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Abstract
With therapid advancesin computingtechnology, there

is an explosionin mediathat needsto collected,cataloged,
stored and accessed. With the speedof disks not keep-
ing pacewith the improvementsin processorand network
speed,the ability of network �le systemsto provide data
to demandingapplicationsat an appropriaterateis dimin-
ishing. In this paper, we proposeto enhancethe perfor-
manceof network�le systemsbyprovidinganInterMediate
bankof Cacheservers betweentheclient andservercalled
(IMCa). Wheneverpossible, �le systemoperationsfromthe
clientare servicedfromthecachebank.We evaluateIMCa
with a numberof differentbenchmarks.Theresultsof these
experimentsdemonstratethat theintermediatecachearchi-
tecturecanreducethelatencyof certainoperationsbyupto
82% over the native implementationand upto 86% com-
paredwith the Lustre �le system.In addition,we also see
an improvementin the performanceof data transferoper-
ations in mostcasesand for mostscenarios. Finally, the
caching hierarchy helpsus to achieve betterscalability of
�le systemoperations.
Keywords: In�niBand, SystemAreaNetworks,Clusters

1 Intr oduction

With the dawn of the internetage,the rapid growth of
multi-mediaandothertraf�c, therehasbeena dramaticin-
creasein the amountof datathat needsto be storedand
accessed.In addition, commercialand scienti�c applica-
tionssuchasdata-miningandnuclearsimulationsgenerate
andparsevastamountsof dataduring their runs. To meet
thedemandfor accessto thisdata,singleserver�le systems
suchasNFS[9] andGlusterFS[1] andparallel�le systems
suchasLustre[10] over high-bandwidthinterconnectslike
In�niBand with high-performancestoragedisksat thestor-
ageservers have becomecommon-place.However, even
with thesecon�gurations,the performanceof the �le sys-
temundera varietyof differentworkloadsis limited by the
accesslatency to thedisk. With a largenumberof requests
to non-contiguouslocationsof thedisk,theability of the�le
systemto copewith thesetypesof requestsis severelylim-
ited. In addition,parallelstripingof paralleldataprovides
limited bene�t in environmentswith a lot of small �les.
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To reducethe load on the disk andenhancethe perfor-
manceof the �le system,severaldifferenttypesof caching
strategiesandalternativeshave beenproposed[5, 4]. Gen-
erally, in most�le systems,acacheexistsat theserverside.
It might bepartof thedistributed�le system,suchaswith
Lustre [10], or it might residein the underlying�le sys-
tem suchas with NFS. The server side cachewill gener-
ally containthe latestdata. The server sidecachemay be
usedto reducethenumberof requestshitting thedisk, and
alsoprovide enhancementswhenthereis a fair amountof
read/writedatasharing.Theserver sidecacheis generally
limited in sizeandsharedby a largenumberof I/O threads.
In addition, the limited size of the cachein-concertwith
policieslike LRU canreducetheperformanceof theserver
sidecache.

In additionto a server sidecache,�le systemprotocols
likeNFS[9] andLustre[10] alsoprovideaclientsidecache.
A client sidecachemayprovide a largebene�t in termsof
performancewhenmostof thedatais accessedlocally, such
as in the caseof a userhomedirectory. However, client
sidecachesintroducecachecoherency issueswhenthereis
sharingof databetweenmultipleclients.NFSdoesnotoffer
strictcachecoherency andusescoarsetimeoutsto dealwith
the issue.Lustre[10] on theotherhanduseslocking with
the metadataserver actingasa lock mangerto implement
client cachecoherency. Writesare�ushed beforelocksare
released.With a large numberof clients, the overheadof
maintaininglocks and keepingthe client cachescoherent
increases.GlusterFS[1] doesnotprovideaclientsidecache
in thedefault con�guration.

In this paper, we propose,designand evaluatean In-
terMediateCachingarchitecture(IMCa) betweentheclient
andtheserver for theGlusterFS[1] �le system.We main-
tain a bankof independentcachenodeswith a largecapac-
ity. The �le systemis responsiblefor storing information
from a variety of differentoperationsin the cache.Keep-
ing theinformationin thecachebankup-to-dateis achieved
througha numberof differenthooksat the client and the
server. Throughthesehooks,theclientattemptsto fetchthe
informationfor differentoperationsfrom thecache,before
trying to getit from theback-end�le server.

We expectmultiplebene�tsfrom usingthisarchitecture.
First, the �le systemclientscanexpectto retainthe bene-
�ts of a client sidecachewith a small penaltyboundedby
network round-triplatency. With theadventof low latency,
high-performancenetworkslikeIn�niBand whichoffer low
latency messaging,thepenaltyassociatedwith this is likely



to be low. Second,since the numberof cachesis small
in comparisonto the numberof clients,and thesecaches
are lockless,keepingthe cachescoherentis considerably
cheaper. Finally, we expectto reapthebene�ts of a client
cachewithout the associatedscalabilityandcoherency is-
sues.

Our preliminaryevaluationsshows thatwe canimprove
theperformanceof �le systemoperationssuchasstatby up
to 82%over thenative designandupto86%overa �lesys-
temlike Lustre.In addition,wealsoshow thattheinterme-
diate cachecan improve the performanceof datatransfer
operationswith bothsingleandmultiple clients.Finally, in
environmentswith read/writesharingof data,wecanseean
overall improvementin �le systemperformance.Finally,
IMCa helpsus to achieve betterscalabilityof �le system
operations.

Therestof this paperis organizedasfollows. Section2
describesthebackgroundwork. After that,Section3 tries
to motivatetheneedfor a bankof caches.In Section4 we
discussthedesignissues.Following that,Section5 presents
the evaluation. Section6 looks at relatedwork. Finally,
conclusionsandfuturework arepresentedin Section7.

2 Background

In this section,we discussthe�le systemGlusterFSand
thedynamicweb-contentcachingdaemonMemCached.

2.1 Intr oduction to GlusterFS

GlusterFS[1] is a clustered�le-system for scalingthe
storagecapacityof many servers to several peta-bytes.It
aggregatesvariousstorageserversor bricks over an inter-
connectsuchas In�niBand or TCP/IP into one large par-
allel network �le system. GlusterFSin its default con�g-
urationdoesnot stripethe data,but insteaddistributesthe
namespaceacrossall the servers. Internally, GlusterFSis
basedon theconceptof translators.Translatorsmaybeap-
plied at eithertheclient or theserver. Translatorsexist for
ReadAheadandWrite Behind. In termsof design,a small
portionof GlusterFSis in thekernelandtheremainingpor-
tion is in userspace.The calls aretranslatedfrom theker-
nelVFSto theuserspacedaemonthroughtheFilesystemin
UserSpace(FUSE).

2.2 Intr oduction to MemCached

Memcachedis an objectsbasedcachingsystem[3] de-
velopedby DangaInteractivefor LiveJournal.com.It is tra-
ditionally usedto enhancetheperformanceof databaseap-
plicationor websiteswith dynamiccontentthatareheavily
loaded. Memcachedis usually run asa daemonon spare
nodes.Memcachedlistensfor requestson a userspeci�ed
port. The amountof memory usedfor cachingis spec-
i�ed at startup. Internally, memcachedimplementsLeast
RecentlyUsed(LRU) asthecachereplacementalgorithm.
Memcachedusesa lazy expiration algorithm; i.e. objects
areevictedwhenthecacheis full anda requestis madeto
addan object to the cache,or a requestto fetch a datael-
ementfrom the cacheis madeandthe time for the object
in the cachehasexpired. Memory managementis based

onslabcacheallocationto reduceexcessive fragmentation.
Memcachedcurrently limits the maximumsizeof the ob-
ject to be storedto 1MB and the maximumlength of the
key to 256bytes.TheMemcachedaemonmaybeaccessed
throughTCP/IPconnections.Clientsusuallychangedata
elementsin memcachedthrougha T(key, data) tuple. The
API consistsof the functionsset, replace,delete,prepend
andappend.A numberof librariesareavailablefor access-
ing memcacheddaemons;oneof themlibmemcacheis a C
basedlibrary [2].

3 Moti vation

We now considerthe motivation for usingintermediate
cachingarchitecturein a �le system.We look atsomecom-
mon problemsin �le systemdesignthat could potentially
besolvedthroughtheuseof acachinglayer.

Single Server Bandwidth Drop With Multiple
Clients. Protocolslike NFS/RDMA attemptsto offer the
improved bandwidthof networks like In�niBand to NFS.
However, NFS servers usually storemost of the dataon
the disk. The server is constrainedby the ability of the
disk to match the bandwidthof the network. Since the
disk is usuallymuchslower than the network, the bene�t
from using NFS/RDMA is reduced. The effect of this is
shown in Fig. 1(b) and Fig. 1(a), which show the multi-
client IOzone Readthroughputwith different transports,
namely NFS/RDMA (RDMA), NFS/TCP on In�niBand
(IPoIB) and�nally , NFS/TCPon Gigabit ethernet(GigE).
In Fig. 1(a),4GB servermemoryis used;in Fig. 1(b),8GB
server memory is used. The bandwidthavailable to the
clientsseemsto berelatedto theamountof memoryon the
server andfalls off astheserver runsout of memoryandis
forcedto fetchdatafrom thedisk.
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Parallel I/O Bandwidth From Multiple Servers. Par-
allel I/O attemptsto usetheaggregatebandwidthof multi-
ple servers. Sincetheback-endserver ultimatelyusesreal
disks,thebene�ts of parallelI/O bandwidthareultimately
mitigatedespeciallyfor multiple streamsthat accessdata
spreadon differentportionsof the disk causingincreased
diskseeking,reducingperformance.

PerformanceFor Small Files. Deliveringgoodperfor-
mancefor small �les is generallydif�cult. In data-center
environmentsa large numberof small �les are used[7].
Datastripingtechniquesgenerallyusedin parallel�le sys-
temareof limited usefor small �les. Storing�les on mul-
tiple independentservers can help reducecontentionfor



small �les, but still exposesthese�les to the limits of the
diskon theseservers.

CacheCoherency Problems. In �le systemenviron-
ments,aclientsidecacheusuallyprovidebestperformance.
Client cachesmay be coherentsuchas with Lustre [10]
or non-coherent,such as with NFS [9]. Non-coherent
client side cachesare more scalablebut have limited use
in environmentswith read/writesharing. Coherentclient
side cachemay be used in environmentswith suf�cient
read/writesharing.However, they have limited scalability.

Server load problems. Reducingtheloadon theserver
is generallycrucial to improving thescalabilityof �le sys-
temprotocols.RDMA is generallyproposedasacommuni-
cationof�oad techniqueto reducetheimpactof copying in
protocolslike TCP/IP. However, RDMA cannoteliminate
othercopying overheadssuchasthoseacrosstheVFSlayer
andother�le systemrelatedoverheads.Usingan interme-
diatecachelayer may help mitigate the effect of someof
theseproblems.We will now look at thedesignandimple-
mentationof a layerof cachingnodes.

4 Designof a Cachefor File Systems

In this section,we considerthe designof the Interme-
diate memory caching(IMCa) architecturefor the Glus-
terFS[1] �le system. First, we look at the overall block
level architectureof IMCa in Section4.1. Following that,
we look at thepotentialnon-data�le systemoperationsthat
couldbeoptimizedin Section4.2. In Section4.3,welookat
thepotentialoptimizationsfor dataoperations.Finally, we
discusssomeof thepotentialadvantagesanddisadvantages
of IMCa in Section4.4.

4.1 Overall Ar chitectureof Intermediate Memory
Caching (IMCa) Layer

The architectureof IMCa is shown in Fig. 2. The ar-
chitectureconsistsof threecomponents:CMCache(Client
MemoryCache),MemCached(MCD) arrayandSMCache
(Server Memory Cache). The �rst componentCMCache
(ClientMemoryCache)is locatedat theGlusterFSclient.
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Fig. 2. Overall Architecture of the Intermediate Memor y

Caching (IMCa) Layer

Client Memory Cache(CMCache): This is responsi-
ble for intercepting�le systemoperationsat theclient. It is
implementedasa translatoron theGlusterFSclient asdis-
cussedin Section2. Oncetheseoperationsareintercepted
CMCachedetermineswhethertheserequestshave any in-
teractionwith thecachinglayeror not. If thereis no inter-
action,CMCachewill propagatethe requestto the server.
Interactionsaregenerallyin two forms. In the�rst form, it
may be possibleto processthe requestfrom the client di-
rectlyby contactingtheMCDs. In thiscase,CMCachewill
contacttheMCDs andattemptto directly returntheresults
for the requests.CMCachecommunicateswith theMCDs
throughTCP/IP.

MemCachedMCD Array (MCD): This consistsof an
array of MemCacheddaemonsrunning on nodesusually
setasideprimarily for IMCa. Thedaemonsmayresideon
nodesthat have other functions,sinceMCDs tendsto use
limited CPU cycles. To obtainmaximumbene�t from us-
ing IMCa, thenodesshouldbeableto provide a suf�cient
amountof memoryto thedaemonswhile they arerunning.

Server Memory Cache (SMCache): This is the �nal
componentof IMCa. It is locatedon theGlusterFSserver.
SMCacheis implementedasa translatorat the GlusterFS
server. SMCacheis divided into two parts. The �rst part
of SMCacheinterceptsthe calls coming from GlusterFS
clients.Dependingon thetypeof operationfrom theGlus-
terFSclient, it mayeitherpasstheoperationdirectly to the
underlying�le system,or performcertaintransformations
on it beforepassingit to the underlying�le system. The
GlusterFS�le systemusestheasynchronousmodelof pro-
cessingrequestsasdiscussedin Section2. Initially, requests
areissuedto the �le systemandlaterwhenthey complete,
a callbackhandleris calledthat processestheseresponses
andreturnstheresultsbackto theclient. Thesecondpartof
SMCachemaintainshooksin the callbackhandler. These
hooksallow SMCacheto interceptthe resultsof different
operationsandsendthemto MCDs if needed.SMCache
communicateswith theMCDsusingTCP/IP.

4.2 Design for ManagementFile SystemOpera­
tions in IMCa

We now considersomeof the designtrade-offs for dif-
ferentmanagement�le systemoperations.

Stat operations: Theseareincludedin POSIX seman-
tics. Statappliesto both�les anddirectories.Statgenerally
containsinformationaboutthe �le size,createandmodify
times,in additionto other informationandstatisticsabout
the �le. Statoperationsarea popularway of determining
updatesto a particular �le. For example, in a producer-
consumertype of application,a producerwill write or ap-
pendto a �le. A consumermay look at the modi�cation
timeon the�le to determineif anupdatehasbecomeavail-
able. This avoids the needand cost for explicit synchro-
nizationprimitivessuchaslocks. This approachis usedin
a numberof web anddatabaseapplications[7]. Sincethe
datastructuresfor thestatoperationsaregenerallystoredon
thedisk, statoperationsusuallyhave considerablelatency.
It is naturalto considerstatfunctionsfor cachebasedfunc-
tionality. We have designeda cachebasedfunctionalityfor
stat.At open,MCD is updatedwith thecontentsof thestat
structurefrom the �le by SMCache. The key usedto lo-



catea MCD consistsof the absolutepathnameof the �le,
with thestring :stat appendedto it. SMCacheusesthede-
faultCRC32hashingfunctionin libmemcache[2] to locate
the appropriateMCD. For every readandwrite operation,
thestatstructurein theMCD is replacedwith themostre-
centvalueof statby SMCache.CMCachethenintercepts
statoperations,attemptsto fetch thestatinformationfrom
the MCD if available,and return it to the client. If there
is a miss,which might happenif thestatentrywasevicted
from the MCD for example,the statrequestpropagatesto
theserver.

Createoperations: Theseusuallyrequireallocationof
resourcesonthedisk. Thereis notmuchpotentialfor cache
basedoptimizations. Create operationsare directly for-
wardedfrom theclientto theserverwithoutany processing.

Deleteoperations: Theseoperationsusuallyrequirere-
moval of itemsfrom the disk. The potentialfor optimiza-
tionswith deleteoperationsis limited. Deleteoperationsare
forwardedby theclient to theserver without any intercep-
tion. Whendeleteoperationsareencountered,we remove
thedataelementsfrom thecacheto avoid falsepositivesfor
requestsfrom clients.

4.3 Data Transfer Operations

Therearetwo typesof �le systemoperationsthatgener-
ally transferdata;i.e. ReadandWrite. To implementRead
and Write with IMCa, CMCacheinterceptsthe Readand
Write operationsat the client. Beforewe discussthe pro-
tocols for theseoperations,we look at the issueof cache
blockingfor �le systemoperations.

4.3.1 Needfor Blocks in IMCa

Most modern disk based �le systems store data as
blocks [6]. Parallel �le systemsalso tend to stripe large
�les acrossa numberof data servers using a particular
stripewidth. Generally, the larger the block size,the bet-
terbandwidthutilization from thediskandnetwork subsys-
tems. Smallerblock sizeson the otherhandtendto favor
lower latency, but also tendto introducemorefragmenta-
tion. IMCa usesa �x edblock sizeto store�le systemdata
in thecache.SinceIMCa is designedasa genericcaching
layerandshouldprovidegoodperformancefor a varietyof
different�le sizesandworkloads;theblock sizeshouldbe
setappropriatelykeepingtheselimits in mind. It shouldbe
kept small enoughso that small �les may be storedmore
ef�ciently . It shouldalso be kept large enoughto avoid
excessivefragmentationandreasonablenetwork bandwidth
utilization. MemCached[3] hasa maximumupper limit
of 1MB for storeddataelementsasdiscussedin Section2.
This placesa naturalupperboundon the sizeof datathat
may be storedin the cache. Dependingon the blocksize,
IMCa mayneedto fetchor write additionalblocksfrom/to
theMCDs above andbeyondwhat is requested.This hap-
pensif thebeginningor endof the requesteddataelement
is not alignedwith the boundaryde�ned by the blocksize.
This is shown in Fig. 3. As a result, dataaccess/update
from/to the MCDs becomemore expensive. This is dis-
cussedfurtherin Section4.3.2.

File data segmented
by IMCa blocksize

data

Data Block Boundaries

Requested data
Extra

Fig. 3. Example of bloc ks requiring additional data trans­

fers in IMCa

4.3.2 Designfor Data Transfer Operations:

Wenow look at theprotocolsfor ReadandWrite datatrans-
fer operationsin IMCa. We also considerthe supporting
functionality for datatransferoperationssuchasOpenand
Close.

Open: On theopen,in CMCache,the absolutepathof
the�le andthe�le descriptoris storedin adatabase,sothat
this informationmay be accessedat a later point. At the
server, theMCDs arepurgedof any datarelatingto the�le
whentheOpenoperationis received.

Read: Thealgorithmfor Readrequestsin CMCacheis
shown in Fig. 4(b). On a Readoperation,CMCacheap-
pendstheabsolutepathof the�le (whichwasstoredduring
theOpen)with theoffsetin the�le to generateakey. Since
IMCa is basedon a staticblock size; the sizeof the Read
datarequestedfrom the MCD may be equalto or greater
thanthecurrentReadrequestsize.CMCachewill generate
keys thatconsistof theabsolutepathnamefor the �le, that
wasstoredduring the openandthe offsetsfrom the Read
request,takinginto accounttheIMCa blocksize.CMCache
usesthekeys to accesstheMCDs andfetch theblocks. If
thereis a missfor any oneof thekeys, CMCachewill for-
wardtheReadrequestto theGlusterFSserver. Thecostof a
missis moreexpensivein thecaseof IMCa,sinceit includes
one or more round-tripsto the MCD, beforedetermining
that theremight be a miss. The SMCacheReadalgorithm
is shown in Fig. 4(a). Becauseof the IMCa block size,the
Readoperationmay potentially requirethe server to read
additionaldatafrom the underlying�le system. Oncethe
Readoperationreturnsfrom the �lesystem, theserver will
appendthefull �le pathnamewith theblock offsetandup-
datetheMCDs with thedata.Theservermayneedto send
several blocks to the MCDs servers. Using an additional
threadto updatetheMCDsat theservermaypotentiallyre-
ducethecostof Readsat theserver.

Write: Write operationsarepersistent.This meansthat
the Write operationsmust propagateto the server where
they needto be written to the �lesystem. CMCachedoes
not interceptWriteoperation.At theserver, theWrite oper-
ationis issuedto the�le systemasshown in Fig.4(c). When
thewrite operationcompletes,Read(s)areissuedto theun-
derlying�le systemby SMCachethatcover theWrite area,
accountingfor theIMCa blocksize.Whenthedatais avail-
able,theRead(s)aresentto theMCDs. Sincetheremaybe
multiple overlappingWritesto a particularrecordandbe-
causeof theIMCa requirementof a�x edblock-size,neither
CMCachenorSMCachecandirectlysendtheWritedatato
theMCDs. Write latency may be potentiallyincreasedby
theadditionalupdateof theMCDs at theserver. Usingan
additionalthreadaswith Readscanreducethecostof this
update.
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Close: Closespropagatefrom the client directly to the
server without any interception.Whenthecloseoperation
is interceptedby SMCache,it will attemptto discardthe
datafor the�le from theMCDs.

4.4 Potential Advantages/Disadvantagesof IMCa

In this section,we discussthepotentialadvantagesand
disadvantagesof IMCa.

FewerRequestsHit the Server: Thedataserver is gen-
erally a point of contentionfor differentrequests.In addi-
tion to communicationcontention,theremay be consider-
ablecontentionfor the disk. IMCa may help reduceboth
thesecontentionsat theserver.

Latency for RequestsReadFrom the Cacheis Lower:
With considerablepercentageof Readsharingas well as
Read/Writesharingpatterns,a large numberof requests
couldpotentiallybe �elded directly from theMCDs. This
mighthelpreducethelatency for thesepatterns,in addition
to reducingtheloadon theserver.

MCDs areself-managing:Eachcachein theMCD im-
plementsLRU. As the caches�ll up, unuseddatawill au-
tomaticallybepurgedfrom theMCDs. Thereis no needto
managethecacheby theclient or theserver. This reduces
the overheadof IMCa. Additional cachingnodescan be
easilyadded. IMCa cantransparentlyaccountfor failures
in MCDs.

Failur esin MCDs do not impact correctness:Writes
arealwayspersistentin IMCa andarewritten successfully
to the server �lesystem beforeupdatingthe MCDs. Irre-
spective of nodefailuresin the MCDs, correctnessis not
impacted.

Additional Nodes Elements NeededEspecially For
Caching: MCDs needsan arrayof nodeson which to run
thedaemons.Thesenodesmightbeusedfor otherpurposes
suchasstoring�le systemdataor runningwebservices.

Cold MissesAr e Expensive: Readson the client re-
quireoneor moreaccessesto theMCDs dependingon the
blocksizeandthe requestedReadsize. If any of theseac-
cessesresultsin a miss,theReadneedsto bepropagatedto

theserver. As a result,missesaremoreexpensive thanin a
regular�le system.

Additional Blocks/Data Transfer Needed: In IMCa
data is storedin blocksizesto act as a tradeoff between
bandwidth,latency, utilization and fragmentation. If the
block sizeis settoo large,smallReadrequestswill be pe-
nalized,requiringadditionaldatato betransferredfrom the
MCDs. If the block size is set too small, large requests
might requiremultiple trips to theMCDs to fetchthedata.

Overhead and Delayed Updates: IMCa hooks into
bothRead/Writefunctionsat theserver throughSMCache.
Read/Writedata from the server needsto be fed to the
MCDs before it is returnedto the client in non-threaded
mode.This mayresultin additionaloverheadat theserver
andupdatesfrom theMDCsbeingdelayed.

5 PerformanceEvaluation

In this section,we attemptto characterizethe perfor-
manceof IMCa in termsof latency andthroughputof dif-
ferentoperations.First,we look at theexperimentalsetup.

5.1 Experimental Setup

We use a 64 node cluster connectedwith In�niBand
DDR HCAs. Eachnodeis an8-coreIntel Cloverbasedsys-
temwith 8GB of memory. TheGlusterFSserver runson a
nodewith acon�gurationidenticalto thatspeci�edabove;it
is alsoequippedwith aRAID arrayof 8-HighPointDiskson
whichall �les usedin theexperimentreside.IP over In�ni-
Band(IPoIB) with ReliableConnection(RC) is usedasthe
communicationtransportbetweentheGlusterFSserverand
client; aswell asbetweenthecomponentsof IMCa namely
SMCache,CMCacheandthe MCD array. The MCDs run
on independentnodesandareallowed to useupto6GB of
mainmemory. Unlessexplicitly mentioned,SMCacheand
CMCacheuseaCRC32hashingfunctionfor storingandlo-
catingdatablockson theMCDs. For comparison,we also
usethe default con�guration of Lustre1.6.4.3with a TCP



transportover IPoIB. TheLustremetadataserver runson a
nodeseparatefrom thedataservers(DS).

5.2 Performanceof Stat With the Cache

We look at the performanceof the stat operationwith
IMCa asdiscussedin Section4.2.

Stat Benchmark: Thebenchmarkusedto measurethe
performanceof statconsistsof two stages.In the�rst stage
(untimed),a setof 262144�les is created. In the second
stage(timed) of the benchmark,eachof the nodestries to
performa statoperationon eachof the 262144�les. The
total time requiredto completeall 262144statsis collected
from eachof thenodesandthemaximumtimeamongall of
themis reported.

Performance With One MCD: The resultsfrom run-
ning this benchmarkis shown in Fig. 5. Along the x-axis
thenumberof nodesis varied.They-axisshowsthetime in
seconds.LegendNoCachecorrespondsto GlusterFSin the
default con�guration (no client sidecache).LegendMCD
(x) correspondsto GlusterFSwith x MemCacheddaemons
running.FromFig.5, wecanseethatwithout thecache,the
time requiredto completethestatoperationsincreasesat a
muchfasterratethanwith the cachenodes.With a single
MCD, thetime requiredto completethestatoperationsin-
creasesat a muchslower rate. At 64 clients,with 1 MCD,
thereis an82%reductionin the time requiredto complete
thestatoperationsascomparedto without thecache.Glus-
terFSwith asingleMCD outperformsLustrewith 4 DSsby
56%at64clients.

Performance With Multiple MCDs: With an increas-
ingnumberof MCDs,thereisareductionin thetimeneeded
to completethestatoperations.However, with an increas-
ing numberof MCDs, thereis a diminishingimprovement
in performance.For example,at 64 nodes,thereis only a
23%reductionin timeto completethestatoperationfrom 4
to 6 MCDs. The statisticsfrom the MCDs show that the
miss rate with increasingMCDs beyond 2 is zero. This
seemsto suggestthat2 MCDs provideadequateamountof
cachememoryto completelycontainthestatdataof all the
�les from theworkload.Thereis little stresson theMCDs
memorysub-systembeyond two MCDs. The overheadof
the communicationprotocolTCP/IP is alleviated to some
extent by going beyond two MCDs. Using four and six
MCDsprovidesomebene�t asmaybeseenfrom Fig. 5. At
64 nodes,usingGlusterFSwith 6 MCDs, thetime required
to completethestatoperationis 86%lowerthanLustrewith
4 DSs.
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5.3 Latency: SingleClient

In thisexperiment,wemeasurethelatency of performing
readandwrite operations.

Latency Benchmark: In the�rst partof theexperiment,
datais writtento the�le in asequentialmanner. For agiven
recordsizer, 1024recordsof recordsizer arewritten se-
quentiallyto the �le. TheWrite time for that recordsizeis
measuredasthe averagetime of the 1024operations.We
measurethe Write time of recordsizesfrom 1 byte to a
maximumrecordsizein multiplesof 2. In thesecondstage
of the benchmark,we go backto the beginning of the �le
andperformthesameoperationsfor Readoperations,vary-
ing therecordsizefrom 1 byteto themaximumrecordsize,
with thetimefor theReadbeingaveragedover1024records
for eachgivenrecordsize.

Read Latency with differ ent IMCa block sizes: The
resultsfrom the latency benchmarkfor Readis shown in
Fig. 6(a) andFig. 6(b). For IMCa, we usedblock sizesof
256bytes,2K and8K bytes.For theReadlatency shown in
Fig. 6(a),for a recordsizeof 1 byte,thereis a reductionof
upto45%in latency usingoneMCD over usingNoCache,
with a block size of 2K, and a 31% reductionin latency
with an 8K IMCa block size. With an IMCa block sizeof
256, the reductionin Readlatency increasesto 59%. As
discussedin Section4, evenfor a Readoperationof 1 byte,
theclient needsto fetcha completeblock of datafrom the
MCDs. So,wemustfetchdatain multiplesof theminimum
recordsizeof IMCa. Smallerblock sizeshelp reducethe
latency of smallerReads,but degradethe performanceof
larger Reads,sinceCMCachemustmake multiple trips to
theMCDs. This maybeseenin Fig. 6(a),wherebeyonda
recordsizeof 8K, NoCachehaslower latency thanIMCa
with a block sizeof 256andhasthe lowestlatency overall
astherecordsizeis further increased(Fig. 6(b)). Sinceno
Readat theclient resultsin a missfrom theMCDs,no read
requestspropagateto theserver. We usea block sizeof 2K
for theremainingexperiments.

Comparison with Lustr e: We useone and four data
serverswith Lustre,denotedby 1DSand4DSrespectively.
Also, we usetwo differentcon�gurationsfor Lustre,warm
cache(Warm) andcold cache(Cold). For thewarm cache
case,the Write phaseof the benchmarkis followed by
the Readphaseof the benchmarkwithout any intermedi-
atestep. For thecold cachecase,after the Write phaseof
the benchmark,the Lustreclient �le systemis unmounted
andthenremounted.This evicts any datafrom the client
cache. Clearly, the warm cachecasedenotedby Lustre-
4DS(Warm) providesthe lowestReadlatency in all cases
(Fig. 6(a)),sinceReadsareprimarily satis�ed from the lo-
cal client cache(resultsfor largerrecordsizeswith a warm
cachearenot shown). The cold cacheforcesthe client to
fetch the �le from thedataservers. So,Lustre-1DS(Cold)
andLustre-4DS(Cold) arecloserto IMCa in termsof per-
formance.We discusstheseresultsfurther in the technical
reportversionof thispaper[8].

Write Latency: TheWrite latency is shown in Fig. 6(c)
with an IMCa block sizeof 2K. Write introducesan addi-
tional Readoperationin thecritical pathat theserver (Sec-
tion 4). Correspondingly, Write latency with IMCa is worse
thantheNoCachecase.By of�oading theadditionalRead
to aseparatethread,theadditionallatency of theReadmay



beremovedfrom thecritical pathandtheWrite latency can
be reducedto the samevalueaswithout the cache. IMCa
provideslittle bene�t for Write operationsbecauseof the
needfor Writes to be persistent(Section4.3.2). Corre-
spondingly, we do not presentthe resultsfor Write for the
remainingexperiments.
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5.4 Latency: Multiple Clients
Themulti-client latency testsstartswith abarrieramong

all theprocesses.Oncetheprocessesarereleasedfrom this
barrier, eachprocessperformsthe latency test (with sepa-
rate �les), describedin Section5.3. The Write andRead
latency componentsas well as eachrecordsize for Read
andWrite is separatedby abarrier. Thelatency for apartic-
ular recordsizeis theaverageof thetimesreportedby each
processfor thegivenrecordsize.
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of MCDs. 4 DSs are used for Lustre .

We presentthe numbersfor the Readlatency with 32
clients each running the latency benchmark,while the
MCDs arebeingvaried.Theselatency numbersareshown
in Fig. 7(a) (Small Recordsizes)and Fig. 7(b) (Medium
RecordSizes). From the �gure, we can seethat thereis
reductionof 82%in thelatency whenfour MCDsareintro-
ducedover the NoCachecasefor a 1 byte Read. Clearly,
IMCa provides additionalbene�t in the caseof multiple
clientsascomparedto the singleclient case. In addition,

with 32clients,anda singleMCD, statisticstakenfrom the
MCDs show that therearean increasingnumberof MCD
capacitymisses.Thesecapacitymissesarereducedby in-
creasingthenumberof MCDs. Thetrendof increasingca-
pacity missesmay be seenmoreclearly while varying the
clientsandusinga singleMCD. TheseReadlatency num-
berareshown in Fig.8(a)andFig.8(c). TheReadlatency at
32 clientsis higherthanwith oneclient andincreaseswith
increasein recordsize.

We also comparewith Lustre at 32 clients (Fig. 7(a),
7(b)). With acoldcache,for smallReadslessthan32bytes,
Lustre (Cold) haslower latency thanIMCa (4MCD). After
32bytes,IMCa (4 MCD) deliverslower latency thanLustre
(Cold). IMCa with 1 and2 MCDs alsoprovide lower la-
tency thanLustrebeyond8K and2K respectively. Finally,
Lustre (Warm) againproducesthe lowest latency overall.
However, the latency for IMCa (4 MCDs) increasesat a
slower ratewith increasingrecordsizeandat 64K, IMCa
(4 MCDs) has lower latency than Lustre (Warm). Simi-
lar trendscanalsobe seenwith varying numberof clients
(Fig. 8(b),Fig. 8(d)).
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5.5 IOzoneThr oughput

In thissection,wediscusstheimpactof IMCa ontheI/O
bandwidth.Oneof thebene�tsof aparallel�le systemwith
multiple dataserversover a singleserver architecturesuch
asNFSis thestripingandadvantageof improvedaggregate
bandwidthfrom multiple datastreamsfrom multiple data
servers. This is especiallytrue with larger �les andlarger
recordsize.Usingmultiplecachesin MCD, it mightbepos-
sibleto gaintheadvantageof multipleparalleldataservers,
while usinga singleI/O server. We useIOzoneto measure
the Readthroughputof a 1GB �le, usinga 2K block size.
We replacethestandardCRC32hashfunctionusedby lib-
memcache[2] with a staticmodulofunction (round-robin)
for distributing thedataacrossthecacheserversusinga2K
block size.We measuredtheIOzoneReadthroughputwith
1, 2 and4 MCDs. Theseresultsareshown in Fig. 9. From
theseresults,it canbe seenthat we canachieve a IOzone
ReadThroughputof upto868MB/s with 8 IOzonethreads



and4 MCDs. This is almosttwice thecorrespondingnum-
ber without the cache(417 MB/s) andLustre-1DS(Cold)
(325MB/s). Clearly, addingadditionalCacheservershelps
providebetterIOzoneReadThroughput.
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5.6 Read/Write Sharing Experiments
To measuretheimpactof IMCa in anenvironmentwhere

�le datais shared,we modi�ed the latency benchmarkde-
scribedin Section5.3 so that all the nodesusethe same
�le. In the write phaseof the benchmark,only the root
nodewrites the �le data. In the readphaseof the bench-
mark,all theprocessesattemptto readfrom the�le. Again,
aswith themulti-clientexperiments(Section5.4),theRead
andWrite portions,aswell theportionsfor eachrecordsize
areseparatedwith barriers.

Wemeasurethereadlatency, with andwithoutIMCaand
comparewith Lustre-1DS(Cold). With IMCa, we useone
MCD. The readlatency is shown in Fig. 10. At 32 nodes,
thereis a45%reductionin latency with IMCa over theNo-
Cachecase.Also, asmaybeseenfrom Fig. 10, IMCa pro-
videsbene�t, that increaseswith anincreasein thenumber
of nodes. Sincewe areusinga singleMCD, with all the
clientstrying to readthedatafrom theMCD in thesameor-
der, weseethatthetimeevenwith IMCa increaseslinearly.
With a greaternumberof MCDs, we expectbetterperfor-
mance.Becauseof spacelimitations,we donot presentthe
numbersfor multiple MCDs here(they areavailablein the
technicalreport versionof this paper[8]). IMCa with 1
MCD providesslightly higherlatency comparedto Lustre-
1DS (Cold) upto 16 nodes. However, at 32 nodes,IMCa
with 1 MCD hasslightly lower latency than Lustre-1DS
(Cold).

6 RelatedWork
Dahlin, et.al. proposedusingclient sidecachingto per-

form cooperative caching[5]. The client cachesare tied
togetherto form a singlelarge�le systemcache.Our work
differsfrom their work in thatwe maintaina layeror bank
of cacheservernodesthatareindependentof theclientside
caches.S. Jiang,et.al. [4] proposedenhancementsto the
buffer cachingalgorithmson the �le systemservers. Our
work is differentfrom their work in thatwe proposeanin-
termediatehierarchyof cachingnodesthatareindependent
of the�le systembuffer cache.

7 Conclusionsand Future Work
In this paper, we haveproposed,designedandevaluated

an intermediatearchitectureof cachingnodes(IMCa) for
theGlusterFS�le system.Thecacheconsistsof a bankof

MemCachedservernodes.We havelookedat theimpactof
theintermediatecachearchitectureon theperformanceof a
varietyof different�le systemoperationssuchasstat,Read
andWrite latency andthroughput.We have alsomeasured
theimpactof thecachinghierarchywith singleandmultiple
clientsandin scenarioswherethereis datasharing.Our re-
sultsshow that the intermediatecachearchitecturecanim-
prove statperformanceover only theserver nodecacheby
up to 82%and86%betterthanLustre.In addition,we also
seeanimprovementin theperformanceof datatransferop-
erationsin mostcasesandfor mostscenarios.Finally, the
cachinghierarchyhelpsus to achieve betterscalabilityof
�le systemoperations.

As part of future work, we plan to investigatedifferent
hashingalgorithmsfor distributingthedataacrossthecache
servers. In addition, we would also like to look at how
network mechanismslike RemoteDirect Memory Access
(RDMA) in In�niBand canhelpreducetheoverheadof the
cachebankandalsoprovide strongercoherency. We also
plan on researchinghow the set of cacheservers may be
integratedinto a �le systemsuchasLustre,whereit canpo-
tentially interactwith theclient andserver caches.Finally,
we would alsolike to studytherelative scalabilityof a co-
herentclient sidecacheanda bankof intermediatecache
nodes.
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