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Abstract

It hasbeenwell acknavledgedin theresearcltommunitythatin orderto
designadata-centeenvironmentwhichis ef cient andoffershigh perfor
mancepneof thecritical issuegshatneed€o beaddressed theeffective
reuseof cachecontentstoredaway from the origin sener. However, for
cachingdynamically changingcontent(e.qg., contentinvolved in online
banking,Internetauctions.etc.), consisteng and cohereng issuesneed
to beaddressedn addition,mostcurrentrealworld requesthiave multi-
ple dynamicdependencies.e., theserequestsnight dependon multiple
dataobjects. Further theserequestsare not entirely independentser-
eralrequestsnight have commondependenciesWhile therehave been
previous researctsolutionson maintainingcoherentcachedor dynamic
content,thesesolutionshave several shortcomingsncludinginability to
adaptto sener load or handlemultiple dynamicdependenciesin this
paperwe proposealoadresilientarchitecturaisingonesidedoperations
supporteddy several high performanceénterconnectsuchasin niBand,
while maintainingmultiple dynamicdependencieger responseQur ex-
perimentakresultsshav thatour schemeso tacklethe multi-dependenc

issueefciently and signi cantly outperformthe existing approaches.

Further our resultsdemonstratehat the proposedoad resilient archi-
tecturecanpossiblyimprove the performanceof loadeddata-centerby
overanorderof magnitude.

Keywords: Multi-Tier Data-Centerin niBand, Cacing, DynamicCon-

tentCaching, Coheency

1 Intr oduction

The unprecedentedrowth of Internethasdeeplyin®ltrated all
of today's society With moreandmorepeopleusingthe Internet
for awide rangeof purposesinternetusehasbecomeanabsolute
necessityfor businesse$o survive andgrow. Electroniccommu-
nications,e-commercegnline servicesgtc. have becomeubiqui-
tousandaregrowing in compleity in termsof bothraw datacon-
tentandprocessingequired.Consequentlhhighperformancend
scalableveb-serershave becomeritical toolsto deliverthesere-
guirements.

Ontheotherhand Clustersystemsiave becomehemainsystem
architecturdor anumberof ervironmentamainly dueto theirhigh
performance-to-cogtatio. In the past,they hadreplacedmain-
streamsupercomputerasa cost-efective alternatve in anumber
of scienti®cdomains.During the lastfew years,researchandin-
dustry communitieshave beenproposingand implementingser-
eralhigh performance&ommunicatiorsystemgo addressomeof
the problemsassociatedvith the traditionalnetworking protocols
for clusterbasedsystems.In®niBand Architecture(IBA) [2] has
beenrecentlystandardizetby theindustryin thelight of next gen-
erationhigh-endclustersdesigns.

This researchs supportedn partby NSF grants#CCR-020442%nd#EIA-
9986052.

IBA is ervisionedasthedefaultinterconnecfor severalerviron-
mentsin the nearfuture. IBA providestwo key featuresnhamely
Userlevel Networking and One-SidedCommunicationOpera-
tions. Userlevel Networking allows applicationsto directly and
safelyaccesghe network interfacewithout going throughthe op-
eratingsystem.One-sideccommunicatiorallows the network in-
terfaceto transferdatabetweernocal andremotememorybuffers
without ary interactionwith the operatingsystemandthe proces-
sor. It alsoprovidesfeaturedor performingnetwork basedatomic
operation®ntheremotememoryregions. Thesecanbeleveraged
in providing ef®cientsupportfor multiple ervironmentq15, 22].

Basedon thesetwo trends,severalresearcherf21, 1] have pro-
posedhefeasibility andpotentialof clusterbasednulti-tier data-
centerdo becomehe fundamentainstrumentgo providing these
Internetservices.

Figurel shavsatypical clusterbasednulti-tier data-centerThe
variousnodesdn thetypical data-centearelogically partitionedto
providevariousrelatedservicesncludingwebandmessaginger
vices,transactiorprocessingbusinesdogic, databasestc. End
userrequestareprocesseasa collective effort by thesenodes.

Theseservicesncludeonlineservicedik e personalizedervices,
e-commercebasedservices,etc. which have recentlyincreased
severalfolds in volume. Scenariodik e online banking,auctions,
etc. are constantlyaddingto the compleity of contentbeing
sened on the Internet. The responsegeneratedor thesecan
changedependingon the requestandaretypically known asdy-
namicor active content.Multi-tier data-centerprocesshesecom-
plex requestdy breaking-upthe requestprocessingnto several
stageswith eachdata-centetier handlinga differentstageof re-
guestprocessing.With the currentprocessingheedsand growth
trendsin mind, the scalabilityof data-centerbasbecomeanim-
portantissue.

Traditionally, cachinghasbeenan importanttechniqueto im-
prove scalabilityandperformancef data-centersHowever, sim-
ple cachingmethodsare clearly not applicablefor dynamiccon-
tent caching. Documentsof dynamicnaturearetypically gener
atedby processingpneor moredataobjectsstoredin theback-end
databasd,e.,thesedocumentsredependenbn severalpersistent
dataobjects. Thesepersistentdataobjectscanalsobe a part of
multiple dynamicdocuments.Soin effect thesedocumentsand
dataobjectshave severalmary to mary mappingsbetweerthem.
Thus, ary changeto oneindividual object can potentially affect
thevalidity of multiple cachedequests.

In our previouswork [17], we have presented simplearchitec-
turethatsupportsstrongcachecohereng for proxy cachesHow-
ever, [17] present@ simplisticschemdor strongcachecohereng
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Figure 1. A Typical Multi-Tier Data-Center (Cour-
tesy CSP Architecture design [21])

which only dealswith a ®le level granularityfor cohereny, i.e.,
eachupdateaffectsan objectwhich canbe a part of oneor more
cachedrequests.However, mostdata-centersllow and support
more complex web documentscomprisingof multiple dynamic
objects. Theseadditionalissuesnecessitatenoreintricate proto-
cols to enabledynamiccontentcachingand make the designof
stronglycoherentachesxtremelychallenging.Further sincean
updatedobject can potentially be a part of multiple documents
acrossses/eralseners,superiorsener coordinationprotocolstake
acentralrole in thesedesigns.

In thispaperwe presenticompletearchitectureo supportstrong
cachecohereng for dynamic contentcaches. Our architecture
is designedto handlecachingof responsesomposeddf multi-
ple dynamicdependenciesWe proposea completearchitecture
to handletwo issues:(i) cachingdocumentavith multiple depen-
denciesand(ii) beingresilientto load on seners. We alsostudy
theeffectof varyingdependenciesnthesecachedesponsesOur
experimentalresultsshov more than 20 times improvementfor
the overall data-centethroughputusing our cachingtechniques.
Also, our designcan sustainhigh performancefor overall data-
centerrequestsvhile maintainingstrongcohereng with multiple
objectdependenciearenunderheary load.

The restof the paperis organizedasfollows: Section2 gives
a brief backgroundon multi-tier data-centerandweb cacheco-
hereng and consisteng. Section3 elaborateghe designof the
basicarchitecture.The experimentalresultsare presentedn sec-
tion 4. Sectionb5 brie y coversrelatedresearchwork, followedby
conclusionandfuturework.

2 Background

In thissectionwe provideabrief backgrounaf Multi-T ier Data-
CenteraandWeb-CacheCohereng andConsisteng.

2.1 Multi-T ier Data-Centers

A typical data-centearchitectureconsistsof multiple tightly in-
teractinglayersknown astiers. Eachtier can containmultiple
physicalnodes.Figure1 shows a typical Multi-Tier Data-Center
Requestsrom clientsareload-balancedby the edgeservicedier
onto thenodesn the proxy tier. Thistier mainly doescachingof
contentgeneratedby the otherback-endiers. The otherfunction-
alities of this tier caninclude data-centesecurityand balancing
therequestoadsentto the back-endbasedon certainpre-de®ned
algorithms.

The secondtier consistsof two kinds of seners. First, those
which hoststaticcontentsuchasdocumentsimages music®les
andotherswhich do not changewith time. Thesesenersaretyp-
ically referredto asweb-serers. Secondthosewhich compute
resultsbasedon the query itself and return the computeddata
in the form of a staticdocumento the users. Theseseners, re-
ferredto asapplicationseners,usuallyhandlecomputeintensive
guerieswhich involve transactionprocessingandimplementthe
data-centebusinesdogic.

The last tier consistsof databaseseners. Theseseners hold
a persistentstateof the databasesand datarepositories. These
senerscould eitherbe computeintensive or I/O intensive based
on the queryformat. Queriesinvolving non key searcheganbe
morel/O intensie requiringlarge datafetchesinto memory For
morecomplex queriessuchasthosewhichinvolvejoinsor sorting
of tablesthesesenerscanbe morecomputeintensie.

2.2 Web CacheConsistencyand Coherence

Traditionally, frequently accessedtatic contentwas cachedat
thefront tiersto allow usersa quicker accesgo thesedocuments.
In thepastfew yearsresearchersaze comeupwith approachesf
cachingcertaindynamiccontentatthefronttiersaswell [9]. In the
currentweb, mary cacheeviction eventsanduncachableesources
aredrivenby two senerapplicationgoals:First, providing clients
with arecentor coheentview of the stateof the application(i.e.,
informationthatis not too old); Secondly providing clientswith
a self-consistentiew of the applications stateasit changegi.e.,
oncethe client hasbeentold that somethinghashappenedthat
client shouldnever be told anything to the contrary). Depending
on the type of databeing consideredijt is necessaryo provide
certainguaranteesvith respecto the view of the datathat each
nodein the data-centeandthe usersget. Theseconstraintonthe
view of datavary basedn theapplicationrequiringthe data.

Consistency: Cacheconsisteng refersto a propertyof the re-
sponseproducedy asinglelogical cache suchthatno response
senedfrom thecachewill re ect olderstateof thesenerthanthat
re ected by previously sened responses;e., a consistentache
providesits clientswith non-decreasingiews of thesener's state.
So, eitherevery client seesan updateor no client seeshatpartic-
ularupdate.

Researcherbave proposedseveral differentschemesproviding
several differentlevels of consisteng. TTL [12], Adaptive TTL
[10] and MONARCH [16], presentschemedor lazy or delayed
consisteng. Schemegor strongcacheconsisteng aredetailedin
[6,9, 17].

Coherence: Cachecoherenceefersto the averagestalenesof
thedocumentpresenin thecachej.e.,thetime elapsedetween
the currenttime andthetime of thelastupdateof thedocumentn
theback-end.A cacheis saidto be strongcoherentf its average
stalenesss zeo, i.e.,aclientwould getthesameresponsevhether
arequests answeredrom cacheor from the back-end.

On lines similar to web-cacheconsisteng, two popular co-
herencemodels are used: immediateor strong coheenceand
boundedstaleness With strong coheence cachesareforbidden
from returningaresponsetherthanthatwhich would bereturned
weretheorigin sener contactedSince,in effect, theorigin sener
is contactedfor eachrequestasa side effect, Stong Cache Co-
herencyalsoguaranteeStong Cace Consistency



2.2.1 Maintaining CacheCoherence

Strongcachecohereng canbe maintainedby two popularlyused
methods(i) No Cacheschemend(ii) ClientPolling

No Cache Scheme:In this schemeno cachingis performedin
the data-centerThe no-cachébasedschemehasseveraldisadan-
tages.Firstly, eachrequesthasto be processet the homenode
tier, ruling out ary cachingat the othertiers. Secondly propaga-
tion of theserequestgo the back-endhodesover traditional pro-
tocolscanbe very expensve andlastly, for datawhich doesnot
changefrequently the amountof computationand communica-
tion overheadncurredto maintainstrongcoherenceouldbevery
high, requiringmoreresources.

Client Polling: Thesedisadwantagesre overcometo someex-
tentby the client-pollingmechanismIin this approachthe proxy
sener, on getting a request,checksits local cachefor the avail-
ability of therequireddocument.If it is not found, the requesis
forwardedo theappropriatepplicationsenerin theinnertier and
thereis no cachecoherencéssueinvolvedat this tier. If the data
is foundin thecachetheproxy senercheckghe coheencestatus
of thecachedbbjectby contactinghe back-endsener(s).If there
wereupdatesnadeto thedependentlata,the cacheddocumenis
discardecndtherequests forwardedo theapplicationsenertier
for processing.The updatedobjectis now cachedfor future use.
Eventhoughthis methodinvolvescontactingthe back-endor ev-
eryrequestjt bene®tdrom thefactthattheactualdataprocessing
anddatatransferis only requiredwhenthe datais updatechat the
back-end. This schemecan potentially have signi®cantbene®ts
whentheback-enddatais not updatedvery frequently
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Figure 2. Strong Cache Coherence Protocol

However, this schemealsohassigni®cantdisadwantages(i) Ev-
ery datadocuments typically associatedvith a home-nodeén the
data-centeback-end.Frequentaiccesseto a documentanresult
in all the front-endnodessendingin coheencestatusrequestso
thesamenodegotentiallyformingahot-spotatthisnode (ii) Tra-
ditional protocolsrequiretheback-enchodesto beinterruptedor
every cachevalidationeventgeneratedy the front-end,and (iii)
The agentson the back-endnodesneedto keeptrack of validity
of the cacheentitiesfor furtherreferencedy forward caches.In
particular coordinationof back-endhodesis neededo propagate
the informationregardingobjectupdates. In our previous work
[17], we have showvn that very ef®cient client polling by proxies
canbeperformedwith the useof onesidedoperationsaddressing
the®rst two disadwantagedisted above very effectively.

In this paperwe focusontheissuesandchallengeposedy the
needto maintaincachevalidity at the back-endwith objectlevel
granularity Sowe presentan ef®cient client polling architecture

that canprovide strongcachecoherencavith objectlevel granu-
larity usingtheadwancedeaturesf In®niBand.

3 Designand Implementation Details

In this section,we describeall aspectf our design. We detail
eachof therequirementslongwith the correspondinglesignso-
lution. We broadlydivide this sectioninto threeparts: (i) Section
3.1: Thebasicprotocolfor the cachecohereng, (ii) Section3.2:
Application sener interactionand (iii) Section3.3: The study of
the effect of multiple dependenciesn cacheddocuments.

CachableRequests:Data-centeservingdynamicdata,usually
have HTTP requestshatmaybereadgselectbasedjuerieso the
databasedr writes(updateor insertbasedjuerieso thedatabase).
While readbasedjueriesarecachablewrites cannotbe cachedat
theproxies.Since,cachingthe populardocumentgivesthe max-
imum bene®tsjts a popularpracticeto cachethese.Most simple
cachingschemesvork onthis principle. Similarly, in ourdesigna
certainnumberof top mostfrequentrequestaremarkeddown for
caching. Naturally, cachingmorerequestdeadsto betterperfor
mancebut requireshigher systemresources.The actualnumber
of requestghatarecachedarechoserbasedn the availability of
resourcesBasedon theseconstraintsfor eachrequesthe proxy
sener decidesif the requestis cachable. And if it is cachable,
the proxy decidesif cachingthat particularrequestis bene®cial
enough. Signi®cantamountof researcthasbeendoneon cache
replacemenpolicies[11, 13, 19]. Ourwork is complimentaryto
theseandcanleveragethosebene®tsasily

External Module BasedDesign: Traditional Data-Centerap-
plicationshave beendevelopedover a long period of time. It is
highly cumbersomandinfeasibleto make major re-designingpf
theseapplicationsfor possiblebene®tsIn view of thisrestriction,
we useexternalhelpermodulesto enablecachingin our architec-
ture. This approachrequiresminimal changego the existing ap-
plications.We usethe native In®niBanduserlevel communication
protocolVerbsAPI (VAPI) for our all moduleinternodecommu-
nications. Figure 3 shows the typical setupof eachnodein our
design. For all cacherelatedoperationsthe data-centeapplica-
tions contactthe externalmodulerunningon the samenode. This
modulein-turn contactsothermodulesin the systemasrequired
andrepliesbackto theapplication.
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To Other
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Figure 3. External Module based Design

3.1 Caching Documentswith Multiple Dependencies

In our approachwe divide the entire operationinto two parts
basedon the tier functionalities. Proxy senersthat maintainthe
cacheneedto validatethecacheentity for eachrequest.Theappli-
cationsenersneedto maintainthe currentversionof the cached
entity for the proxiesto performvalidations.



3.1.1 RDMA basedStrong CacheCoherence

Cachedn our designare locatedon the proxy sener nodes. On
eachrequestthe primaryissuedfor a proxy areasfollows: (i) Is
this requesttachable?ii) Is theresponseurrently cached?and
(iii) Is thiscachedesponse&alid?

Theseservicesare provided to the proxy sener by our module
runningon the proxy node. The apacheproxy sener is installed
with a small handlerthat contactsthe local modulewith an IPC-
\erify messagand waits on the IPC queuefor a response.The
modulerespondsith a usecache or do not usecache depending
on the choices. If the requestis not cachableor if the cacheis
notpresenbr invalid, themodulerespondsvith do notusecache
Andif therequesis cachablecachds presenaindvalid, themod-
ule respondsvith usecache

The moduleveri®esthe validity of the cachedentry by contact-
ing the homenodeapplicationsener modulewhich keepstrack
of the currentversionfor this particularcache®le. In®niBand's
one sidedoperation(RDMA Read)is usedto obtainthe current
versionfrom the sharedversiontable on the homenodeapplica-
tion sener therebyavoiding interruptsat that applicationsener.
Figure4 shavsthebasicprotocol. Theinformationon cachability
andpresencef cacheareavailablelocally on eachproxy.

Client
Reques!
——

Version Check

RDMA Read
Cache

Hit

A

Clual Request

Application Servt
Module

Figure 4. RDMA based Strong Cache Coherence

Eachproxy maintainsa versionnumberfor eachof the cached
entries. The samecache®les alsohave a currentversionnumber
maintainedon the homenodeapplicationsener modules.When
necessarythe applicationsener modulesincrementtheir cache
versionnumbers For eachproxyverify messagef theapplication
sener cache®le versionnumberandthe proxy's local cache®le
versionnumbermatch,thenit impliesthatthecache®le is current
and can be usedto sene the request. This basic protocol was
proposedn our previouswork [17].
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3.1.2 Multi-Dependency Maintenance

All cachemissesfrom the proxies are servicedby application
seners. Since all accesseso the databaseneedto be routed
throughanapplicationsener andsinceanapplicationsener (un-
like a proxy) hasthe capabilityto analyzeand processdatabase
level querieswe handleall coherenyg issuesatthistier.

An applicationsener module needsto caterto two cases: (i)
versionreadsfrom the proxy sener and(ii) versionupdatefrom
localandotherapplicationseners. Themainwork of theapplica-
tion sener modulelies in updatingthe sharedversiontableread-
ableby the proxy sener modulesbasedon the updateghatoccur

to thedatain the system.

As mentionedasinglecachedequestontainamultiple dynamic
objectswhich canget updated. For ary versionupdateso take
place,it is necessaryo know the following: (i) Which updates
affectwhich dynamicobjects?and(ii) Which dynamicobjectsaf-
fectwhich cache®les?Since typically dynamicobjectsaregener
atedasresultsof queriesto a databaseknowledgeof thedatabase
recordshata querydepend®nis suf®cientto answetthe above.

Thereare three casesthat arisein this context: (i) The appli-
cationsener understandshe databaseschemagconstraintseach
gueryandits responseherebyknowing all the dependenciesf a
givenrequest(ii) Eachqueryresponseontainsenoughinforma-
tion (e.qg. list of all databaséeys)to ®nd outthe dependenciesr
(i) Theapplicationseneris incapableof gaugingany dependen-
cies(possiblyfor caseswith very complex databaseonstraints).
The ®rst two casesanbe handledin the samemannerby the ap-
plicationsenermodulesincethedependencief®r all requestgan
be obtained.Thethird caseneedsa differentmethod.We present
the following two sampleschemesgo handlethesecases.lt is to
be notedthat theseschemesre merely simple schemego shav
proof of concept. Thesecanbe further optimizedor be replaced
by complex schemeso handlethesecases.

Scheme Invalidate All: For casesvheretheapplicatiorseners
areincapableof gettingany dependenginformation,the applica-
tion senersmodulescaninvalidatetheentirecachefor ary update
to the system.This makessurethatno updateis hiddenfrom the
clients. But this alsoleadsto a signi®cantnumberof falseinvali-
dations.However, theworst performancey this schemes lower
boundedy the basecasewith no caching.

Scheme DependencyList: In casesvhereall thedependencies
of the requiredqueriesareknown, the applicationsener module
maintainsalist of dependencie®r eachcachedequestfor which
it is a homenode)alongwith the versiontable. In casethe appli-
cation sener moduleis noti®ed of ary updateto the system,it
checkstheselists for any dependenciematchingthe update.All
cache®lesthathave at leastoneupdateddependengarethenin-
validatedby incrementingthe versionnumberon the sharedver
siontable. This schemas very ef®cientin termsof the numberof
falseinvalidationsbut involvesslightly higheroverheadascom-
paredto the InvalidateAll scheme.

3.2 Protocolfor Coherent Invalidations

In additionto theissueseerabove, requestgsomprisingmultiple
dynamicobjectsin theminvolve additionalissues.For example,
two differentcache®les with differenthomenodesmight have a
commondependeng So, ary updateto this dependeng needs
to be sentto both thesehomenodes. Similarly, the application
senermodulesneedto communicatell updatesvith all otherap-
plicationsener modules.And the updatecanbe forwardedto the
databaséor executiononly afterall theapplicationsenermodules
invalidateall the dependentache®les.

Figure 5 shavs the interactionbetweenthe applicationseners
andthedatabaséor eachupdate As showvn, theapplicationsener
on gettinganupdate broadcastshe sameto all the otherapplica-
tion sener modules. Thesemodulesthenperformtheir local in-
validationsdependingntheschemeshoser(InvalidateAll or De-
pendencyList search).After the invalidations,the modulessend
anacknavledgmentto the original sener, which forwardsthere-
guestto the databas@ndcontinueswith therestasnormal.
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In ourdesignwe useVAPI-SEND/MPI-RECEIVEor theinitial
broadcastsThe acknavledgmentsareaccumulatedy the origi-
nalprocessisingVAPI-ATOMIC-FETCH-AND-ADD poll : yield
cycle. For eachapplicationsener module,an acknavledgment
collectionvariableis de®nedandsetto zerofor eachupdate.All
the other applicationsener modulesperform a VAPI-ATOMIC-
FETCH-AND-ADDincrementinghevalueof thisvariableby one.
The original sener modulechecksthis ack collectionvariableto
seeif all theremainingmoduleshave performedthis operation.If
the valueof the ack collectionvariableis lessthanthe numberof
otherseners,thenthe original applicationsener moduleprocess
yieldsthe CPUto otherprocessei the systemusingthe system
call schedyield(). Thiskind of polling cycle makessurethatthe
moduleprocessloesnot wasteary CPUresourceshatotherpro-
cesse®nthatnodecould have used.

3.3

We have seenthat thereis signi®cantcompleity in managing
multiple dependencieggercache®le onstrongcohereng caching.
In addition, having multiple dependenciealsoaffect the overall
cache.Typically, cachingis expectedto yield maximumbene®ts
whenthenumberof updatess low andthebene®tsof cachingare
linkedwith thenumberof updatesn all calculations.

However, the actualvaluethat affects cachingis the numberof
invalidationsthatoccurto thecachedentries. The maindifference
betweenthe numberof invalidationsand the numberof updates
to an objectis the magni®cationfactorfor updates.This magni-
®cationfactorrepresentshe averagenumberof dependencieger
cachedentry. Hence the cacheeffectivenesds dependenbn the
productof systenupdaterateandaverage dependencynagni ca-
tion factor.

In our designeachapplicationsener module maintainsits own
setof cache®le versionsandthe correspondinglependenglists.
So, for eachupdate the numberof messagebetweenthe appli-
cationsenersis not affectedby this magni®cationfactor Each
applicationsener moduleis just noti®ed oncefor eachupdate,
andall the invalidationson that nodearetaken careof locally by
the correspondingnodule. However, the overall cachehit ratio
remaingdirectly affectedby this factor

Impact of Multiple Dependencie®n Caching

4 Experimental Results

In this sectionwe describeour experimentatestbedanda setof
relevantmicro-benchmarkesultsfollowed by overall data-center
results.

Experimental Testbed: For all our experimentswe usedtwo
clusterswhosedescriptionsareasfollows:

Cluster 1: A clustersystemconsistingof 8 nodesbuilt around
SuperMicroSUPERP4DL6motherboardandGC chipsetavhich
include 64-bit 133 MHz PCI-X interfaces. Eachnode hastwo
Intel Xeon 2.4 GHz processorswith a 512 kB L2 cacheand a
400 MHz front sidebusand512 MB of mainmemory We used
the RedHat9.0Linux distribution.

Cluster 2: A clustersystemconsistingof 8 nodesbuilt around
SuperMicroSUPERX5DL8-GG motherboardsvith Sener\orks
GC LE chipsetswhichinclude64-bit 133 MHz PCI-X interfaces.
Eachnodehastwo Intel Xeon 3.0 GHz processorsvith a512kB
L2 cacheanda533MHz front sidebusand512MB of mainmem-
ory. We usedthe RedHat9.0 Linux distribution.

Thefollowing interconnectvasusedto connectall the nodesin
Clustersl and?2.

Inter connect: In®niBand network with Mellanox In®niHost
MT23108 DualPort 4x HCA adapterthrough an In®niScale
MT43132 twenty-four 4x Port completely non-blocking In®ni-
Band Switch. The Mellanox In®niHost HCA SDK versionis
thca-x86-3.2-rc17. The adapter®rmware versionis fw-23108-
rel-3.00.0002. The IPolIB driver for the In®niBand adapteravas
provided by Mellanox Incorporationasa part of the GoldenCD
released.5.0.

Clusterl wasusedfor all the client programsandCluster2 was
usedfor the data-centerseners. In our experiments,we used
apacheseners2.0.48asproxy seners,apache2.0.48with PHP
4.3.7asapplicationsenersand mysql 4.1 asthe database.Our
systemwas con®guredwith ve proxy seners, two application
senersandonedatabassener.

4.1 Micro-benchmarks

We shaw the basicmicro-benchmarkshat characterizeour ex-
perimentaltestbed. We presenthe lateng, bandwidthand CPU
utilizationsfor the communicatiorprimitivesusedin our design.
Figure 6 shaws the performanceachieved by VAPI RDMA read
andTCP/IPover In®niBand(IPolB).

Thelatengy achievedby the VAPI RDMA Readcommunication
modeland IPolB (round-trip lateng) for variousmessagesizes
is shavn in Figure6a. RDMA Read,usingthe polling basedap-
proach,achievesa lateng of 11.89 sfor 1 byte messagesom-
paredto the53.8 sachievedby IPoIB. Theeventbasedhpproach,
however, achievesa lateny of 23.97 s. Further with increas-
ing messagsizes thedifferencebetweerthelatengy achieved by
VAPI and IPolIB tendsto increasesigni®cantly The ®gure also
shavs the CPU utilized by RDMA Read(noti®cationbasedyand
IPoIB. Therecever side CPU utilization for RDMA asobsened
is negligible andcloseto zero,i.e., with RDMA, theinitiator can
reador write datafrom theremotenodewithout requiringary in-
teractionwith theremotehostCPU.In ourexperimentsye bene®t
morefrom the onesidednatureof RDMA andnotjustdueto the
raw performancemprovementof RDMA over|PolB.

Figure 6b showvs the uni-directional bandwidth achiered by
RDMA ReadandIPolB. RDMA Readis ableto achiese a peak
bandwidthof 839.1 MBps ascomparedo a 231 MBps achieved



Figure 6. Micro-Benc hmarks for RDMA Read and IPoIB: (a) Latency and (b) Band width

by IPoIB. Again, the CPU utilization for RDMA is negligible on
thereceverside.

In Figure7, we presenfperformanceesultsshaving the impact
of the loadedconditionsin the data-centeervironmenton the
performanceof RDMA Readand IPoIB on Cluster2. We emu-
late the loadedconditionsin the data-centeervironmentby per
forming backgroundcomputationand communicatioroperations
on the sener while the read/writetestis performedby the proxy
sener to the loadedsener. This ervironmentemulatesa typi-
calclusterbasednultiple data-centeervironmentwheremultiple
sener nodescommunicateperiodically and exchangemessages,
while the proxy, which is not as heavily loaded,attemptsto get
the versioninformationfrom the heavily loadedmachines.Fig-
ure 7 shaws thatthe performanceof IPolB degradessigni®cantly
with theincreasen the backgroundoad. Ontheotherhand,one-
sidedcommunicatioroperationssuchasRDMA shav absolutely
no degradationin the performance. Theseresultsshav the ca-
pability of one-sideccommunicatiorprimitivesin the data-center
ervironment.

4.2 Coherent Active Caching
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Figure 9. Cache Misses With Increasing Update
Rate

In this section, we presentthe basic performancebene®ts
achieved by the strong cohereng dynamic contentcachingas
comparedo atraditionaldata-centewhichdoesnothaveary such
support.To measureandmake thesecomparisonsye usethefol-
lowing traces:(i) Tracel: Tracewith 100%reads(ii) Trace2 -
Trace5: Traceswith updateratesincreasingn the orderof mil-
lisecondsto seconds. (iii) Trace6: Zipf like trace[8, 23] with
mediumupdaterate.
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Figure 10. Effect of Cache Size for Trace 6

4.2.1 Overall Performanceand Analysis

In this section,we presentresultsfor overall data-centeperfor
mancewith dynamiccontentcaching. We alsoanalyzethesere-
sultsbasedon the actualnumberof cachemissesand cachehits.
All resultspresentedn this sectionaretakenin steadystate(i.e.
eliminating the effects of cold cachemisses,if ary). We non-
cacheddata-centethroughputbf aboutl700TPSfor Tracel and
15000TPSfor afully cacheddata-center Thesevaluesroughly
representhe minimum and maximumthroughputachievablefor
our setup.

Figure8acompareshethroughputachievedby dynamiccontent
cachingschemesndthe basecasewith no caching. We obsene
thatthe cachingschemesilwaysperformbetterthanthe no cache
schemesThebestcaseobseredis about8.8timesbetterthanthe
no cachecase.

Figure 8a also shaws the two schemegInvalidate All and De-
pendencyists) for thetraces2 - 5. We obsene thatInvalidateAll
schemedropsin performanceasthe updaterateincreases.This
is due to the falseinvalidationsthat occurin the Invalidate All
scheme. On the other hand,we obsere that DependencyLists
schemds capableof sustainingperformancesvenfor higherup-
daterates. The latter sustainsa performancef about14000TPS
for our setup. Figure 8b shaws the responsdime resultsfor the
above three cases.We obsere similar trendsin theseresultsas
above. No Cade casehasa responsdime of about4 millisec-
ondswhereasthebestresponse¢ime for dynamiccontentcaching
schemess aboutl.2 milliseconds.

Figure 9 shows the cachemissesthat occurin eachof the runs
in thethroughputest. The No Cache schemenbviously has100%
cachemissesandrepresentshe worst casescenario.We clearly
obsene thatthe cachemissesfor Invalidate All schemencrease
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Figure 8. Performance of Data-Center with Increasing

drasticallywith increasingupdaterate,leadingto the dropin per

formance Data-centescenariosn which applicationsenerscan-
not extractdependenciefom the requestcantake advantageof

our dynamiccontentcachingarchitecturefor lower updaterates.
For higherupdaterates JnvalidateAll performsslightly betterthan
or almostequalto the performanceof No Cache case.Thediffer-

encein the numberof cachemissesbetweenlnvalidate All and
Dependencyistsis thenumberof falseinvalidationsoccurringin

the systenfor the InvalidateAll scheme.

Selective Caching: As mentionedearlier in real scenarioonly
afew popular®lesarecachedln Figurel0,we presentheresults
of anexperimentshaving the overall data-centeperformancdor
varyingcachesizes.We usedTrace6 for this experiment.We ob-
sene thatevenfor very small cachesizesthe performancas sig-
ni®cantlyhigherthantheNo Cadecase.Thethroughpuiachieved
by caching10% of the ®les is closeto the maximumachievable.
Hencedata-centerwith ary amountof resourcesanbene®tfrom
ourschemes.

Effect of Varying Dependencieson Overall Performance:
Figure 11 shaws the effect of increasingthe numberof depen-
dencieson the overall performanceThethroughputdropssignif-
icantly with the increasen the averagenumberof dependencies
percache®le. Thisis because¢he numberof coherentcachein-
validationsper updaterequestincreasewith the averagenumber
of dependenciegendingtoward Invalidate All in the worst case.
We seethatastheratio of objectupdatedo ®le invalidationsrep-
resentingthe dependeng factorincreaseso 64 in Figure11 the
throughputachiezeddropsby aboutafactorof 3.5.

4.2.2 EffectonLoad

In this section,we studythe effect of increasedack-endsener
load on the data-centermggreyate performance. In this experi-
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Update Rate: (a) Throughput and (b) Response Time

ment, we emulatearti®cial load asdescribedn section4.1. We
useTrace5 (tracewith higherupdaterate)to shaw theresultsfor
theDependencyistsschemeFigure12 shavstheresults.

We obsene that our designcan sustainhigh performanceaven
underheary back-endoad. Further the factor of bene®tfor the
Dependencyistsschemdo the No Cacheschemeéncrease$rom
about8.5 timesto 21.9timeswith load. This clearly shavs that
our approachs muchmoreresilientto back-endoadthanthe No
Cadhe scheme. In addition, sinceloadedback-endseners can
supportthe proxy cachingwith negligible overheadpur approach
canscaleto biggerdata-centersvith signi®cantlyhighernumber
of cachingseners. The resultsin [17] shav that thesebene®ts
arelargely dueto theone-sideccommunicatiorin the basicclient
polling protocols.
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Figure 11. Effect of Varying Dependencies on Over-
all Performance
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5 RelatedWork

Severalresearcherbave focusedon the aspecbof dynamiccon-
tent caching. Popularapproachesike TTL [12], Adaptive TTL
[10], MONARCH [16], etc. dealwith lazy consisteng and co-
hereng caches. Thesecannothandlestrong cachecohereng.
Approachedike [6, 7] dealwith strongcacheconsisteng. Other
approachetik e get-if-modi ed-sincespeci®edn [12] canhandle
coherenthangeso theoriginal source®le, but arenotdesignedo
handlehighly dynamicdata. Theseessentiallywill causethe ®le
to bere-createdor eachrequeshegatingthe bene®tsof caching.
Solutionsproposedn [18] handlethe strongcachecohereng but
usetwo-sidedcommunicatiorandarelessresilientto load.

Shah Kim, Balaji, et. al., have donesigni®cantresearchn User
Level High Performancé&ocletsimplementation§20, 14, 4, 5, 3].
In oneof our previousworks[3], we hadevaluatedhecapabilities
of sucha pseudo-soatslayer over In®niBandin the data-center
ervironment.However, aswe hadobsenredin [17], thetwo-sided
natureof SocletsAPI becomesninherentbottleneckdueto the
highloadconditionscommonin data-centeervironments Dueto
this, we focusedon the one-sidechatureof In®niBandto develop
our externalmodules . Further the existing data-centeframenork
(Apache PHR etc.,)is still basednthe socletsAPl andcanben-
e®t from suchhigh-performanceocletsimplementationsThus,
theseapproachesanbeusedn acomplimentarynannemwith our
recon®gurabilitytechniqueio make betterutilization of systenre-
sourcesand provide high performancen a data-centeerviron-
ment.

6 Conclusions

Cachinghascometo be an importanttool in the scalability of
multi-tier data-centersHowever, for contentusedin online bank-
ing, Internetauctions,e-commercegtc. issueslike cacheco-
hereny and consisteng requirementsand the dynamicsof data
involved canpreempta majority of cachingschemesCachingof
dynamiccontentwith strongcachecohereng andconsisteng has
beenstudiedby few researcherandis a subjectof high interest.
Web responseshat involve multiple dynamicdependencieadd
additionalconstraintgo thedesigningof stronglycoherentaches.

In this paperwe have presented loadresilientarchitecturehat
supportscachingof dynamicrequestswith multiple dynamicde-
pendencieth multi-tier data-centersOur architecturas designed
to supportexisting data-centeapplicationswith minimal modi-
®cations. We have usedone sided operationsike RDMA and
RemoteAtomics in our designto enableload resilient caching.
We have performedour experimentsisingnative In®niBandVerbs

Layer (VAPI) for all protocolcommunications Further we have
presentedwo schemednvalidate All and Dependencytists to
suitethe needsandcapabilitiesof differentdata-centersOur ex-
perimentakesultsshav thatin all caseghe usageof our schemes
yield betterperformanceas comparedo No Cade case. Under
loadedconditions,our architecturecan sustainhigh performance
betterthanthe No Cache case andin somecasesdeingmorethan
an order of magnitudebetter The resultsalsodemonstrateéhat
our designcan scalewell with increasingnumberof nodesand
increasingsystemioad.

While our schemas well suitedfor smallto mediumclustersfor
large scaleclusters,we proposeto utilize In®niBand's one-sided
operationsandhardwarebasedmulticastoperationgo designad-
vancedcachingcapabilitieswith betterperformance.
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