusedin this studyis from Oct 15 (Monday),
2001to Oct29,2001.Thetotal le systensizeonEECS
seneris 400GB and42 GB is discoveredin 14 days.At

theendof theperiod,thenumberof subtreesasstopped
growing andremainsnearconstantmostof themcorre-
spondsto oneusers homedirectory The total number
of directoriesalsoremainsnearconstant.This probably
shaws that directoriesare accessednore regularly and

easyto be discovered. On the contrary regular le dis-
covery shows different pattern. Even after two weeks,
every day thereis new discoveriesaboutold les. We
will have to conductmore experimentto nd the con-
verge point, which canbe eitherthe 400 GB upperlimit,

or someother numberwhich representshe active por-

tion of the le system.

To comparehe evaluationresultsfrom a traceplayer
suchas FEUT and from a syntheticworkload genera-
tor suchasSPECsfswe chosea Harvardtracecollected
on Oct 21, andtried to tunethe SPECsfshenchmarko
matchthe traces workload as matchas we could, in-
cludingthetotal le setsize(6GB),totalnumberof les
(24000) total numberof directories(8000),the percent-
ageof eachoperationsthe accessede setpercentage
(30%) and the appendwrite vs. overwrite ratio (80%
overwrite). We alsochangedhe SPECsfsourcecodeso
thatits le sizedistributionmatcheghe le sizedistribu-
tionin theOct21trace. Themaximumthroughpubf the
Linux NFS sener underSPECsfds 1231 requests/sec,
andis 1807requests/seanderFEUT. The differenceis
a non-trivial 31.8%. In termsof peroperationlatengy,
Table2 lists thelateng of ver differentoperationaun-
derthe original load (30 requests/secy scale-upspeed
of 7, andthe peakload. Again the peroperationateng
numbersarequite differentin mary cases.

We carried out the sameexperimentusing the RFS
sener asthe target. The maximumthroughputof the
RFS sener under SPECsfsis 619 requests/secnd is
1395 requests/seander FEUT, more than a factor of
two difference. Table 3 lists the lateng/ of ve differ-



entoperationsunderthe original load (30 requests/sec),
ascale-upspeedof 6, andthe peakload. Again thereis
noobviouscorrelationbetweertheperoperatiorateny
numberdrom SPECsfandfrom FEUT.

Anotherexperimentis conductedisingOct 22 (Mon-
day)trace.Theinitial le systemsizeis similar (around
6 GB) but therearetwice asmary le (40000).TheOct
22traceis dominatedy metadataperation80%)while
Oct 21 has substantialread/write operations(60%).
The SPECsfscon gurationis againtuneddifferently to
matchthe Oct 22 trace.Theresultis shovn in Table4

If the Oct 21/22 tracesare indeedrepresentatie of
the weelend/weekdayvorkload at the Harvard site, the
resultsfrom the above experimentssuggesthat perfor-
manceresultsderived from syntheticbenchmarksuch
as SPECsfsmay deviate from the actual results by
a substantialmamgin. Therefore,trace-basedle sys-
tem/serer evaluationindeedhasits valueaslong asthe
processanbelargely automated.

6.3 Implementation Ef ciency

FEUT's pre-processingpol is implementedn Perl,and
is ableto proces®2.5 MBytes of traceor 5000requests
persecond.TheFEUT pre-processingme s nearlylin-
earwith respecto thetracesize,andis about30 minutes
for onedayworth of theEECStrace,and2 hoursfor one
dayworth of the CAMPUStrace.

The ef ciency of FEUT's traceplayeris determined
by its disk I/0, CPU andmemoryaccesoverhead.The
disk bandwidthrequirementof FEUT's trace playeris
fairly small. Eachtraceentry costslessthan 100 bytes.
According to the most recentthroughputresults pub-
lishedby SPECsfsthethroughputof le senersrange
from 2000to 300000requests/seeyhich meanghatthe
I/O thread needsbetween0.2 and 30 MBytes/secdisk
bandwidthto readtracesfrom disk. Giventhatthe /O
threadis the only threadthat accesseshe disk during
trace play-backand trace accessnvolves mostly large
sequentiateadsit is unlikely thatthedisk couldbecome
the performancéottleneck.

The CPU load of a traceplayercomesfrom the send
thread, receve thread and the network subsystemin-
siderthe OS. When the Linux NFS sener runs under
atraceat peakthroughput(1807requests/secjhe mea-
suredCPU utilization andnetwork bandwidthconsump-
tion for the FEUT traceplayerare 15% and60.5Mbps.
WhenthesameLinux NFSsenerrunsundera SPECsfs
benchmarkat peakthroughput(1231requests/secthe
measuredCPU utilization and network bandwidthcon-
sumptionfor the SPECsfavorkload generatorare 11%

and37.9Mbps. Theseresultssuggesthat FEUT's trace
playeris actually more ef cient than SPECsfss work-
load generatardespitethe fact that trace play-backre-
quires additional additional disk 1/0 for trace reads,
andadditional CPU overheador dependeng detection
and error handling. FEUT out-performsSPECsfsbe-
causeFEUT's traceplayerusesonly 3 threadswhereas
SPECsfausesmultiple processesindthusincur exces-
sive context switchingandprocesschedulingoverhead.

The memoryconsumptiorof the traceplayermainly
comedrom thefollowing datastructureshierarchy map
objectlock, andopemation queue Practicallyspeaking,
thenumberof les ona le senerrarelyexceedslOmil-
lion, combininghierarchy mapandobjectlock mapto-
getherwith their hashingstructureresultsin around100
bytesperentry Thetotalsizeof objectid mapandobject
lock mapis thusno morethanl GByte.

The opemation queuestoresall the requestawhich is
beingprocessetby the le senerorwhichis considered
ascandidatdor next dispatch.Thesizeof the operation
queuesetsan upperlimit for the play-backconcurrenyg
andis calledlook-aheadwindow A small look-ahead
windowsizearti cially reduceheworkloadconcurrenyg
andmay have negative effecton le systemthroughput
beingmeasuredThelook-aheadvindowshouldbe pro-
portionalto the workload concurreng as computedby
throughput*lateng, andsufciently largeto accommo-
dateburstof operationswvhich all dependon eachothet
Section6.4describedisimulationstudyfor thispurpose.
Accordingthesimulationresult,Jook-aheadvindowsize
of 4000is enoughfor EECSwith aconcurrenyg valueof
80, and 8000is good enoughfor CAMPUS tracewith
a concurreng of 160. In summary for an workload
like EECSand CAMPUS trace, a look aheadwindow
50timeslargerthanthetraceconcurreng is enough.

The small look aheadwindow meansthat the opera-
tion queuewill not occupy too muchmemory In Sec-
tion 4.6, we mentionecthat the maximumconcurreng
requiredby fastestNFS le seneravailableis 752. Each
entry in the the operation queueis about 200 bytes,
thereforethe entire operation queuecostsno morethan
752*200*50=7.5M Bytes.

6.4 Trace Scalability

Scalinga tracespatiallyup anddown doesnot have ary
particularlimitations. Scalinga tracedown temporally
also is relatively straightforvard. However, scalinga
traceup temporallyrequiresthereis sufcient concur
reng in the trace. To studythe maximumconcurreng
thatcanbe generatedrom atrace,we conducteda sim-
ulationin which arequestanbedispatchedf all there-
questst dependn arecompleted.In this mode,there



original load scale-up peakload
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: NFSlateng/throughputfor EECStraceat Oct 22,2001.
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aretwo factorsthatlimit themaximumconcurrenyg: the

look-aheadwindowin which future requestsare exam-

ined during the simulation,and the perrequestateng

atthesener. For theperrequestateng, we usedthela-

teng/ numbersn Table2 andTable4. Figure4 shavsthe

correlationbetweenthe maximumthroughputthat can
be generate@ndthe amountof look-ahead The dashed
line shaws the effect of multiplying the lateng of each
directoryrequesby afactorof 2.

In generalthelargerthelook-aheadvindow themore
concurreng can be extractedfrom the trace, and the
heavier load the trace can generate. When the look-
aheadwindowis small,thetraces maximumthroughput
and concurreny is limited by the look-aheadwindow
However, beyond a certainsize,dependeng amongre-
guestdn thetraceis thedominatingconstraint.

Concurreng can be calculated from (through-
put*lateng). Becausehe averagelateny usedin this
simulationis about2 msec,the maximumconcurreng
is 80for theEECStraceand160for the CAMPUStrace.
The simulationresultsshav that even in an originally
lightly loadedEECStrace(30 requests/se@nda mod-
estlook-aheadvindowsize(4000),thereis enoughcon-
curreny to drive a le senerwith a performancearget
of 10000requests/sec.

7 Conclusion

The prevailing practiceof evaluatingthe performancef
a le systemis stressinghe test le systemusingsyn-
thetic benchmarksWhile sophisticatedenchmarkslo
incorporatecharacteristicef actualtracesandarecapa-
ble of generatingle accessvorkloadsthatarerepresen-
tative of the load in real operatingenvironments,they
rarely are capableof fully capturingthe time-varying
and second-ordeeffects of the workload at a speci c
site. In this paper we adwocatea trace-driven le sys-
tem evaluation methodology in which one evaluates
the performanceof a le system/sersr by driving it
with real tracesand measuringts resultantlateng/ and
throughput,and describean NFS trace play-backtool
called FEUT that is designedto supportthis method-
ology. FEUT addressesnostif not all of the trace-
driven workload generationproblems,including auto-
maticderivationof initial le systemfrom atrace,satis-
fying the dependencieamongrequestsn the tracedur-
ing play-back scalingatraceto a play-backratethatcan
be higheror lower thanthe speedat which the traceis
collected,gracefulhandlingof errorsin tracecollection
andin incorrectbehaior of test le system/serer, and
ef cient implementatiorthatallows a singletraceplay-
backmachineto drive awide rangeof high-performance
le seners. The resultis a exible and easy-to-use
NFS traceplayerthatis shavn to be actually more ef-
cient thanSPECsfsa state-of-the-arsyntheticle sys-
temworkloadgeneratar

In additionto being a usefultool for le systemre-
searchersperhapsthe most promising application of
FEUT is to useit asa site-speci c benchmarkingool
for comparingcompeting le seners. Thatis, onecan
comparewo or more le senersfor a particularsite by

rst collectingtracesonthesite,andthentestingtheper
formanceof eachof the le senersusingthe collected
traces.Evaluationresultsderivedfrom sucha procedure
shouldbe asreal asthey canget, assumingthe traces
collectively arerepresentatie of thatsite's workload.

Although the current prototype can only play back
NFStracesits internaltraceformatis designedo sene



asa commonback-endor tracesbasedon network le
accesgrotocolsotherthan NFS, suchas SMB, CIFS,
andAFS. We planto developa corverterthatcantrans-
late CIFS tracescollectedfrom a SAMBA sener into
FEUT's internalformat,anduseFEUT to play backthe
resultingtraceagainsta Windows-baseIFS sener.
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