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Abstract

It hasbeenwell acknowledgdin the reseach community
that in order to provide or designa data-centererviron-
mentwhich is efcient and offers high performance one
of the critical issuesthat needsto be addresseds the ef-
fectivereuseof cache contentstored away from the origin
server In thecurrentweb,manycadceeviction policiesand
uncadableresoucesare driven by two serverapplication
goals: CacheCoheenceandCadceConsistencyTheprob-
lem of howto provide consistentaching for dynamiccon-
tent (Active Caches)hasbeenwell studiedandreseachers
haveproposedseveral weakas well as strong consistency
algorithms.However, the problemof maintainingcacheco-
herencehasnotbeenstudiedasmud. In thispaperwepro-
posean architectue for achieving strong cache coheence
for multi-tier data-centes over In niBand usingthe previ-
ouslyproposedtlient-polling metanism.Thearchitectue
assud couldbeusedwith anyprotocollayer. We havealso
proposedsomeoptimizationsto the algorithm to take ad-
vantage of the advancedfeatuies provided by In niBand.
We evaluate this architectuie using three protocol plat-
forms: (i) TCP/IP over In niBand (IPolB), (ii) SodetsDi-
rectProtocolover In niBand (SDP)and (iii) the nativeln-
niBand Verbslayer (VAPI) andcompaeit with theperfor-
manceof the no-cading basedcoheencemedianism.Our
experimentatesultsshowthattheln niBand-Optimizedar-
chitecture can achieve an improvementof nearly an order
of magnitudecompaed to the throughputachievedby the
TCP/IPbasedarchitecture (over IPolB), the SDPbasedar-
chitectue andthe no-cathebasedcoheencescheme

1 Intr oduction

With increasingadoptionof the Internetasprimary means
of electronicinteractionand communication E-portaland
E-commerce,highly scalable,highly available and high
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performanceweb seners, have becomecritical for com-
paniesto reach, attract, and keep customers. Multi-tier
Data-centerfiave becomea centralrequiremento provid-
ing suchservices. Figure 1 represents typical multi-tier
data-centerThefront tiersconsistof front-endsenerssuch
asproxy senersthat provide web, messagingand various
otherservicego clients. The middletiersusuallycomprise
of applicationsenersthathandletransactiorprocessingnd
implementdata-centebusinesdogic. The back-endtiers
consistof databasesenersthathold a persistenstateof the
databaseandotherdatarepositoriesAs mentionedn [16],
a fourth tier emegesin today's data-centeervironment:
a communicatiorservicetier betweernthe network andthe
front-endsener farm for providing edgeservicessuchas
loadbalancingsecurity caching,andothers.
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Figure 1. A Typical Data-Center

With ever increasingon-line businessesnd servicesand
the growing popularity of personalizednternetservices,
dynamiccontentis becomingincreasinglycommon[7, 21,
17]. This includesdocumentghat changeuponevery ac-
cessdocumentghatarequeryresults,documentghatem-
body client-speci cinformation, etc. Large-scaledynamic
workloadsposeinterestingchallengesn building the next-
generatiordata-centerf?1, 16, 9, 18]. Signi cant compu-



tationandcommunicatiormay be requiredto generateand
deliverdynamiccontent.Performancandscalabilityissues
needto beaddresseébr suchworkloads.

Reducingcomputationand communicationoverheadis
crucial to improving the performanceand scalability of
data-centersCachingdynamiccontent typically known as
ActiveCaching[7] atvarioustiersof amulti-tier data-center
is awell known methodto reduceghecomputatiorandcom-
municationoverheadsHowever, it hasits own challenges:
issuessuchas cacheconsisteng and cachecoherencée-
comemoreprominent. In the state-of-ardata-centeenvi-
ronmenttheseissuesarehandledbasedon the type of data
being cached. For dynamicdata, for which relaxed con-
sisteny or cohereng is permissible several methodslike
TTL [10], Adaptive TTL [8], and Invalidation [11] have
beenproposed.However, for datalik e stockquotesor air-
line resenation,whereold quotesor old airline availability
valuesarenotacceptablestrongconsisteng andcohereng
is essential.

Providing strong consisteng and cohereng is a neces-
sity for Active Cadching in mary web applicationssuchas
on-line bankingandtransactiorprocessing.In the current
data-centeervironment,two popularapproacheareused.
The rst approachs pre-epiring all entities(forcing data
to be re-fetchedfrom the origin serer on every request).
This schemas similar to a no-cachescheme.The second
approachknown as Client-Rolling, requiresthe front-end
nodesto inquirefrom the back-endsener if its cacheentry
is valid on every cachehit. Bothapproachearevery costly,
increasingheclientresponséime andthe processingver
headat the back-endseners. The costsaremainly associ-
atedwith the high CPU overheadn thetraditionalnetwork
protocolsdueto memorycopy, contet switches andinter-
rupts[16, 9, 4]. Further theinvolvementof both sidesfor
communicationtwo-sidedcommunicationyesultsin per
formanceof theseapproacheseaily relying on the CPU
load on both communicationsides. For example,a busy
back-endenercanslow downthecommunicatiomequired
to maintainstrongcachecoherencesigni cantly.

TheIn niBand Architecture(IBA) [1, 2] is ervisionedas
the default interconnecfor the future data-centeerviron-
ments. It is targetedfor both Inter-ProcessoCommunica-
tion (IPC)andl/O. ThereforeasinglelBA interconnectan
be usedfor differentpurposesThis signi cantly easeset-
work managemenn data-centeseners. In addition,IBA
is designedo achieve low lateng/ andhigh-bandwidthwith
low CPUoverhead It alsoprovidesrich featurego greatly
improve RAS (Reliability, Availability, and Scalability) of
the data-centeiseners. IBA relies on two key features,
namely Userlevel Networkingand RemoteDirect Mem-
ory AccesYRDMA). Userlevel Networking allows appli-
cationsto directly and safely accesghe network interface
without going throughthe OperatingSystem. RDMA al-
lows the network interfaceto transferdatabetweenlocal
and remote memory buffers without ary interactionwith

the OperatingSystemor processolintervention by using
DMA engines.Thesetwo featureshave beenleveragedn
designinghigh performancenessagg@assingsystemg12]
andcluster le systemg20].

In this paper we focus on leveragingthesetwo features
to supportstrongcohereng for cachingdynamiccontentin
thedata-centeervironment.In particular we studymecha-
nismsto take advantageof In niBand' s featurego provide
strongcacheconsisteng andcohereng with low overhead
andto provide scalabledynamiccontentcaching.

Thiswork containssereralresearcltontributions. Primar
ily, it takesthe rst steptoward understandinghe role of
theln niBand architecturan next-generatiordata-centers.
Themaincontributionsare:

1. We proposeanarchitecturdor achieving strongcache
coherencéor multi-tier data-centersThisarchitecture
requiresminimal changego legag/ data-centeappli-
cations. It could be usedwith ary protocollayer; at
the sametime, it allows us to take advantageof the
adwancedfeaturesprovided by In niBand to further
improve performancendscalabilityof cachingin the
data-centeervironment.

2. We implementthe proposedarchitectureusing three
protocol platforms: TCP/IP over In niBand (IPolB),
Soclets Direct Protocol over In niBand (SDP) and
the native In niBand Verbslayer (VAPI) and evalu-
atetheir performanceomparedo thatachiezedby the
no-cachingrasedcoherencenechanism.

3. Ourexperimentakesultsshav thatthe VAPI basedar
chitecturecanachieve animprovemeniof nearlyanor-
der of magnitudeover the throughputachieved by the
otherimplementation®f the architectureandthe no-
cachebasedcoherencescheme Our resultsalsoshov
that this one-sidedcommunicatiorbasedarchitecture
is mostlyresilientandwell-conditionedto the load on
the applicationsenersascomparedo two-sidedpro-
tocolssuchas|PolB and SDPR This featurebecomes
moreimportantbecausef the unpredictabilityof load
in a typical data-centeervironmentwhich supports
large-scaladynamicservices.

4. In niBand providesseveralopportunitiego revisethe
designandimplementatiorof mary subsystemspro-
tocols, and communicationmechanismsn the data-
centerervironment. Therich featuresof IBA offer a
e xible designspaceandtremendougptimizationpo-
tential.

Therestof thepaperis organizedasfollows. Section2 de-
scribesthe backgroundandrelatedwork. In Section3, we
detail the designandchallengesof our approach.The ex-
perimentalkesultsarepresentedn Section4. We draw our
conclusionanddiscusgossiblefuturework in Section5.



2 Background

In this section,we brie y describethe variousschemes
previously proposedy researchert allow boundedstale-
nessto theaccessedocumentsinaintainingstrongconsis-
teng, etc. Backgrounddetailsaboutin niBand and SDP
have beenskippeddue to spacerestrictionsand can be
foundin [15].

2.1 Web CacheConsistencyand Coherence

Traditionally, frequently accessedstatic content was
cachedat the front tiersto allow usersa quicker accesdo
thesedocuments.In the pastfew years,researcherbiave
comeup with approachesf cachingcertaindynamiccon-
tentat the front tiersaswell [7]. In the currentweb, mary
cacheeviction eventsanduncachableesourcesre driven
by two sener applicationgoals: First, providing clients
with a recentor coheentview of the stateof the applica-
tion (i.e.,informationthatis nottoo old); Secondlyprovid-
ing clientswith a self-consistenview of the applications
stateasit changegi.e., oncethe client hasbeentold that
somethinghashappenedthat client shouldnever be told
arything to the contrary). Dependingon the type of data
beingconsideredit is necessaryo provide certainguaran-
teeswith respecto theview of thedatathateachnodein the
data-centeandtheusergget. Theseconstraintontheview
of datavary basedonthe applicationrequiringthe data.

Consistency: Cacheconsisteng refersto a property of
theresponseproduceddy a singlelogical cache suchthat
no responsesened from the cachewill re ect older state
of the sener than that re ected by previously sened re-
sponsesj.e., a consistentcacheprovidesits clients with
non-decreasingiews of thesener's state.

Coherence: Cachecoherencaefersto the averagestal-
enesf the documentpresentin the cache,i.e., the time
elapsedetweerthecurrenttime andthetime of thelastup-
dateof thedocumenin theback-end A cacheis saidto be
strongcoherentf its averagestalenesss zeo, i.e.,aclient
would getthe sameresponsevhetherarequests answered
from cacheor from the back-end.

2.1.1 WebCacheConsistency

In amulti-tier data-centeernvironmentmary nodescanac-
cessdataat the sametime (concurency). Dataconsisteng
provides eachuserwith a consistentiew of the data,in-
cludingall visible (committed)changesnadeby the users
own updatesandthe updatesf otherusers.Thatis, either
all thenodesseea completedupdateor no nodeseesanup-
date. Hence,for strongconsisteng, staleview of datais
permissibleput partially updatedview is not.

Several differentlevels of consisteng are usedbasedon
the natureof databeingusedandits consisteng require-
ments. For example, for a web site that reportsfootball
scoresjt maybeacceptabldéor oneuserto seea score dif-
ferentfrom the scoresas seenby someotheruserswithin

someframeof time. Therearea numberof methodgo im-
plementthis kind of weakor lazy consisteng models.

The Time-to-Live(TTL) approachalsoknown asthe -
consistencyapproachproposedwith the HTTP/1.1speci-
cation, is a popularweak consisteng (and weak coher
ence)modelcurrentlybeingused.This approachassociates
a TTL period with eachcacheddocument. On a request
for this documenfrom the client, the front-endnodeis al-
lowed to reply back from their cacheas long asthey are
within this TTL period,i.e., beforethe TTL periodexpires.
This guaranteeshat documentcannotbe more stale than
thatspeci edby the TTL period,i.e., this approachyuaran-
teesthat stalenessf the documentss boundedoy the TTL
valuespeci ed.

Researcherbave proposedsereral variationsof the TTL
approachincluding AdaptiveTTL [8] andMONARCH|[13]
to allow eitherdynamicallyvarying TTL values(asin Adap-
tive TTL) or documentategory basedl TL classi cation(as
in MONARCH). Therehasalsobeenconsiderableamount
of work on Strong Consistencylgorithmg[6, 5].

2.1.2 WebCacheCoherence

Typically, whenarequesteacheshe proxy node thecache
is checledfor the le. If the le waspreviously requested
andcachedit is consideredcachehit andtheuseris sened
with thecachedle. Otherwisetherequests forwardedto
its correspondingener in the back-endf thedata-center

The maximalhit ratio in proxy cacheds about50%[17].
Majority of the cachemissesare primarily dueto the dy-
namic natureof web requests. Cachingdynamic content
is much more challengingthan static contentbecausehe
cachedobjectis relatedto dataat the back-endtiers. This
datamay change thus invalidating the cachedobject and
resultingin a cachemiss. The problemproviding consis-
tentcachingfor dynamiccontenthasbeenwell studiedand
researchertiave proposedsereral weak as well asstrong
cacheconsisteng algorithmg[6, 5, 21]. However, the prob-
lem of maintainingcachecoherencéasnotbeenstudiedas
much.

Thetwo popularcohereng modelsusedn thecurrentweb
areimmediateor strong coheenceandboundedstaleness
Theboundedstalenesspproachs similarto thepreviously
discussed TL basedapproachThoughthis approachs ef-

cient with respecto the numberof cachehits, etc.,it only
providesaweakcachecoherencenodel. Ontheotherhand,
immediatecoheenceprovidesa strongcachecoherence.

With immediatecoheence cachesareforbiddenfrom re-
turningarespons®therthanthatwhich would bereturned
werethe origin sener contacted. This guaranteeseman-
tic transpareng provides Strong Cache Coheence and
asa side-efect alsoguarantee$trong Cache Consistency
Therearetwo widely usedapproacheso supportimmedi-
ate coheence The rst approachis pre-epiring all enti-
ties (forcing all cachego re-validatewith the origin sener
on every request). This schemeis similar to a no-cache



scheme. The secondapproach,known as client-polling,
requiresthe front-endnodesto inquire from the back-end
senerif its cacheis valid on every cachehit.

The no-cachingapproachto maintainimmediatecoher
encehasseveraldisadwantages:

Eachrequeshasto beprocessedtthehomenodetier,
ruling outary cachingattheothertiers

Propagatiorof theserequestgo the back-endnodes
overtraditionalprotocolscanbevery expensve

For datawhich doesnot changdrequently theamount
of computatiorandcommunicatioroverheadncurred
to maintainstrongcoherencecould be very high, re-
quiring moreresources

Thesedisadantagesre overcometo someextent by the
client-polling mechanism. In this approach,the proxy
sener, on getting a requestchecksits local cachefor the
availability of therequireddocumentlf it is notfound,the
requests forwardedto theappropriateapplicationsenerin
theinnertier andthereis no cachecoherencéssueinvolved
atthistier. If thedatais foundin thecachethe proxy sener
checkghecoheencestatusof thecachedbjectby contact-
ing the back-endsener(s). If therewere updateanadeto
the dependentiata,the cacheddocuments discardedand
the requestis forwardedto the applicationsener tier for
processing. The updatedobjectis now cachedfor future
use.Eventhoughthis methodinvolvescontactinghe back-
endfor every requestjt bene ts from the factthatthe ac-
tual dataprocessingnddatatransferis only requiredwhen
the datais updatedat the back-end. This schemecan po-
tentially have signi cant bene tswhentheback-endlatais
notupdatedvery frequently However, this schemealsohas
disadwantagesmainly basedon the traditional networking
protocols:

Every data documentis typically associatedvith a
home-noden the data-centeback-end.Frequentac-
cessedo a documentcan resultin all the front-end
nodessendingn coheencestatusrequestso thesame
nodespotentiallyforming a hot-spotat this node

Traditionalprotocolsrequirethe back-enchodesto be
interruptedfor every cachevalidationeventgenerated
by the front-end

In this paper we focuson this modelof cachecoherence
and analyzethe variousimpactsof the advancedfeatures
providedby In niBand onthis.

3 Providing Strong CacheCoherence

In this sectionwe describehearchitectureve useto sup-
port strongcachecoherenceWe rst provide the basicde-
signof the architecturdor any genericprotocol. Next, we
point out several optimizationspossiblein the designusing
thevariousfeaturegprovidedby In niBand.

3.1 BasicDesign

As mentioneckarlier therearetwo popularapproacheto
ensurecachecoherence:Client-Rolling and No-Cading.
In this paper we focus on the Client-Rolling approachto
demonstrat¢he potentialbene tsof In niBand in support-
ing strongcachecoherence.

While the HTTP speci cation allows a cache-coherent
client-polling architecture(by specifyinga TTL value of
NULL andusingthe get-if-modified-since"

HTTP requesto performthe polling operation)jt hasser-
eralissues{1) Thisschemas speci c to socletsandcannot
be usedwith otherprogrammingnterfacessuchasin ni-
Band's native Verbslayers(e.g.: VAPI), (2) In casesvhere
persistentonnectiongrenotpossiblgHTTP/1.0basede-
guestssecuretransactionsetc), connectiorsetuptime be-
tweenthenodedn thedata-centeervironmenttendsto take
up a signi cant portion of the client responsdime, espe-
cially for smalldocuments.
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Figure 2. Strong Cache Coherence Protocol
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In thelight of theseissueswe presenanalternatve archi-
tectureto perform Client-Polling. Figure 2 demonstrates
the basic cohereng architectureusedin this paper The
mainideaof this architecturas to introduceexternalhelper
modulesthat work along with the various senersin the
data-centeervironmentto ensurecachecoherenceAll is-
suesrelatedto cachecoherencarehandledby thesemod-
ulesandare obscuredrom the data-centeseners. It is to
be notedthat the data-centesenersrequirevery minimal
changedo be compatiblewith thesemodules.

The designconsistsof a moduleon eachphysicalnodein
the data-centeervironmentassociatedvith the sener run-
ning on the node, i.e., eachproxy nodehasa proxy mod-
ule, eachapplicationsener node hasan associatedppli-
cation module, etc. The proxy module assiststhe proxy
sener with validationof the cacheon every request. The
applicationmodule,on the other hand,dealswith a num-
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ber of thingsincluding (a) Keepingtrack of all updateson

the documentst owns, (b) Locking appropriateles to al-

low a multiple-readessingle-writerbasedaccesgriority to

les, (c) Updatingtheappropriatelocumentsluringupdate
requests(d) Providing the proxy modulewith the appro-
priate versionnumberof the requestedle, etc. Figure3

demonstratethe functionality of the differentmodulesand
theirinteractions.

Proxy Module: On every requestthe proxy sener con-
tactsthe proxy modulethroughlPC to validatethe cached
object(s)associatedvith the request. The proxy module
doestheactualveri cation of the documentvith the appli-
cationmoduleon the appropriateapplicationsener. If the
cachedvalueis valid, the proxy seneris allowedto proceed
by replyingto theclient'srequesfrom cache If thecaches
invalid, the proxy modulesimply deleteghe corresponding
cacheentry andallows the proxy sener to proceed.Since
thedocuments now notin cachethe proxy senercontacts
the appropriateapplicationsener for the document. This
ensureshatthe cacheremainscoherent.

Application Module: The applicationmoduleis slightly
more complicatedthan the proxy module. It usesmulti-
ple threadsto allow both updatesandreadaccessesn the
documentdn a multiple-readessingle-writerbasedaccess
pattern.Thisis handledoy having aseparatéhreadfor han-
dling updategreferedto asthe updatethreadhereon). The
mainthreadblocksfor IPC requestdrom boththe applica-
tion sener andthe updatethread. The applicationsener
requestdo reada le while an updatethreadrequestgo
updatea le. The mainthreadof the applicationmodule,
maintainstwo queuedo ensurethatthe le is notaccessed
by a writer (updatethread)while the applicationsener is
readingit (to transmitit to the proxy sener) andvice-versa.

On receving a requestfrom the proxy, the applica-
tion sener contactsthe application module through an
IPC call requestingfor accessto the required docu-
ment (IPC_.READ_REQUEST). If there are no ongoing
updatesto the document,the application module sends
back an IPC messagegiving it accessto the document
(IPC.READ_PROCEED),andqueueghe requestD in its
ReadQueue Oncetheapplicationseneris donewith read-

ing the document,t sendsthe applicationmoduleanother
IPC messagénforming it aboutthe endof theaccesso the
document(IPC_READ_DONE). The applicationmodule,
thendeleteghe correspondingntryfrom its ReadQueue

Whenadocuments to beupdatedeitherdueto anupdate
senerinteractionor anupdatequeryfrom theuser) the up-
daterequestis handledby the updatethread On getting
an updaterequestthe updatethreadinitiatesan IPC mes-
sageo theapplicatiormodule(IPC_UPDATE_REQUEST).
The applicationmodule on seeingthis, checksits Read
Queue If the ReadQueueis empty it immediatelysends
an IPC messag€IPC_UPDATE_PROCEED)to the update
threadandqueuegherequestD in its UpdateQueue On
the other hand, if the ReadQueueis not empty the up-
daterequestis still queuedin the Update Queue but the
IPC_UPDATE_PROCEED messagés not sentbackto the
updatethread(forcingit to hold the update) until the Read
Queuebecomesempty In either case,no further read-
requestdrom theapplicationsenerareallowedto proceed;
insteadthe applicationmodulequeueshemin its Update
Queue after the updaterequest. Oncethe updatethread
hascompletedheupdatejt sendsan|lPC_UPDATE_DONE
messagéo theupdatemodule.At thistime, theapplication
module deletesthe updaterequestentry from its Update
Queue sendsIPC_READ_PROCEED message$or every
readrequesjueuedn the UpdateQueueandqueueghese
readrequestsn the ReadQueue to indicatethattheseare
the currentreader®f thedocument.

It is to be notedthatif the UpdateQueues notempty the
rst requesigueuedwill be anupdaterequesiandall other
requestsn the queuewill be readrequests.Further if the
ReadQueueis empty the updateis currentlyin progress.
Tablel triesto summarizehisinformation.

3.2 Strong CoherencyModel over In niBand

In this sectionwe pointout severaloptimizationspossible
in the designdescribed,using the advancedfeaturespro-
vided by In niBand. In Section4 we provide the perfor
manceachievedby theln niBand-optimizedarchitecture.

As describedearlier on every requestthe proxy module
needdo validatethe cachecorrespondindo the document
requestedln traditionalprotocolssuchas TCP/IR this re-
quiresthe proxy moduleto senda versionrequesmessage
to the version thread', followed by the version thread ex-
plicitly sendingthe versionnumberbackto the proxy mod-
ule. This involves the overheadof the TCP/IP protocol
stackfor the communicatiorin bothdirections.Severalre-
searcher$ave provided solutionssuchas SDP to getrid
of the overheadassociatedvith the TCP/IP protocolstack
while maintainingthe socletsAPI. However, the moreim-
portantconcernin this cases the processingequiredat the
versionthread(e.g.searchindor theindex of therequested
le andreturningthe currentversionnumber).

lversionThreads aseparat¢hreadspavnedby theapplicatiormodule
to handleversionrequest$rom the proxy module



Table 1. IPC message rules

IPC_TYPE ReadQueueState | UpdateQueueState | Rule
IPC.READ_REQUEST Empty Empty 1. SendIPC_.READ_PROCEEDt0 proxy
2. EnqueueReadRequestn ReadQueue
IPC.READ_REQUEST Not Empty Empty 1. SendIPC_.READ_PROCEEDt0 proxy
2. EnqueueReadRequestn ReadQueue
IPC_.READ_REQUEST Empty Not Empty 1. EnqueueReadRequestn UpdateQueue
IPC_.READ_REQUEST Not Empty Not Empty Enqueudhe ReadRequestn the UpdateQueue
IPC_.READ_DONE Empty Not Empty ErroneousState.Not Possible.
IPC_.READ_DONE Not Empty Empty 1. Dequeuemneentryfrom ReadQueue.
IPC_.READ_DONE Not Empty Not Empty 1. Dequeueneentryfrom ReadQueue
2. If ReadQueuds nowempty Send
IPC_UPDATE_PROCEEDt0 headof UpdateQueue
IPC_.UPDATE_REQUEST Empty Empty 1. EnqueudJpdateRequestn UpdateQueue
2. SendIPC_UPDATE_PROCEED
IPC_.UPDATE_REQUEST Empty Not Empty Erroneousstate.Not Possible
IPC_.UPDATE_REQUEST Not Empty Empty 1. EnqueudJpdateRequestn UpdateQueue
IPC_.UPDATE_REQUEST Not Empty Not Empty ErroneousState.Not possible
IPC_UPDATE_DONE Empty Empty ErroneousState.Not possible
IPC_.UPDATE_DONE Empty Not Empty 1. DequeudJpdateRequesfrom UpdateQueue
2. For all ReadRequestsn UpdateQueue:
- DequeueReadRequestérom UpdateQueue
- SendlPC_.READ_PROCEED
- Enqueudan ReadQueue
IPC_.UPDATE_DONE Not Empty Not Empty ErroneousState.Not Possible.

Applicationsenerstypically tendto performseveralcom-
putationintensie tasksincluding executing CGI scripts,
Javaappletsetc. This resultsin a tremendoushhigh CPU
requirementfor the main applicationsener itself. Allow-
ing an additionalversionthreadto satisfyversionrequests
from the proxy modulesresultsin ahigh CPUusagé€or the
moduleitself. Additionally, the large amountof computa-
tion carriedoutonthenodeby theapplicationsenerresults
in signi cant degradationin performancefor the version
threadandotherapplicationmodulesrunningon the node.
Thisresultsin a delayin theversionveri cation leadingto
anoverall dggradationof the systemperformance.

In this scenariojt would be of greatbene t to have aone-
sided communicationoperationwhere the proxy module
candirectly checkthecurrentversionnumberwithoutinter
ruptingthe versionthread.In niBand providesthe RDMA
read operationwhich allows the initiator nodeto directly
readdatafrom the remotenodes memory This featureof
In niBand malesit anidealchoicefor this scenarioln our
implementationwe rely on the RDMA readoperationfor
the proxy moduleto getinformationaboutthe currentver-
sionnumberof therequired le. Figure4 demonstratethe
In niBand-Optimizedcoherenyg architecture.

3.3 Potential Bene ts

Using RDMA operationgo designandimplementclient
polling schemein data-centesenersover In niBand has
severalpotentialbene ts.

Impr oving responsdatency: RDMA operationsover In-

niBand provideverylow lateng of about5.5 sandahigh
bandwidthup to 840Mbytesper second.Protocolcommu-
nicationoverheado provide strongcoherences minimal.
This canimprove responséateng.

Incr easing systemthr oughput: RDMA operationshave
very low CPU overheadin both sides. This leaves more
CPU free for the datacenternodesto perform other pro-
cessing,particularly on the back-endseners. This ben-
et becomeanore attractive when a large amountof dy-
namic contentis generatedand signi cant computationis
neededn thedata-centenodes.Thereforeclientscanben-
e t from active cachingwith strongcoherencguaranteat
little cost. The systemthroughputcanbe improvedsigni -

cantlyin mary cases.

Enhanced robustnessto load: The load of datacenter
senerswith supportof dynamicwebservicess very bursty
and unpredictablg17, 19]. Performanceof protocolsto

maintainstrongcachecohereng over traditional network

protocolscanbedegradedsigni cantly whenthesenerload
is high. This is becauséoth sidesshouldgetinvolvedin

communicationand afford considerableCPU to perform
communicationoperations. However, for protocolsbased
on RDMA operationsthe peersideis transparento and
nearlyout of thecommunicatiomprocedureL.ittle overhead
is paid on the peersener side. Thus,the performanceof

dynamic contentcachingwith strongcoherencebasedon

RDMA operationss mostly resilientandwell-conditioned
to load.
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4 Experimental Results

In this section,we rst shav the micro-benchmarkevel
performancegjivenby VAPI, SDPandIPolB. Next, we ana-
lyze the performancef a cache-cohereri-tier data-center
ervironment.Cachecoherencés achievedusingtheClient-
Polling basedapproachn thearchitecturedescribedn Sec-
tion 3.

All our experimentsuseda cluster systemconsistingof
8 nodeshuilt aroundSuperMicroSUPERP4DL6 mother
boardsandGC chipsetahichinclude64-bit133MHz PCI-
X interfaces.Eachnodehastwo Intel Xeon 2.4 GHz pro-
cessorsvith a512kB L2 cacheanda 400 MHz front side
bus. The machinesareconnectedvith MellanoxIn niHost
MT23108DualPort4x HCA adaptethroughanin niScale
MT43132Eight 4x PortIn niBand Switch. The Mellanox
In niHost HCA SDK versionis thca-x86-0.2.0-hild-001.
The adapter rmw are versionis fw-23108-rel-118_0000.
We usedtheLinux 2.4.7-10kernel.

4.1 Micro-benchmarks

In this section,we comparethe ideal caseperformance
achievableby IPoIB andIn niBand VAPI usinga humber
of micro-benchmarkests.

Figure5 a shavs the one-way lateng achievedby IPoIB,
VAPI Send-Receie, RDMA Write, RDMA ReadandSDP
for variousmessagsizes.Send-Receke achievesa latengy
of around7.5 s for 4 byte messagesomparedo a 30 s
achieved by 1PoIB, 27 s achiesedby SDPand5.5 s and
10.5 s achieved by RDMA Write and RDMA Read,re-
spectvely. Further with increasingnessagsizes,the dif-
ferencebetweenrthelateny achiezedby native VAPI, SDP
andIPolB tendsto increase.

Figure 5b shaws the uni-directionalbandwidthachieved
by IPoIB, VAPI Send-Receie and RDMA communica-

tion modelsandSDPR VAPI Send-Receie andbothRDMA
modelsperformcomparablywith a peakthroughputof up
to 840Mbytes/scomparedo the 169Mbytes/sachieved by
IPoIB and500Mbytes/saichieredby SDP We seethatVAPI
is ableto transferdataata muchhigherrateascomparedo
IPoIB and SDP This improvementin boththe lateng and
the bandwidthfor VAPI comparedto the other protocols
is mainly attributedto the zero-coly communicatiorin all
VAPI communicatiormodels.

4.2 Strong CacheCoherence

In this section,we analyzethe performanceof a cache-
coheren®2-tier data-centeervironmentconsistingof three
proxy nodesand one applicationsener running Apache-
1.3.12. Cachecohereng was achiered using the Client-
Polling basedapproachdescribedn Section3. We used
threeclient nodes,eachrunning threethreads,to re re-
questgo the proxy seners.

Threekinds of traceswere usedfor theresults. The rst
traceconsistof a single8Kbyte le. This traceshavs the
ideal caseperformanceachiezable with the highestpossi-
bility of cachehits, exceptwhenthedocuments updatecat
the back-end.The secondraceconsistf 20 les of sizes
varyingfrom 200bytedo 1Mbytes.Theaccesdrequencies
for theseles follow aZipf distribution[22]. Thethirdtrace
is a20000requessubsebf the WorldCuptrace[3]. For all
experiments,accessedlocumentsvere randomlyupdated
by a separateipdatesener with a delayof oneseconde-
tweentheupdates.

The HTTP client was implementedas a multi-threaded
parallel applicationwith eachthreadindependentlyring
requestsat the proxy seners. Eachthreadcould eitherbe
executedon the samephysicalnodeor on a differentphys-
ical nodes.Thearchitectureandexecutionmodelis similar
to theWebStonaevorkloadgeneratof14].

As mentionedearlier application seners are typically
computeintensize mainly due to their supportto several
computeintensive applicationssuchas CGI script execu-
tion, Java applets etc. This typically spavns several com-
pute threadson the applicationsener node using up the
CPU resources.To emulatethis kind of behaior, we run
a numberof computethreadson the applicationsener in
our experiments.

Figure6ashawnstheclientresponsgime for the rst trace
(consistingof a single 8Kbyte le). The x-axis shows
the numberof computethreadsrunningon the application
senernode.The gure shavsanevaluationof theproposed
architecturamplementedusingIPolB, SDPandVAPI and
comparest with the responsédime obtainedin the absence
of a cachingmechanismWe canseethatthe proposedar
chitectureperformsequallywell for all three(IPolB, SDP
andVAPI) for alow numberof computethreadsAll three
achieveanimprovemenbf afactorof 1.50vertheno-cache
case. This shows that two-sidedcommunicationis not a
hugebottleneckin themoduleassuchwhentheapplication
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seneris nothewaily loaded.

As thenumberof computethreadsncreasesye seeacon-
siderabledegradationin the performancein the no-cache
caseas well as the Soclet-basedimplementationsusing
IPoIB and SDPR The degradationin the no-cachecaseis
quiteexpectedsinceall therequestgor documentsrefor-
wardedto theback-endHaving ahigh computdoadonthe
back-endwould slow down the applicationsener's replies
to the proxy requests.

The degradationin the performancdor the Client-Polling
architecturewith 1PolB and SDP is attributed to the two
sided communicationof theseprotocolsand the context
switchestaking placedue to the large numberof threads.
This resultsin a signi cant amountof time beingspentby
the applicationmodulesjust to get accessto the system
CPU. It is to be notedthat the versionthreadneedsto get
accesdo thesystemCPUon everyrequestn orderto reply
backto the proxy modules versionnumbermrequests.

On the other hand, the Client-Polling architecturewith
VAPI doesnot showv ary signi cant drop in performance.
This is attributedto the one-sidedRDMA operationssup-
portedby In niBand. For example,the versionnumberre-
trieval from the versionthreadis doneby the proxy mod-
ule usinga RDMA Read. Thatis, the versionthreaddoes
not have to getaccesgo the systemCPU; the proxy thread
can retrieve the version numberinformation for the re-
guesteddocumentwithout ary involvementof the version
thread. Theseobsenationsarere-veri ed by the response
time breakupprovidedin Figure8.

Figure 6b shaws the throughputachieved by the data-
centerfor theproposedarchitecturewith IPolB, SDR, VAPI
andtheno-cacheasesAgain,weobsenethatthearchitec-
tureperformsequallywell for bothSocletbasedmplemen-
tations(IPolB andSDP)aswell asVVAPI for alow number
of computethreadswith animprovementof afactorof 1.67
comparedo the no-cachecase. As the numberof threads
increasesywe seea signi cant dropin the performancdor
both IPoIB and SDP basedclient-polling implementations
aswell astheno-cachecaseunlike the VAPI-basedclient-

polling model, which remainsalmostunchanged.This is

attributed to the samereasonasthatin the responsdime

test, i.e., no-cacheand Soclet basedclient-polling mech-
anisms(IPolB and SDP) rely on a remoteprocessto as-
sistthem. The throughputachiezed by the WorldCuptrace
(Figure7b) andthe tracewith Zipf distribution (Figure7a)
alsofollow the samepatternasabove. With a large num-
berof computethreadsalreadycompetingfor the CPU, the
wait time for this remoteprocesgo acquirethe CPUcanbe
quite high, resultingin this degradationof performanceTo

demonstratehis, we look at the componentvise break-up
of theresponsdime.

Figure 8a shavs the componentvise break-upof the re-
sponsetime obsered by the client for eachstagein the
requestand the responsegaths,using our proposedarchi-
tectureon IPolB, SDPandVAPI, whenthe baclkendhasno
computehreadsandis thusnotloaded.In theresponséime
breakupthelegendsModuleProcessingandBadkend\er-
sionChed arespeci c to our architectureWe canseethat
thesecomponenttsogetheradd up to lessthan10% of the
total time. This shaws that the computationand commu-
nication costsof the moduleas suchdo not addtoo much
overheadntheclient'sresponsdime.

Figure 8b on the other hand,shavs the componentwvise
break-upof the responsd¢ime with a heavily loadedback-
end sener (with 200 computethreads). In this case,the
moduleoverheadncreasesigni cantly for IPolB andSDR
comprisingalmost70% of the responsdime seenby the
client,while the VAPl moduleoverheademainsunchanged
by theincreasen load. Thisindifferences attributedto the
one-sideccommunicatiorusedby VAPI (RDMA Read)to
performaversioncheckatthebaclend.This shovsthatfor
two-sidedprotocolssuchasIPolB andSDR themainover-
headis the context switchtime associatedvith the multiple
applicationgunningon the applicationsener which skews
this time (by addingsigni cant wait timesto the modules
for acquiringthe CPU).



5 Conclusionsand Future Work

Cachingcontentat varioustiers of a multi-tier data-center
is awell known methodto reducehecomputatiorandcom-
municationoverheadln the currentweb, mary cachepoli-
ciesanduncachableesourcesaredrivenby two sener ap-
plication goals: CacheCoherenceand CacheConsisteny.
The problemof how to provide consistentachingfor dy-
namic contenthasbeenwell studiedandresearcherbave
proposedseveral weakaswell asstrongconsisteng algo-
rithms. However, the problemof maintainingcachecoher
encehasnot beenstudiedasmuch.

In this paper we proposedan architecturefor achievzing
strong cachecoherencebasedon the previously proposed
client-polling mechanismfor multi-tier data-centers.The
architectureassuchcould be usedwith any protocollayer;
we alsoproposedptimizationsto betterimplementit over
In niBand by taking advantageof one sided operations
suchasRDMA. We evaluatedthis architectureusingthree
protocolplatforms:(i) TCP/IPover In niBand (IPolB), (i)
SocletsDirect Protocolover In niBand (SDP)and(iii) the
native In niBand Verbslayer (VAPI) andcomparedt with
the performanceof the no-cachingoasedcoherencanech-
anism. Our experimentalresultsshawv thatthe In niBand-
optimizedarchitecturecanachieve animprovementof upto
afactorof two for theresponsdime andnearlyanorderof
magnituddor thethroughputachievedby the TCP/IPbased
architecturethe SDP basedarchitectureandthe no-cache
basedcoherencescheme Theresultsalsodemonstrat¢hat
theimplementatiorbasecbn RDMA communicatiormech-
anismcanoffer betterperformanceobustnesso theload of
thedata-centeseners.

As a future work, we proposeto combine In niBand
RDMA and Atomic operationgto ef ciently supportload
balancingandvirtualizationin thedata-centeervironment.
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