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Abstract

It hasbeenwell acknowledgedin theresearch community
that in order to provide or designa data-centerenviron-
mentwhich is ef�cient and offers high performance, one
of the critical issuesthat needsto be addressedis the ef-
fectivereuseof cachecontentstored awayfrom theorigin
server. In thecurrentweb,manycacheevictionpoliciesand
uncachableresourcesare drivenby two serverapplication
goals:CacheCoherenceandCacheConsistency. Theprob-
lemof howto provideconsistentcaching for dynamiccon-
tent(ActiveCaches)hasbeenwell studiedandresearchers
haveproposedseveral weakas well as strong consistency
algorithms.However, theproblemof maintainingcacheco-
herencehasnotbeenstudiedasmuch. In thispaper, wepro-
posean architecture for achieving strong cachecoherence
for multi-tier data-centers over In�niBand usingtheprevi-
ouslyproposedclient-pollingmechanism.Thearchitecture
assuch couldbeusedwith anyprotocollayer. Wehavealso
proposedsomeoptimizationsto the algorithm to take ad-
vantage of the advancedfeatures providedby In�niBand.
We evaluate this architecture using three protocol plat-
forms: (i) TCP/IPover In�niBand (IPoIB), (ii) SocketsDi-
rectProtocolover In�niBand (SDP)and(iii) thenativeIn-
�niBand Verbslayer(VAPI) andcompareit with theperfor-
manceof theno-cachingbasedcoherencemechanism.Our
experimentalresultsshowthattheIn�niBand-Optimizedar-
chitecture can achieve an improvementof nearly an order
of magnitudecompared to the throughputachievedby the
TCP/IPbasedarchitecture(over IPoIB), theSDPbasedar-
chitectureandtheno-cachebasedcoherencescheme.

1 Intr oduction

With increasingadoptionof theInternetasprimarymeans
of electronicinteractionandcommunication,E-portaland
E-commerce,highly scalable,highly available and high
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performanceweb servers, have becomecritical for com-
paniesto reach,attract, and keep customers. Multi-tier
Data-centershave becomea centralrequirementto provid-
ing suchservices.Figure1 representsa typical multi-tier
data-center. Thefront tiersconsistof front-endserverssuch
asproxy serversthat provide web, messagingandvarious
otherservicesto clients.Themiddletiersusuallycomprise
of applicationserversthathandletransactionprocessingand
implementdata-centerbusinesslogic. The back-endtiers
consistof databaseserversthatholdapersistentstateof the
databasesandotherdatarepositories.As mentionedin [16],
a fourth tier emergesin today's data-centerenvironment:
a communicationservicetier betweenthenetwork andthe
front-endserver farm for providing edgeservicessuchas
loadbalancing,security, caching,andothers.
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Figure 1. A Typical Multi­Tier Data­Center
(Cour tesy CSP Architecture design [16])

With ever increasingon-line businessesandservicesand
the growing popularity of personalizedInternet services,
dynamiccontentis becomingincreasinglycommon[7, 21,
17]. This includesdocumentsthat changeuponevery ac-
cess,documentsthatarequeryresults,documentsthatem-
bodyclient-speci�c information,etc. Large-scaledynamic
workloadsposeinterestingchallengesin building thenext-
generationdata-centers[21, 16, 9, 18]. Signi�cant compu-
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tationandcommunicationmayberequiredto generateand
deliverdynamiccontent.Performanceandscalabilityissues
needto beaddressedfor suchworkloads.
Reducingcomputationand communicationoverheadis

crucial to improving the performanceand scalability of
data-centers.Cachingdynamiccontent,typically known as
ActiveCaching[7] atvarioustiersof amulti-tier data-center
is awell knownmethodto reducethecomputationandcom-
municationoverheads.However, it hasits own challenges:
issuessuchascacheconsistency andcachecoherencebe-
comemoreprominent.In thestate-of-artdata-centerenvi-
ronment,theseissuesarehandledbasedon thetypeof data
being cached. For dynamicdata, for which relaxed con-
sistency or coherency is permissible,several methodslike
TTL [10], Adaptive TTL [8], and Invalidation [11] have
beenproposed.However, for datalike stockquotesor air-
line reservation,whereold quotesor old airlineavailability
valuesarenotacceptable,strongconsistency andcoherency
is essential.
Providing strongconsistency and coherency is a neces-

sity for ActiveCaching in many web applications,suchas
on-line bankingandtransactionprocessing.In the current
data-centerenvironment,two popularapproachesareused.
The �rst approachis pre-expiring all entities(forcing data
to be re-fetchedfrom the origin server on every request).
This schemeis similar to a no-cachescheme.The second
approach,known asClient-Polling, requiresthe front-end
nodesto inquirefrom theback-endserver if its cacheentry
is valid oneverycachehit. Bothapproachesareverycostly,
increasingtheclient responsetimeandtheprocessingover-
headat theback-endservers. Thecostsaremainly associ-
atedwith thehigh CPUoverheadin thetraditionalnetwork
protocolsdueto memorycopy, context switches,andinter-
rupts[16, 9, 4]. Further, the involvementof bothsidesfor
communication(two-sidedcommunication)resultsin per-
formanceof theseapproachesheavily relying on the CPU
load on both communicationsides. For example,a busy
back-endservercanslow downthecommunicationrequired
to maintainstrongcachecoherencesigni�cantly.
TheIn�niBand Architecture(IBA) [1, 2] is envisionedas

thedefault interconnectfor the futuredata-centerenviron-
ments. It is targetedfor both Inter-ProcessorCommunica-
tion (IPC)andI/O. Therefore,asingleIBA interconnectcan
beusedfor differentpurposes.This signi�cantly easesnet-
work managementin data-centerservers. In addition,IBA
is designedto achievelow latency andhigh-bandwidthwith
low CPUoverhead.It alsoprovidesrich featuresto greatly
improve RAS (Reliability, Availability, andScalability)of
the data-centerservers. IBA relies on two key features,
namely User-level Networkingand RemoteDirect Mem-
ory Access(RDMA). User-level Networking allows appli-
cationsto directly andsafelyaccessthe network interface
without going throughthe OperatingSystem. RDMA al-
lows the network interfaceto transferdatabetweenlocal
and remotememorybuffers without any interactionwith

the OperatingSystemor processorintervention by using
DMA engines.Thesetwo featureshave beenleveragedin
designinghigh performancemessagepassingsystems[12]
andcluster�le systems[20].
In this paper, we focuson leveragingthesetwo features

to supportstrongcoherency for cachingdynamiccontentin
thedata-centerenvironment.In particular, westudymecha-
nismsto take advantageof In�niBand' s featuresto provide
strongcacheconsistency andcoherency with low overhead
andto providescalabledynamiccontentcaching.
Thiswork containsseveralresearchcontributions.Primar-

ily, it takesthe �rst steptoward understandingthe role of
theIn�niBand architecturein next-generationdata-centers.
Themaincontributionsare:

1. We proposeanarchitecturefor achieving strongcache
coherencefor multi-tier data-centers.Thisarchitecture
requiresminimal changesto legacy data-centerappli-
cations. It could be usedwith any protocol layer; at
the sametime, it allows us to take advantageof the
advancedfeaturesprovided by In�niBand to further
improveperformanceandscalabilityof cachingin the
data-centerenvironment.

2. We implementthe proposedarchitectureusing three
protocolplatforms: TCP/IPover In�niBand (IPoIB),
Sockets Direct Protocol over In�niBand (SDP) and
the native In�niBand Verbs layer (VAPI) and evalu-
atetheirperformancecomparedto thatachievedby the
no-cachingbasedcoherencemechanism.

3. Ourexperimentalresultsshow thattheVAPI basedar-
chitecturecanachieveanimprovementof nearlyanor-
derof magnitudeover thethroughputachievedby the
otherimplementationsof the architectureandthe no-
cachebasedcoherencescheme.Our resultsalsoshow
that this one-sidedcommunicationbasedarchitecture
is mostlyresilientandwell-conditionedto theloadon
theapplicationserversascomparedto two-sidedpro-
tocolssuchas IPoIB andSDP. This featurebecomes
moreimportantbecauseof theunpredictabilityof load
in a typical data-centerenvironmentwhich supports
large-scaledynamicservices.

4. In�niBand providesseveralopportunitiesto revisethe
designandimplementationof many subsystems,pro-
tocols, and communicationmechanismsin the data-
centerenvironment. The rich featuresof IBA offer a
�e xible designspaceandtremendousoptimizationpo-
tential.

Therestof thepaperis organizedasfollows.Section2 de-
scribesthebackgroundandrelatedwork. In Section3, we
detail the designandchallengesof our approach.The ex-
perimentalresultsarepresentedin Section4. We draw our
conclusionsanddiscusspossiblefuturework in Section5.
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2 Background

In this section,we brie�y describethe variousschemes
previouslyproposedby researchersto allow boundedstale-
nessto theaccesseddocuments,maintainingstrongconsis-
tency, etc. BackgrounddetailsaboutIn�niBand andSDP
have beenskippeddue to spacerestrictionsand can be
foundin [15].

2.1 Web CacheConsistencyand Coherence

Traditionally, frequently accessedstatic content was
cachedat the front tiers to allow usersa quicker accessto
thesedocuments.In the pastfew years,researchershave
comeup with approachesof cachingcertaindynamiccon-
tentat the front tiersaswell [7]. In thecurrentweb,many
cacheeviction eventsanduncachableresourcesaredriven
by two server applicationgoals: First, providing clients
with a recentor coherent view of the stateof the applica-
tion (i.e., informationthatis not tooold); Secondly, provid-
ing clientswith a self-consistentview of the application's
stateas it changes(i.e., oncethe client hasbeentold that
somethinghashappened,that client shouldnever be told
anything to the contrary). Dependingon the type of data
beingconsidered,it is necessaryto providecertainguaran-
teeswith respectto theview of thedatathateachnodein the
data-centerandtheusersget.Theseconstraintson theview
of datavarybasedon theapplicationrequiringthedata.
Consistency: Cacheconsistency refersto a propertyof

theresponsesproducedby a singlelogical cache,suchthat
no responseserved from the cachewill re�ect older state
of the server than that re�ected by previously served re-
sponses,i.e., a consistentcacheprovides its clients with
non-decreasingviewsof theserver'sstate.
Coherence: Cachecoherencerefersto the averagestal-

enessof the documentspresentin the cache,i.e., the time
elapsedbetweenthecurrenttimeandthetimeof thelastup-
dateof thedocumentin theback-end.A cacheis saidto be
strongcoherentif its averagestalenessis zero, i.e., a client
wouldgetthesameresponsewhethera requestis answered
from cacheor from theback-end.

2.1.1 WebCacheConsistency

In a multi-tier data-centerenvironmentmany nodescanac-
cessdataat thesametime (concurrency). Dataconsistency
provideseachuserwith a consistentview of the data,in-
cludingall visible (committed)changesmadeby theuser's
own updatesandtheupdatesof otherusers.That is, either
all thenodesseeacompletedupdateor nonodeseesanup-
date. Hence,for strongconsistency, staleview of datais
permissible,but partially updatedview is not.
Several different levels of consistency areusedbasedon

the natureof databeing usedand its consistency require-
ments. For example, for a web site that reportsfootball
scores,it maybeacceptablefor oneuserto seeascore,dif-
ferentfrom thescoresasseenby someotherusers,within

someframeof time. Therearea numberof methodsto im-
plementthis kind of weakor lazyconsistency models.
The Time-to-Live(TTL) approach,alsoknown as the � -

consistencyapproach,proposedwith the HTTP/1.1speci-
�cation, is a popularweak consistency (and weak coher-
ence)modelcurrentlybeingused.Thisapproachassociates
a TTL period with eachcacheddocument. On a request
for this documentfrom theclient, thefront-endnodeis al-
lowed to reply back from their cacheas long as they are
within this TTL period,i.e., beforetheTTL periodexpires.
This guaranteesthat documentcannotbe more stale than
thatspeci�edby theTTL period,i.e., this approachguaran-
teesthatstalenessof thedocumentsis boundedby theTTL
valuespeci�ed.
Researchershave proposedseveral variationsof the TTL

approachincludingAdaptiveTTL [8] andMONARCH[13]
to allow eitherdynamicallyvaryingTTLvalues(asin Adap-
tiveTTL) or documentcategorybasedTTLclassi�cation(as
in MONARCH). Therehasalsobeenconsiderableamount
of work onStrongConsistencyalgorithms[6, 5].

2.1.2 WebCacheCoherence

Typically, whenarequestreachestheproxynode,thecache
is checkedfor the �le. If the �le waspreviously requested
andcached,it is consideredacachehit andtheuserisserved
with thecached�le. Otherwisetherequestis forwardedto
its correspondingserver in theback-endof thedata-center.
Themaximalhit ratio in proxy cachesis about50%[17].

Majority of the cachemissesareprimarily due to the dy-
namic natureof web requests.Cachingdynamiccontent
is much more challengingthanstatic contentbecausethe
cachedobjectis relatedto dataat theback-endtiers. This
datamay change,thus invalidating the cachedobject and
resultingin a cachemiss. The problemproviding consis-
tentcachingfor dynamiccontenthasbeenwell studiedand
researchershave proposedseveral weakas well asstrong
cacheconsistency algorithms[6, 5, 21]. However, theprob-
lemof maintainingcachecoherencehasnotbeenstudiedas
much.
Thetwo popularcoherency modelsusedin thecurrentweb

areimmediateor strongcoherenceandboundedstaleness.
Theboundedstalenessapproachis similar to thepreviously
discussedTTLbasedapproach.Thoughthisapproachis ef-
�cient with respectto thenumberof cachehits,etc.,it only
providesaweakcachecoherencemodel.Ontheotherhand,
immediatecoherenceprovidesastrongcachecoherence.
With immediatecoherence, cachesareforbiddenfrom re-

turninga responseotherthanthatwhich would bereturned
were the origin server contacted.This guaranteesseman-
tic transparency, provides Strong Cache Coherence, and
asa side-effect alsoguaranteesStrongCacheConsistency.
Therearetwo widely usedapproachesto supportimmedi-
ate coherence. The �rst approachis pre-expiring all enti-
ties(forcing all cachesto re-validatewith theorigin server
on every request). This schemeis similar to a no-cache
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scheme. The secondapproach,known as client-polling,
requiresthe front-endnodesto inquire from the back-end
server if its cacheis valid oneverycachehit.
The no-cachingapproachto maintain immediatecoher-

encehasseveraldisadvantages:

� Eachrequesthasto beprocessedat thehomenodetier,
ruling outany cachingat theothertiers

� Propagationof theserequeststo the back-endnodes
over traditionalprotocolscanbeveryexpensive

� For datawhichdoesnotchangefrequently, theamount
of computationandcommunicationoverheadincurred
to maintainstrongcoherencecould be very high, re-
quiringmoreresources

Thesedisadvantagesareovercometo someextent by the
client-polling mechanism. In this approach,the proxy
server, on gettinga request,checksits local cachefor the
availability of therequireddocument.If it is not found,the
requestis forwardedto theappropriateapplicationserver in
theinnertier andthereis nocachecoherenceissueinvolved
at this tier. If thedatais foundin thecache,theproxyserver
checksthecoherencestatusof thecachedobjectby contact-
ing the back-endserver(s). If therewereupdatesmadeto
the dependentdata,the cacheddocumentis discardedand
the requestis forwardedto the applicationserver tier for
processing.The updatedobject is now cachedfor future
use.Eventhoughthismethodinvolvescontactingtheback-
endfor every request,it bene�ts from the fact that the ac-
tualdataprocessinganddatatransferis only requiredwhen
the datais updatedat the back-end.This schemecanpo-
tentiallyhavesigni�cant bene�tswhentheback-enddatais
notupdatedvery frequently. However, thisschemealsohas
disadvantages,mainly basedon the traditionalnetworking
protocols:

� Every data documentis typically associatedwith a
home-nodein the data-centerback-end.Frequentac-
cessesto a documentcan result in all the front-end
nodessendingin coherencestatusrequeststo thesame
nodespotentiallyforminga hot-spotat this node

� Traditionalprotocolsrequiretheback-endnodesto be
interruptedfor every cachevalidationeventgenerated
by thefront-end

In this paper, we focuson this modelof cachecoherence
and analyzethe variousimpactsof the advancedfeatures
providedby In�niBand on this.

3 Providing Strong CacheCoherence

In thissection,wedescribethearchitectureweuseto sup-
port strongcachecoherence.We �rst provide thebasicde-
signof thearchitecturefor any genericprotocol. Next, we
point out severaloptimizationspossiblein thedesignusing
thevariousfeaturesprovidedby In�niBand.

3.1 BasicDesign

As mentionedearlier, therearetwo popularapproachesto
ensurecachecoherence:Client-Polling and No-Caching.
In this paper, we focus on the Client-Polling approachto
demonstratethepotentialbene�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 requestto performthepolling operation),it hassev-
eralissues:(1)Thisschemeis speci�c to socketsandcannot
be usedwith otherprogramminginterfacessuchasIn�ni-
Band's nativeVerbslayers(e.g.:VAPI), (2) In caseswhere
persistentconnectionsarenotpossible(HTTP/1.0basedre-
quests,securetransactions,etc),connectionsetuptime be-
tweenthenodesin thedata-centerenvironmenttendsto take
up a signi�cant portion of the client responsetime, espe-
cially for smalldocuments.
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Figure 2. Strong Cache Coherence Protocol

In thelight of theseissues,wepresentanalternativearchi-
tectureto perform Client-Polling. Figure 2 demonstrates
the basiccoherency architectureusedin this paper. The
mainideaof thisarchitectureis to introduceexternalhelper
modulesthat work along with the various servers in the
data-centerenvironmentto ensurecachecoherence.All is-
suesrelatedto cachecoherencearehandledby thesemod-
ulesandareobscuredfrom thedata-centerservers. It is to
be notedthat the data-centerserversrequirevery minimal
changesto becompatiblewith thesemodules.
Thedesignconsistsof a moduleon eachphysicalnodein

thedata-centerenvironmentassociatedwith theserver run-
ning on the node,i.e., eachproxy nodehasa proxy mod-
ule, eachapplicationserver nodehasan associatedappli-
cation module,etc. The proxy moduleassiststhe proxy
server with validationof the cacheon every request.The
applicationmodule,on the otherhand,dealswith a num-
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Figure 3. Interaction between Data­Center
Servers and Modules

berof thingsincluding (a) Keepingtrackof all updateson
thedocumentsit owns,(b) Locking appropriate�les to al-
low a multiple-reader-single-writerbasedaccesspriority to
�les, (c) Updatingtheappropriatedocumentsduringupdate
requests,(d) Providing the proxy modulewith the appro-
priateversionnumberof the requested�le, etc. Figure3
demonstratesthefunctionalityof thedifferentmodulesand
their interactions.
Proxy Module: On every request,the proxy server con-

tactstheproxy modulethroughIPC to validatethecached
object(s)associatedwith the request. The proxy module
doestheactualveri�cation of thedocumentwith theappli-
cationmoduleon theappropriateapplicationserver. If the
cachedvalueis valid, theproxyserver is allowedto proceed
by replyingto theclient'srequestfrom cache.If thecacheis
invalid, theproxymodulesimplydeletesthecorresponding
cacheentryandallows theproxy server to proceed.Since
thedocumentis now not in cache,theproxyservercontacts
the appropriateapplicationserver for the document.This
ensuresthatthecacheremainscoherent.
Application Module: Theapplicationmoduleis slightly

more complicatedthan the proxy module. It usesmulti-
ple threadsto allow bothupdatesandreadaccesseson the
documentsin a multiple-reader-single-writerbasedaccess
pattern.Thisis handledby having aseparatethreadfor han-
dling updates(referedto astheupdatethreadhereon). The
mainthreadblocksfor IPC requestsfrom boththeapplica-
tion server and the updatethread. The applicationserver
requeststo reada �le while an updatethreadrequeststo
updatea �le. The main threadof the applicationmodule,
maintainstwo queuesto ensurethatthe�le is not accessed
by a writer (updatethread)while the applicationserver is
readingit (to transmitit to theproxyserver)andvice-versa.
On receiving a request from the proxy, the applica-

tion server contactsthe application module through an
IPC call requesting for 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),andqueuesthe requestID in its
ReadQueue. Oncetheapplicationserver is donewith read-

ing the document,it sendsthe applicationmoduleanother
IPCmessageinforming it abouttheendof theaccessto the
document(IPC READ DONE). The applicationmodule,
thendeletesthecorrespondingentryfrom its ReadQueue.
Whenadocumentis to beupdated(eitherdueto anupdate

server interactionor anupdatequeryfrom theuser),theup-
daterequestis handledby the updatethread. On getting
an updaterequest,the updatethreadinitiatesan IPC mes-
sageto theapplicationmodule(IPC UPDATE REQUEST).
The applicationmodule on seeingthis, checksits Read
Queue. If the ReadQueueis empty, it immediatelysends
an IPC message(IPC UPDATE PROCEED)to the update
threadandqueuestherequestID in its UpdateQueue. On
the other hand, if the ReadQueueis not empty, the up-
daterequestis still queuedin the UpdateQueue, but the
IPC UPDATE PROCEEDmessageis not sentbackto the
updatethread(forcing it to hold theupdate),until theRead
Queuebecomesempty. In either case,no further read-
requestsfrom theapplicationserverareallowedto proceed;
insteadthe applicationmodulequeuesthemin its Update
Queue, after the updaterequest. Oncethe updatethread
hascompletedtheupdate,it sendsanIPC UPDATE DONE
messageto theupdatemodule.At this time, theapplication
moduledeletesthe updaterequestentry from its Update
Queue, sendsIPC READ PROCEED messagesfor every
readrequestqueuedin theUpdateQueueandqueuesthese
readrequestsin theReadQueue, to indicatethat theseare
thecurrentreadersof thedocument.
It is to benotedthatif theUpdateQueueis notempty, the

�rst requestqueuedwill beanupdaterequestandall other
requestsin the queuewill be readrequests.Further, if the
ReadQueueis empty, the updateis currently in progress.
Table1 triesto summarizethis information.

3.2 StrongCoherencyModel over In�niBand

In thissection,wepointoutseveraloptimizationspossible
in the designdescribed,using the advancedfeaturespro-
vided by In�niBand. In Section4 we provide the perfor-
manceachievedby theIn�niBand-optimizedarchitecture.
As describedearlier, on every requestthe proxy module

needsto validatethecachecorrespondingto thedocument
requested.In traditionalprotocolssuchasTCP/IP, this re-
quirestheproxy moduleto senda versionrequestmessage
to the version thread1, followed by the version threadex-
plicitly sendingtheversionnumberbackto theproxymod-
ule. This involves the overheadof the TCP/IP protocol
stackfor thecommunicationin bothdirections.Severalre-
searchershave provided solutionssuchas SDP to get rid
of the overheadassociatedwith the TCP/IPprotocolstack
while maintainingthesocketsAPI. However, themoreim-
portantconcernin thiscaseis theprocessingrequiredat the
versionthread(e.g.searchingfor theindex of therequested
�le andreturningthecurrentversionnumber).

1VersionThreadisaseparatethreadspawnedby theapplicationmodule
to handleversionrequestsfrom theproxymodule
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Table 1. IPC messa ge rules
IPC TYPE ReadQueueState UpdateQueueState Rule

IPC READ REQUEST Empty Empty 1. SendIPC READ PROCEEDto proxy
2. EnqueueReadRequestin ReadQueue

IPC READ REQUEST Not Empty Empty 1. SendIPC READ PROCEEDto proxy
2. EnqueueReadRequestin ReadQueue

IPC READ REQUEST Empty Not Empty 1. EnqueueReadRequestin UpdateQueue
IPC READ REQUEST Not Empty Not Empty EnqueuetheReadRequestin theUpdateQueue

IPC READ DONE Empty Not Empty ErroneousState.Not Possible.
IPC READ DONE Not Empty Empty 1. Dequeueoneentryfrom ReadQueue.
IPC READ DONE Not Empty Not Empty 1. Dequeueoneentryfrom ReadQueue

2. If ReadQueueis nowempty, Send
IPC UPDATE PROCEEDto headof UpdateQueue

IPC UPDATE REQUEST Empty Empty 1. EnqueueUpdateRequestin UpdateQueue
2. SendIPC UPDATE PROCEED

IPC UPDATE REQUEST Empty Not Empty Erroneousstate.Not Possible
IPC UPDATE REQUEST Not Empty Empty 1. EnqueueUpdateRequestin 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. DequeueUpdateRequestfrom UpdateQueue

2. For all ReadRequestsin UpdateQueue:
- DequeueReadRequestsfrom UpdateQueue
- SendIPC READ PROCEED
- Enqueuein ReadQueue

IPC UPDATE DONE Not Empty Not Empty ErroneousState.Not Possible.

Applicationserverstypically tendto performseveralcom-
putation intensive tasks including executing CGI scripts,
Java applets,etc. This resultsin a tremendouslyhigh CPU
requirementfor the main applicationserver itself. Allow-
ing an additionalversionthreadto satisfyversionrequests
from theproxymodulesresultsin ahighCPUusagefor the
moduleitself. Additionally, the largeamountof computa-
tion carriedoutonthenodeby theapplicationserverresults
in signi�cant degradationin performancefor the version
threadandotherapplicationmodulesrunningon thenode.
This resultsin a delayin theversionveri�cation leadingto
anoveralldegradationof thesystemperformance.
In thisscenario,it wouldbeof greatbene�t to haveaone-

sided communicationoperationwhere the proxy module
candirectlycheckthecurrentversionnumberwithoutinter-
ruptingtheversionthread.In�niBand providestheRDMA
readoperationwhich allows the initiator nodeto directly
readdatafrom theremotenode's memory. This featureof
In�niBand makesit anidealchoicefor thisscenario.In our
implementation,we rely on the RDMA readoperationfor
theproxy moduleto get informationaboutthecurrentver-
sionnumberof therequired�le. Figure4 demonstratesthe
In�niBand-Optimizedcoherency architecture.

3.3 Potential Bene�ts

Using RDMA operationsto designandimplementclient
polling schemein data-centerserversover In�niBand has
severalpotentialbene�ts.

Impr oving responselatency: RDMA operationsover In-

�niBand provideverylow latency of about5.5� sandahigh
bandwidthup to 840Mbytespersecond.Protocolcommu-
nicationoverheadto provide strongcoherenceis minimal.
Thiscanimproveresponselatency.

Incr easingsystemthr 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-endservers. This ben-
e�t becomesmore attractive when a large amountof dy-
namiccontentis generatedandsigni�cant computationis
neededin thedata-centernodes.Therefore,clientscanben-
e�t from activecachingwith strongcoherenceguaranteeat
little cost.Thesystemthroughputcanbeimprovedsigni�-
cantlyin many cases.

Enhanced robustnessto load: The load of data center
serverswith supportof dynamicwebservicesis verybursty
and unpredictable[17, 19]. Performanceof protocolsto
maintainstrongcachecoherency over traditional network
protocolscanbedegradedsigni�cantly whentheserverload
is high. This is becauseboth sidesshouldget involved in
communicationand afford considerableCPU to perform
communicationoperations.However, for protocolsbased
on RDMA operations,the peerside is transparentto and
nearlyoutof thecommunicationprocedure.Little overhead
is paid on the peerserver side. Thus, the performanceof
dynamiccontentcachingwith strongcoherencebasedon
RDMA operationsis mostly resilientandwell-conditioned
to load.
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4 Experimental Results

In this section,we �rst show the micro-benchmarklevel
performancegivenby VAPI, SDPandIPoIB. Next, weana-
lyze theperformanceof a cache-coherent2-tier data-center
environment.Cachecoherenceis achievedusingtheClient-
Polling basedapproachin thearchitecturedescribedin Sec-
tion 3.
All our experimentsuseda clustersystemconsistingof

8 nodesbuilt aroundSuperMicroSUPERP4DL6 mother-
boardsandGCchipsetswhichinclude64-bit133MHz PCI-
X interfaces.Eachnodehastwo Intel Xeon 2.4 GHz pro-
cessorswith a 512kB L2 cacheanda 400MHz front side
bus.Themachinesareconnectedwith MellanoxIn�niHost
MT23108DualPort4x HCA adapterthroughanIn�niScale
MT43132Eight 4x Port In�niBand Switch. TheMellanox
In�niHost HCA SDK versionis thca-x86-0.2.0-build-001.
The adapter�rmw are versionis fw-23108-rel-118 0000.
We usedtheLinux 2.4.7-10kernel.

4.1 Micr o­benchmarks

In this section,we comparethe ideal caseperformance
achievableby IPoIB andIn�niBand VAPI usinga number
of micro-benchmarktests.
Figure5 a shows theone-way latency achievedby IPoIB,

VAPI Send-Receive,RDMA Write, RDMA ReadandSDP
for variousmessagesizes.Send-Receiveachievesa latency
of around7.5� s for 4 byte messagescomparedto a 30� s
achieved by IPoIB, 27� s achieved by SDPand5.5� s and
10.5� s achieved by RDMA Write and RDMA Read,re-
spectively. Further, with increasingmessagesizes,thedif-
ferencebetweenthelatency achievedby native VAPI, SDP
andIPoIB tendsto increase.
Figure 5b shows the uni-directionalbandwidthachieved

by IPoIB, VAPI Send-Receive and RDMA communica-

tion modelsandSDP. VAPI Send-ReceiveandbothRDMA
modelsperformcomparablywith a peakthroughputof up
to 840Mbytes/scomparedto the169Mbytes/sachievedby
IPoIB and500Mbytes/sachievedby SDP. WeseethatVAPI
is ableto transferdataatamuchhigherrateascomparedto
IPoIB andSDP. This improvementin both the latency and
the bandwidthfor VAPI comparedto the other protocols
is mainly attributedto the zero-copy communicationin all
VAPI communicationmodels.

4.2 StrongCacheCoherence

In this section,we analyzethe performanceof a cache-
coherent2-tier data-centerenvironmentconsistingof three
proxy nodesand one applicationserver running Apache-
1.3.12. Cachecoherency was achieved using the Client-
Polling basedapproachdescribedin Section3. We used
threeclient nodes,eachrunning threethreads,to �re re-
queststo theproxyservers.
Threekinds of traceswereusedfor the results. The �rst

traceconsistsof a single8Kbyte �le. This traceshows the
ideal caseperformanceachievablewith the highestpossi-
bility of cachehits,exceptwhenthedocumentis updatedat
theback-end.Thesecondtraceconsistsof 20 �les of sizes
varyingfrom 200bytesto 1Mbytes.Theaccessfrequencies
for these�les follow aZipf distribution[22]. Thethird trace
is a20000requestsubsetof theWorldCuptrace[3]. For all
experiments,accesseddocumentswere randomlyupdated
by a separateupdateserver with a delayof onesecondbe-
tweentheupdates.
The HTTP client was implementedas a multi-threaded

parallel applicationwith eachthreadindependently�ring
requestsat the proxy servers. Eachthreadcould eitherbe
executedon thesamephysicalnodeor on a differentphys-
ical nodes.Thearchitectureandexecutionmodelis similar
to theWebStoneworkloadgenerator[14].
As mentionedearlier, application servers are typically

computeintensive mainly due to their supportto several
computeintensive applicationssuchas CGI script execu-
tion, Java applets,etc. This typically spawnsseveralcom-
pute threadson the applicationserver nodeusing up the
CPU resources.To emulatethis kind of behavior, we run
a numberof computethreadson the applicationserver in
ourexperiments.
Figure6ashows theclient responsetime for the�rst trace

(consistingof a single 8Kbyte �le). The x-axis shows
thenumberof computethreadsrunningon the application
servernode.The�gure showsanevaluationof theproposed
architectureimplementedusingIPoIB, SDPandVAPI and
comparesit with theresponsetime obtainedin theabsence
of a cachingmechanism.We canseethat theproposedar-
chitectureperformsequallywell for all three(IPoIB, SDP
andVAPI) for a low numberof computethreads;All three
achieveanimprovementof afactorof 1.5overtheno-cache
case. This shows that two-sidedcommunicationis not a
hugebottleneckin themoduleassuchwhentheapplication
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server is notheavily loaded.
As thenumberof computethreadsincreases,weseeacon-

siderabledegradationin the performancein the no-cache
caseas well as the Socket-basedimplementationsusing
IPoIB and SDP. The degradationin the no-cachecaseis
quiteexpected,sinceall therequestsfor documentsarefor-
wardedto theback-end.Having ahighcomputeloadonthe
back-endwould slow down theapplicationserver's replies
to theproxy requests.
Thedegradationin theperformancefor theClient-Polling

architecturewith IPoIB 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
accessto thesystemCPUoneveryrequestin orderto reply
backto theproxymodule'sversionnumberrequests.
On the other hand, the Client-Polling architecturewith

VAPI doesnot show any signi�cant drop in performance.
This is attributedto the one-sidedRDMA operationssup-
portedby In�niBand. For example,theversionnumberre-
trieval from the versionthreadis doneby the proxy mod-
ule usinga RDMA Read.That is, theversionthreaddoes
not have to getaccessto thesystemCPU;theproxy thread
can retrieve the version number information for the re-
questeddocumentwithout any involvementof the version
thread. Theseobservationsarere-veri�ed by the response
timebreakupprovidedin Figure8.
Figure 6b shows the throughputachieved by the data-

centerfor theproposedarchitecturewith IPoIB, SDP, VAPI
andtheno-cachecases.Again,weobservethatthearchitec-
tureperformsequallywell for bothSocketbasedimplemen-
tations(IPoIB andSDP)aswell asVAPI for a low number
of computethreadswith animprovementof a factorof 1.67
comparedto the no-cachecase.As the numberof threads
increases,we seea signi�cant drop in theperformancefor
both IPoIB andSDPbasedclient-polling implementations
aswell astheno-cachecase,unlike theVAPI-basedclient-

polling model,which remainsalmostunchanged.This is
attributed to the samereasonas that in the responsetime
test, i.e., no-cacheand Socket basedclient-polling mech-
anisms(IPoIB and SDP) rely on a remoteprocessto as-
sist them. Thethroughputachievedby theWorldCuptrace
(Figure7b) andthetracewith Zipf distribution (Figure7a)
alsofollow the samepatternasabove. With a large num-
berof computethreadsalreadycompetingfor theCPU,the
wait timefor this remoteprocessto acquiretheCPUcanbe
quitehigh,resultingin this degradationof performance.To
demonstratethis, we look at thecomponentwise break-up
of theresponsetime.
Figure8a shows the componentwise break-upof the re-

sponsetime observed by the client for eachstagein the
requestand the responsepaths,usingour proposedarchi-
tectureon IPoIB, SDPandVAPI, whenthebackendhasno
computethreadsandis thusnotloaded.In theresponsetime
breakup,thelegendsModuleProcessing, andBackendVer-
sionCheck arespeci�c to our architecture.We canseethat
thesecomponentstogetheraddup to lessthan10% of the
total time. This shows that the computationandcommu-
nicationcostsof the moduleassuchdo not addtoo much
overheadon theclient's responsetime.
Figure8b on the otherhand,shows the componentwise

break-upof the responsetime with a heavily loadedback-
end server (with 200 computethreads). In this case,the
moduleoverheadincreasessigni�cantly for IPoIB andSDP,
comprisingalmost70% of the responsetime seenby the
client,while theVAPI moduleoverheadremainsunchanged
by theincreasein load.This indifferenceis attributedto the
one-sidedcommunicationusedby VAPI (RDMA Read)to
performaversioncheckat thebackend.Thisshowsthatfor
two-sidedprotocolssuchasIPoIB andSDP, themainover-
headis thecontext switchtimeassociatedwith themultiple
applicationsrunningon theapplicationserverwhich skews
this time (by addingsigni�cant wait timesto the modules
for acquiringtheCPU).
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5 Conclusionsand Future Work

Cachingcontentat varioustiersof a multi-tier data-center
is awell knownmethodto reducethecomputationandcom-
municationoverhead.In thecurrentweb,many cachepoli-
ciesanduncachableresourcesaredrivenby two server ap-
plication goals: CacheCoherenceandCacheConsistency.
The problemof how to provide consistentcachingfor dy-
namiccontenthasbeenwell studiedandresearchershave
proposedseveral weakaswell asstrongconsistency algo-
rithms. However, theproblemof maintainingcachecoher-
encehasnotbeenstudiedasmuch.
In this paper, we proposedan architecturefor achieving

strongcachecoherencebasedon the previously proposed
client-polling mechanismfor multi-tier data-centers.The
architectureassuchcouldbeusedwith any protocollayer;
we alsoproposedoptimizationsto betterimplementit over
In�niBand by taking advantageof one sided operations
suchasRDMA. We evaluatedthis architectureusingthree
protocolplatforms:(i) TCP/IPover In�niBand (IPoIB), (ii)
SocketsDirect Protocolover In�niBand (SDP)and(iii) the
native In�niBand Verbslayer(VAPI) andcomparedit with
theperformanceof theno-cachingbasedcoherencemech-
anism. Our experimentalresultsshow that the In�niBand-
optimizedarchitecturecanachieveanimprovementof upto
a factorof two for theresponsetime andnearlyanorderof
magnitudefor thethroughputachievedby theTCP/IPbased
architecture,the SDPbasedarchitectureandthe no-cache
basedcoherencescheme.Theresultsalsodemonstratethat
theimplementationbasedonRDMA communicationmech-
anismcanoffer betterperformancerobustnessto theloadof
thedata-centerservers.
As a future work, we proposeto combine In�niBand

RDMA and Atomic operationsto ef�ciently supportload
balancingandvirtualizationin thedata-centerenvironment.
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