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Abstract

With the rapid advancesn computingtechnolagy, there
is an explosionin mediathat needgo collected,catalaged,
stored and accessed. With the speedof disks not keep-
ing pacewith the improvementsn processorand network
speed,the ability of network le systemdo provide data
to demandingapplicationsat an appropriate rateis dimin-
ishing In this paper we proposeto enhancethe perfor-
manceof network le systemsy providingan InterMediate
bankof Cadche serves betweerthe client and servercalled
(IMCa). Wheneerpossible le systenoperationsfromthe
clientare servicedfromthe cache bank.We evaluateIMCa
with a numberof differentbendimarks.Theresultsof these
experimentsiemonstatethattheintermediatecachearchi-
tectue canreducethelatencyof certainoperationsby upto
82% over the native implementatiorand upto 86% com-
paredwith the Lustre le system.In addition, we also see
an improvementn the performanceof data transferoper
ationsin mostcasesand for mostscenarios. Finally, the
caching hierarchy helpsus to achieve better scalability of
le systenopemtions.
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1 Intr oduction

With the dawn of the internetage,the rapid growth of
multi-mediaandothertrafc, therehasbeenadramaticin-
creasein the amountof datathat needsto be storedand
accessed.In addition, commercialand scienti ¢ applica-
tionssuchasdata-miningandnuclearsimulationsgenerate
andparsevastamountsof dataduring their runs. To meet
thedemandor accesgo thisdata,singlesener le systems
suchasNFS[9] andGlusterFJ1] andparallel le systems
suchasLustre[10] over high-bandwidthnterconnectsdik e
In niBand with high-performancstoragedisksat the stor
age seners have becomecommon-place. However, even
with thesecon gurations,the performanceof the le sys-
temunderavariety of differentworkloadsis limited by the
accesdateng to thedisk. With alarge numberof requests
to non-contiguou$ocationsof thedisk, theability of the le
systemto copewith thesetypesof requestss severelylim-
ited. In addition, parallelstriping of paralleldataprovides
limited bene tin ervironmentswith alot of small les.
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FC02-01ER25506National ScienceFoundationgrants#CNS-0403342
and#CCF-0702675grantsfrom Intel, Mellanox,and SunMicrosystems;
andequipmentonationdrom Intel, Mellanox,andSunMicrosystems.

To reducethe load on the disk and enhancehe perfor
manceof the le system sereraldifferenttypesof caching
stratgiesandalternatveshave beenproposed>s, 4]. Gen-
erally, in most le systemsacacheexistsatthesenerside.
It might be partof thedistributed le systemsuchaswith
Lustre[10], or it might residein the underlying le sys-
tem suchaswith NFS. The sener side cachewill gener
ally containthe latestdata. The sener side cachemay be
usedto reducethe numberof requestsitting the disk, and
alsoprovide enhancement&henthereis a fair amountof
read/writedatasharing. The sener side cacheis generally
limited in sizeandsharedy alarge numberof I/O threads.
In addition, the limited size of the cachein-concertwith
policieslike LRU canreducethe performancef thesener
sidecache.

In additionto a sener sidecache, le systemprotocols
like NFS[9] andLustre[10] alsoprovideaclientsidecache.
A client sidecachemay provide alarge bene t in termsof
performancevhenmostof thedatais accessetbcally, such
asin the caseof a userhomedirectory However, client
sidecachesntroducecachecoherenyg issuesvhenthereis
sharingof databetweemmultiple clients.NFSdoesnotoffer
strictcachecohereng andusescoarseimeoutsto dealwith
theissue. Lustre[10] on the otherhanduseslocking with
the metadatasener actingasa lock mangerto implement
clientcachecoherenyg. Writesare ushed beforelocksare
released.With a large numberof clients, the overheadof
maintaininglocks and keepingthe client cachescoherent
increasesGlusterFg1] doesnotprovideaclientsidecache
in thedefault con guration.

In this paper we propose,designand evaluatean In-
terMediateCachingarchitecturgIMCa) betweertheclient
andthe sener for the GlusterFg1] le system.We main-
tain a bankof independentachenodeswith alarge capac-
ity. The le systemis responsibldor storinginformation
from a variety of differentoperationsn the cache. Keep-
ing theinformationin the cachebankup-to-datas achieved
througha numberof differenthooksat the client andthe
sener. Throughthesehooks theclientattemptso fetchthe
informationfor differentoperationdrom the cache before
trying to getit from theback-endle sener.

We expectmultiple bene tsfrom usingthis architecture.
First, the le systemclientscanexpectto retainthe bene-
ts of aclient sidecachewith a small penaltyboundedoy
network round-triplateng. With theadwentof low lateng,
high-performanceetworkslike In niBand whichoffer low
latengy messagingthe penaltyassociatedvith thisis likely



to be low. Second,sincethe numberof cachesis small
in comparisonto the numberof clients, and thesecaches
are lockless, keepingthe cachescoherentis considerably
cheaper Finally, we expectto reapthe bene ts of a client
cachewithout the associatedcalability and cohereny is-
sues.

Our preliminaryevaluationsshowvs thatwe canimprove
theperformancef le systenmoperationsuchasstatby up
to 82% over the native designandupto86%overa lesys-
temlike Lustre.In addition,we alsoshow thattheinterme-
diate cachecanimprove the performanceof datatransfer
operationsvith both singleandmultiple clients. Finally, in
ervironmentswith read/writesharingof data,we canseean
overall improvementin le systemperformance.Finally,
IMCa helpsus to achieve betterscalabilityof le system
operations.

Therestof this paperis organizedasfollows. Section2
describeghe backgroundwvork. After that, Section3 tries
to motivatethe needfor a bankof caches.In Section4 we
discusghedesignissues Following that, Section5 presents
the evaluation. Section6 looks at relatedwork. Finally,
conclusionsandfuturework arepresentedn Section?.

2 Background

In this section,we discusghe le systemGlusterFSand
the dynamicweb-contentachingdaemorMemCached.

2.1 Intr oduction to GlusterFS

GlusterFS[1] is a clustered le-system for scalingthe
storagecapacityof mary senersto several peta-bytes. It
aggrejatesvariousstoragesenersor bricks over aninter
connectsuchasIn niBand or TCP/IPinto onelarge par
allel network le system. GlusterFSin its default con g-
urationdoesnot stripethe data,but insteaddistributesthe
namespacacrossall the seners. Internally, GlusterFSis
basedn the conceptwof translators Translatorsnaybe ap-
plied at eitherthe client or the sener. Translatorsxist for
ReadAheadandWrite Behind. In termsof design,a small
portionof GlusterFSs in the kernelandtheremainingpor-
tion is in userspaceThe calls aretranslatedrom the ker-
nel VFSto theuserspacdaemorthroughthe Filesysterin
UserSpac¢FUSE).

2.2 Intr oduction to MemCached

Memcacheds an objectshasedcachingsystem[3] de-
velopedby Dangalnteractve for LiveJournal.comit is tra-
ditionally usedto enhancehe performanceof databaseyp-
plicationor websiteswith dynamiccontentthatareheavily
loaded. Memcacheds usuallyrun asa daemonon spare
nodes.Memcachedistensfor request®n a userspeci ed
port. The amountof memory usedfor cachingis spec-
ied atstartup. Internally, memcachedmplementsLeast
RecentlyUsed(LRU) asthe cachereplacemenalgorithm.
Memcachedusesa lazy expiration algorithm; i.e. objects
areevictedwhenthe cacheis full anda requesis madeto
addan objectto the cache,or a requesto fetch a datael-
ementfrom the cacheis madeandthe time for the object
in the cachehasexpired. Memory managemenis based

on slabcacheallocationto reduceexcessie fragmentation.
Memcachecturrently limits the maximumsize of the ob-
ject to be storedto 1MB and the maximumIlength of the
key to 256 bytes. The Memcachelaemommaybeaccessed
throughTCP/IP connections.Clients usually changedata
elementin memcachedhrougha T(key, data) tuple. The
API consistsof the functionsset, replace,delete,prepend
andappend A numberof librariesareavailablefor access-
ing memcachedlaemonspneof themlibmemcacheés aC
basedibrary [2].

3 Motivation

We now considerthe motivation for usingintermediate
cachingarchitecturen a le system.We look atsomecom-
mon problemsin le systemdesignthat could potentially
be solvedthroughthe useof a cachinglayer.

Single Sewer Bandwidth Drop With Multiple
Clients. Protocolslike NFS/RDMA attemptsto offer the
improved bandwidthof networks like In niBand to NFS.
However, NFS seners usually store most of the dataon
the disk. The sener is constrainedby the ability of the
disk to match the bandwidthof the network. Sincethe
disk is usually much slower thanthe network, the bene t
from using NFS/RDMA is reduced. The effect of this is
shawvn in Fig. 1(b) and Fig. 1(a), which shav the multi-
client I0zone Readthroughputwith different transports,
namely NFS/RDMA (RDMA), NFS/TCP on In niBand
(IPolB) and nally, NFS/TCPon Gigabit ethernet(GigE).
In Fig. 1(a),4GB senermemoryis used;in Fig. 1(b),8GB
sener memoryis used. The bandwidthavailable to the
clientsseemso berelatedto theamountof memoryonthe
sener andfalls off asthe senerrunsout of memoryandis
forcedto fetchdatafrom the disk.
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Parallel /0O Bandwidth From Multiple Sewers. Par
allel I/O attemptgto usethe aggregyatebandwidthof multi-
ple seners. Sincethe back-endsener ultimately usesreal
disks,the bene ts of parallell/O bandwidthare ultimately
mitigated especiallyfor multiple streamsthat accesddata
spreadon differentportionsof the disk causingincreased
disk seekingreducingperformance.

Performance For Small Files. Deliveringgoodperfor
mancefor small les is generallydif cult. In data-center
ervironmentsa large numberof small les are used[7].
Datastripingtechniquegenerallyusedin parallel le sys-
temareof limited usefor small les. Storing les on mul-
tiple independenseners can help reducecontentionfor



small les, but still exposesthese les to the limits of the
diskontheseseners.

Cache Coherency Problems. In le systemerviron-
mentsaclientsidecacheusuallyprovide bestperformance.
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 ervironmentswith read/writesharing. Coherentclient
side cachemay be usedin environmentswith sufcient
read/writesharing.However, they have limited scalability

Serwer load problems. Reducingheloadonthesener
is generallycrucial to improving the scalabilityof le sys-
temprotocols.RDMA is generallyproposedisacommuni-
cationof oad techniqueto reducethe impactof copying in
protocolslike TCP/IP However, RDMA cannoteliminate
othercopying overheadsuchasthoseacrosghe VFSlayer
andother le systemrelatedoverheadsUsing aninterme-
diate cachelayer may help mitigate the effect of someof
theseproblems.We will now look at the designandimple-
mentationof alayerof 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,
welook atthe potentialnon-datale systemoperationghat
couldbeoptimizedin Sectiord.2. In Sectiord.3,welook at
the potentialoptimizationsfor dataoperations Finally, we
discusssomeof the potentialadvantagesanddisadwantages
of IMCa in Section4.4.

4.1 Overall Ar chitectureof Intermediate Memory
Caching (IMCa) Layer

The architectureof IMCa is shavn in Fig. 2. The ar
chitectureconsistsof threecomponentsCMCache(Client
Memory Cache) MemCachedMCD) arrayandSMCache
(Sener Memory Cache). The rst componentCMCache
(ClientMemory Cache)s locatedat the GlusterFclient.

Overall client architecture (multiple clients possit

GlusterFs Client
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Fig. 2. Overall Architecture of the Intermediate Memory
Caching (IMCa) Layer

Client Memory Cache(CMCache): This is responsi-
ble for interceptingle systemoperationsattheclient. It is
implementedhsa translatoron the GlusterF<client asdis-
cussedn Section2. Oncetheseoperationsareintercepted
CMCachedeterminesvhethertheserequestshave ary in-
teractionwith the cachinglayer or not. If thereis nointer
action, CMCachewill propagatehe requesto the sener.
Interactionsaregenerallyin two forms. In the rst form, it
may be possibleto procesghe requestfrom the client di-
rectly by contactinghe MCDs. In this case CMCachewill
contactthe MCDs andattemptto directly returntheresults
for the requests.CMCachecommunicatesvith the MCDs
throughTCP/IR

MemCachedMCD Array (MCD): This consistof an
array of MemCacheddaemonsrunning on nodesusually
setasideprimarily for IMCa. The daemonsnay resideon
nodesthat have otherfunctions,sinceMCDs tendsto use
limited CPU cycles. To obtainmaximumbene t from us-
ing IMCa, the nodesshouldbe ableto provide a sufcient
amountof memoryto the daemonsvhile they arerunning.

Sewver Memory Cache (SMCache): This is the nal
componenbf IMCa. It is locatedon the GlusterFSsener.
SMCacheis implementedas a translatorat the GlusterFS
sener. SMCacheis divided into two parts. The rst part
of SMCacheinterceptsthe calls coming from GlusterFS
clients. Dependingon the type of operationfrom the Glus-
terFSclient, it may eitherpassthe operationdirectly to the
underlying le system,or performcertaintransformations
on it beforepassingit to the underlying le system. The
GlusterFSle systemusesthe asynchronousodelof pro-
cessingequestasdiscussedh Section2. Initially, requests
areissuedto the le systemandlaterwhenthey complete,
a callbackhandleris calledthat processesheseresponses
andreturnstheresultsbackto theclient. Thesecondoartof
SMCachemaintainshooksin the callbackhandler These
hooksallow SMCacheto interceptthe resultsof different
operationsand sendthemto MCDs if needed. SMCache
communicatesvith theMCDs usingTCP/IR

4.2 Designfor ManagementFile SystemOpera-
tionsin IMCa

We now considersomeof the designtrade-ofs for dif-
ferentmanagemente systemoperations.

Stat operations: Theseareincludedin POSIX seman-
tics. Statappliesto both les anddirectories.Statgenerally
containsinformationaboutthe le size,createandmodify
times, in additionto otherinformationand statisticsabout
the le. Statoperationsarea popularway of determining
updatesto a particular le. For example,in a producer
consumetype of application,a producemwill write or ap-
pendto a le. A consumemay look at the modi cation
timeonthe le to determindf anupdatehasbecomeavail-
able. This avoids the needand costfor explicit synchro-
nizationprimitivessuchaslocks. This approachs usedin
a numberof web and databaseapplicationg7]. Sincethe
datastructuredor thestatoperationsregenerallystoredon
the disk, statoperationsusuallyhave considerabldateng.
It is naturalto considerstatfunctionsfor cachebasedunc-
tionality. We have designeda cachebasedunctionality for
stat. At open,MCD is updatedwith the contentsof the stat
structurefrom the le by SMCache. The key usedto lo-



catea MCD consistsof the absolutepathnameof the le,
with the string :stat appendedo it. SMCacheusesthe de-
fault CRC32hashingfunctionin libmemcachg?2] to locate
the appropriateMCD. For every readandwrite operation,
the statstructurein the MCD is replacedwith the mostre-
centvalue of statby SMCache.CMCachethenintercepts
statoperationsattemptso fetch the statinformationfrom
the MCD if available,andreturnit to the client. If there
is a miss,which might happernif the statentry wasevicted
from the MCD for example,the statrequestpropagateso
thesener.

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

Deleteoperations: Theseoperationsisuallyrequirere-
moval of itemsfrom the disk. The potentialfor optimiza-
tionswith deleteoperationss limited. Deleteoperationsire
forwardedby the client to the sener without ary intercep-
tion. Whendeleteoperationsare encounteredywe remove
thedataelementdrom the cacheto avoid falsepositivesfor
requestsrom clients.

4.3 Data Transfer Operations

Therearetwo typesof le systemoperationghatgener
ally transferdata;i.e. ReadandWrite. To implementRead
and Write with IMCa, CMCacheinterceptsthe Readand
Write operationsat the client. Beforewe discussthe pro-
tocolsfor theseoperationswe look at the issueof cache
blockingfor le systemoperations.

4.3.1 Needfor Blocksin IMCa

Most modern disk based le systems store data as
blocks[6]. Parallel le systemsalsotendto stripe large
les acrossa numberof data seners using a particular
stripewidth. Generally the larger the block size, the bet-
terbandwidthutilization from thedisk andnetwork subsys-
tems. Smallerblock sizeson the otherhandtendto favor
lower lateng, but alsotendto introducemore fragmenta-
tion. IMCa usesa x edblock sizeto store le systemdata
in the cache.SincelMCa is designedasa genericcaching
layerandshouldprovide goodperformancdor a variety of
different le sizesandworkloads;the block sizeshouldbe
setappropriatelyjkeepingthesdimits in mind. It shouldbe
kept small enoughso that small les may be storedmore
efciently. It shouldalso be kept large enoughto avoid
excessve fragmentatiorandreasonabl@etwork bandwidth
utilization. MemCached3] hasa maximum upper limit
of 1MB for storeddataelementsasdiscussedn Section?2.
This placesa naturalupperboundon the size of datathat
may be storedin the cache. Dependingon the blocksize,
IMCa may needto fetch or write additionalblocksfrom/to
the MCDs above andbeyondwhatis requestedThis hap-
pensif the beginningor endof the requestedlataelement
is not alignedwith the boundaryde ned by the blocksize.
This is showvn in Fig. 3. As a result, dataaccess/update
from/to the MCDs becomemore expensve. This is dis-
cussedurtherin Section4.3.2.

Requested data

\\IFile data segmented
~ by IMCa blocksize
AT

Data Block Boundaries

Extra
data

Fig. 3. Example of blocks requiring additional data trans-
fers in IMCa

4.3.2 Designfor Data Transfer Operations:

We now look atthe protocolsfor ReadandWrite datatrans-
fer operationsin IMCa. We also considerthe supporting
functionality for datatransferoperationssuchasOpenand
Close.

Open: Ontheopen,in CMCache the absolutepath of
the le andthe le descriptoiis storedin adatabasesothat
this information may be accesseat a later point. At the
sener, the MCDs arepurgedof ary datarelatingto the le
whenthe Openoperationis receved.

Read: The algorithmfor Readrequestsn CMCacheis
shawvn in Fig. 4(b). On a Readoperation,CMCacheap-
pendshe absolutgathof the le (whichwasstoredduring
the Open)with theoffsetin the le to generateakey. Since
IMCa is basedon a staticblock size; the size of the Read
datarequestedrom the MCD may be equalto or greater
thanthe currentReadrequessize. CMCachewill generate
keys that consistof the absolutepathnamdor the le, that
was storedduring the openandthe offsetsfrom the Read
requestfakinginto accountheIMCa blocksize.CMCache
usesthe keys to accesgshe MCDs andfetchthe blocks. If
thereis a missfor any oneof the keys, CMCachewill for-
wardtheReadrequesto the GlusterFSsener. Thecostof a
missis moreexpensvein thecaseof IMCa, sinceit includes
one or more round-tripsto the MCD, beforedetermining
thattheremight be a miss. The SMCacheReadalgorithm
is shawvn in Fig. 4(a). Becauseof the IMCa block size,the
Readoperationmay potentially requirethe sener to read
additionaldatafrom the underlying le system.Oncethe
Readoperationreturnsfrom the lesystem, the sener will
appendhefull le pathnamewith theblock offsetandup-
datethe MCDs with thedata. The sener may needto send
several blocks to the MCDs seners. Using an additional
threadto updatethe MCDs atthe sener may potentiallyre-
ducethe costof Readsatthe sener.

Write: Write operationsarepersistent.This meanghat
the Write operationsmust propagateto the sener where
they needto be written to the lesystem. CMCachedoes
notinterceptWrite operation At thesener, the Write oper
ationisissuedothe le systemasshovnin Fig.4(c). When
thewrite operationcompletesRead(syareissuedo theun-
derlying le systemby SMCachethatcoverthe Write area,
accountingor the IMCa blocksize.Whenthe datais avail-
able,the Read(sharesentto the MCDs. Sincetheremaybe
multiple overlappingWritesto a particularrecordand be-
causeof theIMCarequiremenbf a x edblock-size neither
CMCachenor SMCachecandirectly sendthe Write datato
the MCDs. Write latengy may be potentiallyincreasedy
the additionalupdateof the MCDs at the sener. Usingan
additionalthreadaswith Readscanreducethe costof this
update.
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Fig. 4. Logical Flow for Read and Write operations in IMCa

Close: Closespropagaterom the client directly to the
sener without ary interception.Whenthe closeoperation
is interceptedby SMCache,it will attemptto discardthe
datafor the le fromtheMCDs.

4.4 Potential Advantages/Disadantagesof IMCa

In this section,we discussthe potentialadvantagesaind
disadwantage®f IMCa.

FewerRequestdHit the Server: Thedataseneris gen-
erally a point of contentionfor differentrequests.n addi-
tion to communicationcontention theremay be consider
able contentionfor the disk. IMCa may help reduceboth
thesecontentionsaatthesener.

Latencyfor RequestsdReadFromthe Cacheis Lower:
With considerablepercentageof Readsharingas well as
Read/Writesharing patterns,a large numberof requests
could potentiallybe elded directly from the MCDs. This
mighthelpreducethelateng for thesepatternsin addition
to reducingtheloadonthesener.

MCDs are self-managing: Eachcachein the MCD im-
plementsLRU. As the cachesll up, unuseddatawill au-
tomaticallybe purgedfrom the MCDs. Thereis no needto
managehe cacheby the client or the sener. This reduces
the overheadof IMCa. Additional cachingnodescan be
easilyadded. IMCa cantransparentlyaccountfor failures
in MCDs.

Failuresin MCDs do not impact correctness:Writes
arealwayspersistenin IMCa andarewritten successfully
to the sener lesystem beforeupdatingthe MCDs. Irre-
spectve of nodefailuresin the MCDs, correctnesss not
impacted.

Additional Nodes Elements Needed Especially For
Caching: MCDs needsan arrayof nodeson which to run
thedaemonsThesenodesmightbeusedfor otherpurposes
suchasstoring le systemdataor runningwebservices.

Cold MissesAre Expensive: Readson the client re-
quire oneor moreaccesset the MCDs dependingn the
blocksizeandthe requestedReadsize. If ary of theseac-
cessesesultsin amiss,the Readneedgo be propagatedo

thesener. As aresult,missesaremoreexpensvethanin a
regular le system.

Additional Blocks/Data Transfer Needed: In IMCa
datais storedin blocksizesto act as a tradeof between
bandwidth, lateng, utilization and fragmentation. If the
block sizeis settoo large, small Readrequestaill be pe-
nalized requiringadditionaldatato betransferredrom the
MCDs. If the block sizeis settoo small, large requests
might requiremultiple trips to the MCDs to fetchthe data.

Overhead and Delayed Updates: IMCa hooks into
both Read/Writefunctionsat the sener throughSMCache.
Read/Writedata from the sener needsto be fed to the
MCDs beforeit is returnedto the client in non-threaded
mode. This may resultin additionaloverheachat the sener
andupdatedrom the MDCs beingdelayed.

5 PerformanceEvaluation

In this section,we attemptto characterizehe perfor
manceof IMCa in termsof lateng andthroughputof dif-
ferentoperationsFirst, we look at the experimentaketup.

5.1 Experimental Setup

We use a 64 node cluster connectedwith In niBand
DDR HCAs. Eachnodeis an8-corelntel Cloverbasedsys-
temwith 8GB of memory The GlusterFSsener runson a
nodewith acon gurationidenticalto thatspeci edabove; it
is alsoequippedvith aRAID arrayof 8-HighPointDiskson
whichall les usedin theexperimentreside.IP overIn ni-
Band(IPolB) with ReliableConnectionRC) is usedasthe
communicatiortransporbetweerthe GlusterFSsenerand
client; aswell asbetweerthe component®f IMCa namely
SMCache CMCacheandthe MCD array The MCDs run
onindependenhodesandareallowed to useupto 6GB of
main memory Unlessexplicitly mentioned SMCacheand
CMCacheusea CRC32hashingunctionfor storingandlo-
catingdatablockson the MCDs. For comparisonwe also
usethe default con guration of Lustre 1.6.4.3with a TCP



transportover IPolB. The Lustremetadataener runson a
nodeseparatérom thedataseners(DS).

5.2 Performanceof Stat With the Cache

We look at the performanceof the stat operationwith
IMCa asdiscussedn Sectiord.2.

Stat Benchmark: The benchmarkusedto measurehe
performancef statconsistof two stagesin the rst stage
(untimed),a setof 262144 les is created. In the second
stage(timed) of the benchmarkgachof the nodestries to
performa statoperationon eachof the 262144 les. The
total time requiredto completeall 262144statsis collected
from eachof thenodesandthe maximumtime amongall of
themis reported.

Performance With One MCD: The resultsfrom run-
ning this benchmarks shown in Fig. 5. Along the x-axis
thenumberof nodess varied. They-axisshovsthetimein
secondsLegendNoCade correspond$o GlusterFSn the
default con guration (no client sidecache).LegendMCD
(x) corresponds$o GlusterFSwith x MemCachedlaemons
running.FromFig. 5, we canseethatwithoutthecachethe
time requiredto completethe statoperationsncreasest a
muchfasterratethanwith the cachenodes. With a single
MCD, thetime requiredto completethe statoperationsn-
creasest a muchslower rate. At 64 clients,with 1 MCD,
thereis an82%reductionin the time requiredto complete
the statoperationsascomparedo without the cache Glus-
terFSwith asingleMCD outperformd.ustrewith 4 DSsby
56%at 64 clients.

Performance With Multiple MCDs: With anincreas-
ing numbemf MCDs, thereis areductionin thetimeneeded
to completethe stat operations.However, with anincreas-
ing numberof MCDs, thereis a diminishingimprovement
in performance.For example,at 64 nodes,thereis only a
23%reductionin time to completethe statoperatiorfrom 4
to 6 MCDs. The statisticsfrom the MCDs show that the
miss rate with increasingMCDs beyond 2 is zero. This
seemgo suggesthat2 MCDs provide adequatemountof
cachememoryto completelycontainthe statdataof all the

les from theworkload. Thereis little stressonthe MCDs
memorysub-systenbeyond two MCDs. The overheadof
the communicatiornprotocol TCP/IP is alleviatedto some
extent by going beyond two MCDs. Using four and six
MCDs provide somebene t asmaybeseerfrom Fig. 5. At
64 nodesusingGlusterFSwith 6 MCDs, thetime required
to completethestatoperationis 86%lowerthanLustrewith
4DSs. g5 -
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Fig. 5. Stat latency with multiple clients and 1 MCD

5.3 Latency: SingleClient

In thisexperimentwe measurehelateng of performing
readandwrite operations.

Latency Benchmark: In the rst partof theexperiment,
datais writtento the le in asequentiamanner For agiven
recordsizer, 1024recordsof recordsizer arewritten se-
guentiallyto the le. The Write time for thatrecordsizeis
measuredisthe averagetime of the 1024 operations.We
measurethe Write time of recordsizesfrom 1 byte to a
maximumrecordsizein multiplesof 2. In the secondstage
of the benchmarkwe go backto the beginning of the le
andperformthe sameoperationgor Readoperationsyary-
ing therecordsizefrom 1 byteto themaximumrecordsize,
with thetime for theReadbeingaveragever1024records
for eachgivenrecordsize.

Read Latency with different IMCa block sizes: The
resultsfrom the latengy benchmarkfor Readis shavn in
Fig. 6(a) andFig. 6(b). For IMCa, we usedblock sizesof
256bytes,2K and8K bytes.For the Readlateng/ shovn in
Fig. 6(a),for arecordsizeof 1 byte,thereis areductionof
upto45%in lateng usingone MCD over usingNoCache,
with a block size of 2K, and a 31% reductionin lateng
with an 8K IMCa block size. With anIMCa block size of
256, the reductionin Readlatengy increasego 59%. As
discussedh Section4, evenfor a Readoperationof 1 byte,
the client needso fetcha completeblock of datafrom the
MCDs. So,we mustfetchdatain multiplesof theminimum
recordsize of IMCa. Smallerblock sizeshelp reducethe
lateng of smallerReads but degradethe performanceof
larger Reads since CMCachemustmake multiple trips to
the MCDs. This may be seenin Fig. 6(a), wherebeyonda
recordsize of 8K, NoCachehaslower lateng thanIMCa
with a block sizeof 256 andhasthe lowestlateng overall
astherecordsizeis furtherincreasedFig. 6(b)). Sinceno
Readattheclientresultsin amissfrom the MCDs, noread
requestpropagatdo the sener. We usea block sizeof 2K
for theremainingexperiments.

Comparison with Lustre: We useone and four data
senerswith Lustre,denotedby 1DSand4DSrespectiely.
Also, we usetwo differentcon gurationsfor Lustre,warm
cache(Warm) andcold cache(Cold). For the warm cache
case,the Write phaseof the benchmarkis followed by
the Readphaseof the benchmarkwithout ary intermedi-
atestep. For the cold cachecase after the Write phaseof
the benchmarkthe Lustreclient le systemis unmounted
andthenremounted. This evicts ary datafrom the client
cache. Clearly the warm cachecasedenotedby Lustre-
4DS (Warm) providesthe lowestReadlateng in all cases
(Fig. 6(a)), sinceReadsareprimarily satis ed from thelo-
cal clientcache(resultsfor largerrecordsizeswith awarm
cachearenot shawvn). The cold cacheforcesthe client to
fetchthe le from the dataseners. So, Lustre-1DS(Cold)
andLustre-4DS(Cold) arecloserto IMCa in termsof per
formance.We discusgheseresultsfurtherin the technical
reportversionof this paper{8].

Write Latency: TheWrite lateng is shovnin Fig. 6(c)
with anIMCa block size of 2K. Write introducesan addi-
tional Readoperationin thecritical pathat the sener (Sec-
tion 4). CorrespondinglyWrite lateng with IMCa is worse
thanthe NoCachecase.By of oading the additionalRead
to aseparatghread the additionallateng of the Readmay



Time (microseconds)

beremovedfrom the critical pathandthe Write lateng/ can
be reducedo the samevalue aswithout the cache.IMCa
provideslittle bene t for Write operationsbecausef the
needfor Writes to be persistent(Section4.3.2). Corre-
spondingly we do not presenthe resultsfor Write for the

remainingexperiments.
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Fig. 6. Read and Write Latency Number s With One Client
and 1 MCD.

5.4 Latency: Multiple Clients

Themulti-clientlateng testsstartswith abarrieramong
all the processesOncethe processearereleasedrom this
barrier, eachprocesgerformsthe lateng test(with sepa-
rate les), describedn Section5.3. The Write and Read
latengy componentsas well as eachrecordsize for Read
andWrite is separatetby a barrier Thelateng for apartic-
ularrecordsizeis the averageof thetimesreportedby each

procesdor thegivenrecordsize.
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Fig. 7. Read latency with 32 clients and varying number
of MCDs. 4 DSs are used for Lustre .

We presentthe numbersfor the Readlateny with 32
clients each running the lateny benchmark,while the
MCDs arebeingvaried. Theselatengy numbersareshovn
in Fig. 7(a) (Small Recordsizes)and Fig. 7(b) (Medium
RecordSizes). From the gure, we can seethat thereis
reductionof 82%in thelatengy whenfour MCDs areintro-
ducedover the NoCachecasefor a 1 byte Read. Clearly,
IMCa provides additionalbene t in the caseof multiple
clientsas comparedo the singleclient case. In addition,

Time (microseconds)

Time (microseconds)

with 32 clients,anda singleMCD, statisticstakenfrom the
MCDs show thatthereare anincreasingnumberof MCD
capacitymisses.Thesecapacitymissesarereducedby in-
creasinghe numberof MCDs. Thetrendof increasingca-
pacity missesmay be seenmore clearly while varying the
clientsandusinga single MCD. TheseReadlateng num-
berareshovnin Fig. 8(a)andFig. 8(c). TheReadateng at
32 clientsis higherthanwith oneclientandincreasesvith
increasen recordsize.

We also comparewith Lustre at 32 clients (Fig. 7(a),
7(b)). With acold cachefor smallReaddessthan32bytes,
Lustre (Cold) haslower lateng thanIMCa (4MCD). After
32hytes,IMCa (4 MCD) deliverslower lateng thanLustre
(Cold). IMCa with 1 and2 MCDs also provide lower la-
teng/ thanLustrebeyond 8K and 2K respectiely. Finally,
Lustre (Warm) againproducesthe lowestlateng overall.
However, the lateny for IMCa (4 MCDs) increasest a
slower ratewith increasingrecordsize and at 64K, IMCa
(4 MCDs) haslower lateng than Lustre (Warm). Simi-
lar trendscanalsobe seenwith varying numberof clients

(Fig. 8(b), Fig. 8(d)).
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5.5 10zone Throughput

In this sectionwe discusgheimpactof IMCa onthel/O
bandwidth.Oneof thebene tsof aparallel le systemwith
multiple datasenersover a singlesener architecturesuch
asNFSis the stripingandadwantageof improvedaggreate
bandwidthfrom multiple datastreamsfrom multiple data
seners. This is especiallytrue with larger les andlarger
recordsize.Usingmultiple cachesn MCD, it mightbepos-
sibleto gainthe advantageof multiple paralleldataseners,
while usingasinglel/O sener. We uselOzoneto measure
the Readthroughputof a 1GB le, usinga 2K block size.
We replacethe standardCRC32hashfunction usedby lib-
memcachg?2] with a staticmodulofunction (round-robin)
for distributing the dataacrosghe cachesenersusinga 2K
block size. We measuredhe 10zoneReadthroughputwith
1,2 and4 MCDs. Theseresultsareshovn in Fig. 9. From
theseresults,it canbe seenthatwe canachieve a IOzone
ReadThroughputof upto868 MB/s with 8 IOzonethreads



and4 MCDs. Thisis almosttwice the correspondingnum-
ber without the cache(417 MB/s) and Lustre-1DS(Cold)
(325MB/s). Clearly, addingadditionalCachesenershelps
provide betterlOzoneReadThroughput.

MemCachedener nodes We have lookedat theimpactof
theintermediatecachearchitectureon the performancef a
varietyof different le systemoperationsuchasstat,Read
andWrite latengy andthroughput.We have alsomeasured

theimpactof thecachinghierarchywith singleandmultiple
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shared le

5.6 Read/Write Sharing Experiments

To measurgheimpactof IMCain anenvironmentwhere
le datais sharedwe modi ed the latengy benchmarlde-
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 the processeattemptto readfrom the le. Again,
aswith themulti-clientexperimentgSection5.4),the Read
andWrite portions,aswell the portionsfor eachrecordsize
areseparatedvith barriers.

We measureghereadlateng, with andwithoutiIMCa and
comparewith Lustre-1DS(Cold). With IMCa, we useone
MCD. Thereadlateny is shovn in Fig. 10. At 32 nodes,
thereis a45%reductionin lateng with IMCa overtheNo-
Cachecase.Also, asmaybe seernfrom Fig. 10, IMCa pro-
videsbene t, thatincreasesvith anincreasen the number
of nodes. Sincewe are using a single MCD, with all the
clientstrying to readthedatafrom the MCD in the sameor-
der, we seethatthetime evenwith IMCa increasedinearly.
With a greatemumberof MCDs, we expectbetterperfor
mance Becausef spacdimitations,we do not presenthe
numbergor multiple MCDs here(they areavailablein the
technicalreport version of this paper[8]). IMCa with 1
MCD providesslightly higherlatengy comparedo Lustre-
1DS (Cold) upto 16 nodes. However, at 32 nodes,IMCa
with 1 MCD hasslightly lower latengy than Lustre-1DS
(Cold).

6 RelatedWork

Dahlin, et.al. proposedusingclient sidecachingto per
form cooperatie caching[5]. The client cachesare tied
togetherto form a singlelarge le systemcache.Ourwork
differsfrom their work in thatwe maintainalayeror bank
of cachesenernodeghatareindependentf theclientside
caches.S. Jiang, et.al.[4] proposedenhancement® the
buffer cachingalgorithmson the le systemseners. Our
work is differentfrom their work in thatwe proposeanin-

termediatehierarchyof cachingnodeshatareindependent

of the le systembuffer cache.

7 Conclusionsand Future Work

In this paperwe have proposeddesignecandevaluated
an intermediatearchitectureof cachingnodes(IMCa) for
the GlusterFSle system.The cacheconsistsof a bankof

1400 No Cache —— 1400 No Cache —— . . . . .
1200 2MCD % oo | LIPS Cold —x clientsandin scenariosvherethereis datasharing.Ourre-
G 1000 sultsshav thatthe intermediatecachearchitecturecanim-

prove statperformanceover only the sener nodecacheby
upto 82%and86% betterthanLustre.In addition,we also
seeanimprovementin the performancef datatransferop-
erationsin mostcasesandfor mostscenarios Finally, the
cachinghierarchyhelpsus to achiese betterscalability of
le systemoperations.

As partof future work, we plan to investigatedifferent
hashingalgorithmsfor distributingthedataacrosshecache
seners. In addition, we would also like to look at how
network mechanismdike RemoteDirect Memory Access
(RDMA) in In niBand canhelpreducethe overheadf the
cachebankandalso provide strongercohereng. We also
plan on researchinghow the setof cacheseners may be
Integratedinto a le systemsuchasLustre,whereit canpo-
tentially interactwith the clientandsener cachesFinally,
we would alsolik e to studythe relative scalabilityof a co-
heaentclient side cacheand a bank of intermediatecache
nodes.
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