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Abstract
It hasbeenwell acknowledgedin theresearchcommunitythatin orderto

designadata-centerenvironmentwhichis ef�cient andoffershighperfor-
mance,oneof thecritical issuesthatneedsto beaddressedis theeffective
reuseof cachecontentstoredaway from theorigin server. However, for
cachingdynamicallychangingcontent(e.g., contentinvolved in online
banking,Internetauctions,etc.),consistency andcoherency issuesneed
to beaddressed.In addition,mostcurrentrealworld requestshave multi-
ple dynamicdependencies,i.e., theserequestsmight dependon multiple
dataobjects. Further, theserequestsarenot entirely independent;sev-
eral requestsmight have commondependencies.While therehave been
previous researchsolutionson maintainingcoherentcachesfor dynamic
content,thesesolutionshave several shortcomingsincluding inability to
adaptto server load or handlemultiple dynamicdependencies.In this
paper, we proposea loadresilientarchitectureusingonesidedoperations
supportedby severalhigh performanceinterconnectssuchasIn�niBand,
while maintainingmultiple dynamicdependenciesperresponse.Our ex-
perimentalresultsshow thatour schemesto tacklethemulti-dependency
issueef�ciently and signi�cantly outperformthe existing approaches.
Further, our resultsdemonstratethat the proposedload resilient archi-
tecturecanpossiblyimprove the performanceof loadeddata-centersby
over anorderof magnitude.

Keywords:Multi-Tier Data-Center, In�niBand, Caching, DynamicCon-
tentCaching, Coherency

1 Intr oduction
The unprecedentedgrowth of Internethasdeeplyin®ltrated all

of today's society. With moreandmorepeopleusingtheInternet
for a wide rangeof purposes,Internetusehasbecomeanabsolute
necessityfor businessesto survive andgrow. Electroniccommu-
nications,e-commerce,onlineservices,etc. have becomeubiqui-
tousandaregrowing in complexity in termsof bothraw datacon-
tentandprocessingrequired.Consequently, highperformanceand
scalableweb-servershavebecomecritical toolsto deliverthesere-
quirements.
Ontheotherhand,Clustersystemshavebecomethemainsystem

architecturefor anumberof environmentsmainlydueto theirhigh
performance-to-costratio. In the past, they had replacedmain-
streamsupercomputersasa cost-effectivealternative in a number
of scienti®cdomains.During the last few years,researchandin-
dustrycommunitieshave beenproposingandimplementingsev-
eralhighperformancecommunicationsystemsto addresssomeof
theproblemsassociatedwith thetraditionalnetworking protocols
for cluster-basedsystems.In®niBandArchitecture(IBA) [2] has
beenrecentlystandardizedby theindustryin thelight of next gen-
erationhigh-endclustersdesigns.

�
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IBA is envisionedasthedefault interconnectfor severalenviron-
mentsin thenearfuture. IBA providestwo key features,namely
User-level Networking and One-SidedCommunicationOpera-
tions. User-level Networking allows applicationsto directly and
safelyaccessthenetwork interfacewithout goingthroughtheop-
eratingsystem.One-sidedcommunicationallows thenetwork in-
terfaceto transferdatabetweenlocal andremotememorybuffers
without any interactionwith theoperatingsystemandtheproces-
sor. It alsoprovidesfeaturesfor performingnetwork basedatomic
operationsontheremotememoryregions.Thesecanbeleveraged
in providing ef®cientsupportfor multipleenvironments[15, 22].
Basedon thesetwo trends,several researchers[21, 1] have pro-

posedthefeasibilityandpotentialof cluster-basedmulti-tier data-
centersto becomethefundamentalinstrumentsto providing these
Internetservices.
Figure1 showsatypicalcluster-basedmulti-tier data-center. The

variousnodesin thetypicaldata-centerarelogically partitionedto
providevariousrelatedservicesincludingwebandmessagingser-
vices,transactionprocessing,businesslogic, databases,etc. End
userrequestsareprocessesasacollectiveeffort by thesenodes.
Theseservicesincludeonlineserviceslikepersonalizedservices,

e-commercebasedservices,etc. which have recentlyincreased
several folds in volume. Scenarioslike onlinebanking,auctions,
etc. are constantlyadding to the complexity of contentbeing
served on the Internet. The responsesgeneratedfor thesecan
changedependingon the requestandaretypically known asdy-
namicoractivecontent.Multi-tier data-centersprocessthesecom-
plex requestsby breaking-upthe requestprocessinginto several
stageswith eachdata-centertier handlinga differentstageof re-
questprocessing.With the currentprocessingneedsandgrowth
trendsin mind, thescalabilityof data-centershasbecomean im-
portantissue.
Traditionally, cachinghasbeenan important techniqueto im-

provescalabilityandperformanceof data-centers.However, sim-
ple cachingmethodsareclearly not applicablefor dynamiccon-
tent caching. Documentsof dynamicnaturearetypically gener-
atedby processingoneor moredataobjectsstoredin theback-end
database,i.e.,thesedocumentsaredependentonseveralpersistent
dataobjects. Thesepersistentdataobjectscanalsobe a part of
multiple dynamicdocuments.So in effect thesedocumentsand
dataobjectshave severalmany to many mappingsbetweenthem.
Thus,any changeto one individual objectcanpotentiallyaffect
thevalidity of multiplecachedrequests.
In our previouswork [17], we have presenteda simplearchitec-

turethatsupportsstrongcachecoherency for proxy caches.How-
ever, [17] presentsasimplisticschemefor strongcachecoherency
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Figure 1. A Typical Multi­Tier Data­Center (Cour ­
tesy CSP Architecture design [21])

which only dealswith a ®le level granularityfor coherency, i.e.,
eachupdateaffectsanobjectwhich canbea partof oneor more
cachedrequests.However, mostdata-centersallow andsupport
more complex web documentscomprisingof multiple dynamic
objects.Theseadditionalissuesnecessitatemoreintricateproto-
cols to enabledynamiccontentcachingandmake the designof
stronglycoherentcachesextremelychallenging.Further, sincean
updatedobject can potentially be a part of multiple documents
acrossseveralservers,superiorservercoordinationprotocolstake
a centralrole in thesedesigns.
In thispaper, wepresentacompletearchitecturetosupportstrong

cachecoherency for dynamiccontentcaches. Our architecture
is designedto handlecachingof responsescomposedof multi-
ple dynamicdependencies.We proposea completearchitecture
to handletwo issues:(i) cachingdocumentswith multiple depen-
denciesand(ii) beingresilientto loadon servers. We alsostudy
theeffectof varyingdependenciesonthesecachedresponses.Our
experimentalresultsshow more than 20 times improvementfor
the overall data-centerthroughputusingour cachingtechniques.
Also, our designcan sustainhigh performancefor overall data-
centerrequestswhile maintainingstrongcoherency with multiple
objectdependenciesevenunderheavy load.
The restof the paperis organizedas follows: Section2 gives

a brief backgroundon multi-tier data-centersandweb cacheco-
herency andconsistency. Section3 elaboratesthe designof the
basicarchitecture.Theexperimentalresultsarepresentedin sec-
tion 4. Section5 brie�y coversrelatedresearchwork, followedby
conclusionsandfuturework.

2 Background
In thissection,weprovideabriefbackgroundof Multi-TierData-

CentersandWeb-CacheCoherency andConsistency.

2.1 Multi­T ier Data­Centers
A typical data-centerarchitectureconsistsof multiple tightly in-

teractinglayersknown as tiers. Eachtier can containmultiple
physicalnodes.Figure1 shows a typical Multi-Tier Data-Center.
Requestsfrom clientsareload-balancedby theedgeservicestier
on to thenodesin theproxy tier. This tier mainly doescachingof
contentgeneratedby theotherback-endtiers.Theotherfunction-
alities of this tier canincludedata-centersecurityandbalancing
therequestloadsentto theback-endbasedon certainpre-de®ned
algorithms.

The secondtier consistsof two kinds of servers. First, those
which hoststaticcontentsuchasdocuments,images,music®les
andotherswhich do not changewith time. Theseserversaretyp-
ically referredto asweb-servers. Second,thosewhich compute
resultsbasedon the query itself and return the computeddata
in the form of a staticdocumentto the users.Theseservers,re-
ferredto asapplicationservers,usuallyhandlecomputeintensive
querieswhich involve transactionprocessingandimplementthe
data-centerbusinesslogic.
The last tier consistsof databaseservers. Theseservers hold

a persistentstateof the databasesand datarepositories. These
serverscould eitherbe computeintensive or I/O intensive based
on the queryformat. Queriesinvolving non key searchescanbe
moreI/O intensive requiringlargedatafetchesinto memory. For
morecomplex queries,suchasthosewhichinvolvejoinsorsorting
of tables,theseserverscanbemorecomputeintensive.

2.2 Web CacheConsistencyand Coherence

Traditionally, frequentlyaccessedstatic contentwas cachedat
thefront tiersto allow usersa quicker accessto thesedocuments.
In thepastfew years,researchershavecomeupwith approachesof
cachingcertaindynamiccontentatthefront tiersaswell [9]. In the
currentweb,many cacheevictioneventsanduncachableresources
aredrivenby two serverapplicationgoals:First,providing clients
with a recentor coherentview of thestateof theapplication(i.e.,
informationthat is not too old); Secondly, providing clientswith
a self-consistentview of theapplication's stateasit changes(i.e.,
oncethe client hasbeentold that somethinghashappened,that
client shouldnever be told anything to thecontrary). Depending
on the type of databeing considered,it is necessaryto provide
certainguaranteeswith respectto the view of the datathat each
nodein thedata-centerandtheusersget.Theseconstraintson the
view of datavarybasedon theapplicationrequiringthedata.
Consistency: Cacheconsistency refersto a propertyof the re-

sponsesproducedby a singlelogical cache,suchthatno response
servedfrom thecachewill re�ect olderstateof theserverthanthat
re�ected by previously served responses,i.e., a consistentcache
providesits clientswith non-decreasingviewsof theserver'sstate.
So,eitherevery client seesanupdateor no client seesthatpartic-
ularupdate.
Researchershave proposedseveral differentschemesproviding

several differentlevels of consistency. TTL [12], Adaptive TTL
[10] andMONARCH [16], presentschemesfor lazy or delayed
consistency. Schemesfor strongcacheconsistency aredetailedin
[6, 9, 17].
Coherence: Cachecoherencerefersto the averagestalenessof

thedocumentspresentin thecache,i.e., thetimeelapsedbetween
thecurrenttimeandthetimeof thelastupdateof thedocumentin
theback-end.A cacheis saidto bestrongcoherentif its average
stalenessis zero, i.e.,aclientwouldgetthesameresponsewhether
a requestis answeredfrom cacheor from theback-end.
On lines similar to web-cacheconsistency, two popular co-

herencemodelsare used: immediateor strong coherenceand
boundedstaleness. With strong coherence, cachesareforbidden
from returningaresponseotherthanthatwhichwouldbereturned
weretheorigin servercontacted.Since,in effect,theorigin server
is contactedfor eachrequest,asa sideeffect, Strong Cache Co-
herencyalsoguaranteesStrongCacheConsistency.



2.2.1 Maintaining CacheCoherence
Strongcachecoherency canbemaintainedby two popularlyused
methods:(i) No Cacheschemeand(ii) Client Polling
No CacheScheme: In this schemeno cachingis performedin

thedata-center. Theno-cachebasedschemehasseveraldisadvan-
tages.Firstly, eachrequesthasto beprocessedat thehomenode
tier, ruling out any cachingat theothertiers. Secondly, propaga-
tion of theserequeststo theback-endnodesover traditionalpro-
tocolscanbe very expensive andlastly, for datawhich doesnot
changefrequently, the amountof computationand communica-
tion overheadincurredto maintainstrongcoherencecouldbevery
high,requiringmoreresources.
Client Polling: Thesedisadvantagesareovercometo someex-

tentby theclient-pollingmechanism.In this approach,theproxy
server, on gettinga request,checksits local cachefor the avail-
ability of therequireddocument.If it is not found,the requestis
forwardedto theappropriateapplicationserverin theinnertier and
thereis no cachecoherenceissueinvolvedat this tier. If thedata
is foundin thecache,theproxyserverchecksthecoherencestatus
of thecachedobjectby contactingtheback-endserver(s).If there
wereupdatesmadeto thedependentdata,thecacheddocumentis
discardedandtherequestis forwardedto theapplicationservertier
for processing.Theupdatedobjectis now cachedfor futureuse.
Eventhoughthismethodinvolvescontactingtheback-endfor ev-
eryrequest,it bene®tsfrom thefactthattheactualdataprocessing
anddatatransferis only requiredwhenthedatais updatedat the
back-end. This schemecan potentiallyhave signi®cantbene®ts
whentheback-enddatais notupdatedvery frequently.

Client
Request

Cache
Hit

Client
Response

Version Check

Response

Version Response

Actual Request

Proxy Module
Module

Application Server

Figure 2. Strong Cache Coherence Protocol

However, this schemealsohassigni®cantdisadvantages:(i) Ev-
erydatadocumentis typically associatedwith ahome-nodein the
data-centerback-end.Frequentaccessesto a documentcanresult
in all thefront-endnodessendingin coherencestatusrequeststo
thesamenodespotentiallyformingahot-spotatthisnode,(ii) Tra-
ditionalprotocolsrequiretheback-endnodesto beinterruptedfor
every cachevalidationeventgeneratedby the front-end,and(iii)
The agentson the back-endnodesneedto keeptrack of validity
of thecacheentitiesfor further referencesby forwardcaches.In
particular, coordinationof back-endnodesis neededto propagate
the information regardingobjectupdates. In our previous work
[17], we have shown that very ef®cient client polling by proxies
canbeperformedwith theuseof onesidedoperations,addressing
the®rst two disadvantageslistedaboveveryeffectively.
In thispaper, we focuson theissuesandchallengesposedby the

needto maintaincachevalidity at theback-endwith objectlevel
granularity. Sowe presentan ef®cient client polling architecture

that canprovide strongcachecoherencewith objectlevel granu-
larity usingtheadvancedfeaturesof In®niBand.

3 Designand Implementation Details

In this section,we describeall aspectsof our design.We detail
eachof therequirementsalongwith thecorrespondingdesignso-
lution. We broadlydivide this sectioninto threeparts:(i) Section
3.1: Thebasicprotocolfor thecachecoherency, (ii) Section3.2:
Applicationserver interactionand(iii) Section3.3: The studyof
theeffectof multipledependenciesoncacheddocuments.
CachableRequests:Data-centerservingdynamicdata,usually

haveHTTPrequeststhatmaybereads(selectbasedqueriesto the
database)or writes(updateor insertbasedqueriesto thedatabase).
While readbasedqueriesarecachable,writescannotbecachedat
theproxies.Since,cachingthepopulardocumentsgivesthemax-
imum bene®ts,its a popularpracticeto cachethese.Most simple
cachingschemeswork onthisprinciple.Similarly, in ourdesign,a
certainnumberof topmostfrequentrequestsaremarkeddown for
caching.Naturally, cachingmorerequestsleadsto betterperfor-
mancebut requireshighersystemresources.The actualnumber
of requeststhatarecachedarechosenbasedon theavailability of
resources.Basedon theseconstraints,for eachrequesttheproxy
server decidesif the requestis cachable. And if it is cachable,
the proxy decidesif cachingthat particularrequestis bene®cial
enough.Signi®cantamountof researchhasbeendoneon cache
replacementpolicies[11, 13, 19]. Our work is complimentaryto
theseandcanleveragethosebene®tseasily.
External Module BasedDesign: Traditional Data-Centerap-

plicationshave beendevelopedover a long periodof time. It is
highly cumbersomeandinfeasibleto make majorre-designingof
theseapplicationsfor possiblebene®ts.In view of this restriction,
we useexternalhelpermodulesto enablecachingin our architec-
ture. This approachrequiresminimal changesto theexisting ap-
plications.WeusethenativeIn®niBanduser-levelcommunication
protocolVerbsAPI (VAPI) for our all moduleinternodecommu-
nications. Figure3 shows the typical setupof eachnodein our
design. For all cacherelatedoperations,the data-centerapplica-
tionscontacttheexternalmodulerunningon thesamenode.This
modulein-turn contactsothermodulesin the systemasrequired
andrepliesbackto theapplication.

Data�Center Node

Data�Center
Application

IPC

TCP
To Other

Applications

External
Module

Modules
To Other 

VAPI

Figure 3. External Module based Design

3.1 CachingDocumentswith Multiple Dependencies

In our approachwe divide the entire operationinto two parts
basedon the tier functionalities. Proxy serversthat maintainthe
cacheneedto validatethecacheentityfor eachrequest.Theappli-
cationserversneedto maintainthecurrentversionof thecached
entity for theproxiesto performvalidations.



3.1.1 RDMA basedStrongCacheCoherence
Cachesin our designarelocatedon the proxy server nodes.On
eachrequest,theprimary issuesfor a proxy areasfollows: (i) Is
this requestcachable?(ii) Is the responsecurrentlycached?and
(iii) Is this cachedresponsevalid?
Theseservicesareprovided to the proxy server by our module

runningon theproxy node. The apacheproxy server is installed
with a small handlerthat contactsthe local modulewith an IPC-
Verify messageandwaits on the IPC queuefor a response.The
modulerespondswith a usecacheor do not usecachedepending
on the choices. If the requestis not cachableor if the cacheis
notpresentor invalid, themodulerespondswith donotusecache.
And if therequestis cachable,cacheis presentandvalid, themod-
ule respondswith usecache.
Themoduleveri®esthevalidity of thecachedentryby contact-

ing the homenodeapplicationserver modulewhich keepstrack
of the currentversionfor this particularcache®le. In®niBand's
onesidedoperation(RDMA Read)is usedto obtain the current
versionfrom the sharedversiontableon thehomenodeapplica-
tion server therebyavoiding interruptsat that applicationserver.
Figure4 showsthebasicprotocol.Theinformationoncachability
andpresenceof cacheareavailablelocally oneachproxy.

Client
Request

Cache
Hit

Client
Response

RDMA Read

Version Check

Response

Actual Request

Application Server
ModuleProxy Module

Figure 4. RDMA based Strong Cache Coherence
Eachproxy maintainsa versionnumberfor eachof the cached

entries.Thesamecache®les alsohave a currentversionnumber
maintainedon thehomenodeapplicationserver modules.When
necessary, the applicationserver modulesincrementtheir cache
versionnumbers.Foreachproxyverify message,if theapplication
server cache®le versionnumberandtheproxy's local cache®le
versionnumbermatch,thenit impliesthatthecache®le is current
and can be usedto serve the request. This basicprotocol was
proposedin our previouswork [17].

3.1.2 Multi-DependencyMaintenance
All cachemissesfrom the proxies are servicedby application
servers. Since all accessesto the databaseneedto be routed
throughanapplicationserver andsinceanapplicationserver (un-
like a proxy) hasthe capability to analyzeandprocessdatabase
level queries,we handleall coherency issuesat this tier.
An applicationserver moduleneedsto cater to two cases:(i)

versionreadsfrom theproxy server and(ii) versionupdatesfrom
localandotherapplicationservers.Themainwork of theapplica-
tion server modulelies in updatingthesharedversiontableread-
ableby theproxy server modulesbasedon theupdatesthatoccur

to thedatain thesystem.
Asmentioned,asinglecachedrequestcontainsmultipledynamic

objectswhich canget updated.For any versionupdatesto take
place,it is necessaryto know the following: (i) Which updates
affectwhichdynamicobjects?and(ii) Whichdynamicobjectsaf-
fectwhichcache®les?Since,typically dynamicobjectsaregener-
atedasresultsof queriesto adatabase,knowledgeof thedatabase
recordsthata querydependson is suf®cientto answertheabove.
Thereare threecasesthat arise in this context: (i) The appli-

cationserver understandsthe databaseschema,constraints,each
queryandits responsetherebyknowing all thedependenciesof a
givenrequest,(ii) Eachqueryresponsecontainsenoughinforma-
tion (e.g. list of all databasekeys) to ®nd out thedependenciesor
(iii) Theapplicationserver is incapableof gaugingany dependen-
cies(possiblyfor caseswith very complex databaseconstraints).
The®rst two casescanbehandledin thesamemannerby theap-
plicationservermodulesincethedependenciesfor all requestscan
beobtained.Thethird caseneedsa differentmethod.We present
the following two sampleschemesto handlethesecases.It is to
be notedthat theseschemesaremerelysimpleschemesto show
proof of concept.Thesecanbe further optimizedor be replaced
by complex schemesto handlethesecases.
Scheme- InvalidateAll: For caseswheretheapplicationservers

areincapableof gettingany dependency information,theapplica-
tion serversmodulescaninvalidatetheentirecachefor any update
to thesystem.This makessurethatno updateis hiddenfrom the
clients. But this alsoleadsto a signi®cantnumberof falseinvali-
dations.However, theworstperformanceby this schemeis lower
boundedby thebasecasewith nocaching.
Scheme- DependencyList: In caseswhereall thedependencies

of the requiredqueriesareknown, theapplicationserver module
maintainsalist of dependenciesfor eachcachedrequest(for which
it is a homenode)alongwith theversiontable. In casetheappli-
cation server moduleis noti®ed of any updateto the system,it
checkstheselists for any dependenciesmatchingtheupdate.All
cache®les thathave at leastoneupdateddependency arethenin-
validatedby incrementingtheversionnumberon thesharedver-
siontable.Thisschemeis veryef®cientin termsof thenumberof
falseinvalidationsbut involvesslightly higheroverheadascom-
paredto theInvalidateAll scheme.

3.2 Protocol for Coherent Invalidations

In additionto theissuesseenabove,requestscomprisingmultiple
dynamicobjectsin theminvolve additionalissues.For example,
two differentcache®les with differenthomenodesmight have a
commondependency. So, any updateto this dependency needs
to be sentto both thesehomenodes. Similarly, the application
servermodulesneedto communicateall updateswith all otherap-
plicationserver modules.And theupdatecanbeforwardedto the
databasefor executiononlyafterall theapplicationservermodules
invalidateall thedependentcache®les.
Figure5 shows the interactionbetweenthe applicationservers

andthedatabasefor eachupdate.As shown, theapplicationserver
on gettinganupdate,broadcaststhesameto all theotherapplica-
tion server modules.Thesemodulesthenperformtheir local in-
validationsdependingontheschemechosen(InvalidateAll or De-
pendencyList search).After the invalidations,the modulessend
anacknowledgmentto theoriginal server, which forwardsthere-
questto thedatabaseandcontinueswith therestasnormal.
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In ourdesign,weuseVAPI-SEND/VAPI-RECEIVEfor theinitial
broadcasts.The acknowledgmentsareaccumulatedby the origi-
nalprocessusingVAPI-ATOMIC-FETCH-AND-ADD: poll : yield
cycle. For eachapplicationserver module,an acknowledgment
collectionvariableis de®nedandsetto zerofor eachupdate.All
the other applicationserver modulesperform a VAPI-ATOMIC-
FETCH-AND-ADDincrementingthevalueof thisvariablebyone.
Theoriginal server modulechecksthis ackcollectionvariableto
seeif all theremainingmoduleshaveperformedthis operation.If
thevalueof theackcollectionvariableis lessthanthenumberof
otherservers,thentheoriginal applicationserver moduleprocess
yields theCPUto otherprocessesin thesystemusingthesystem
call schedyield(). This kind of polling cycle makessurethat the
moduleprocessdoesnotwasteany CPUresourcesthatotherpro-
cesseson thatnodecouldhaveused.

3.3 Impact of Multiple Dependencieson Caching

We have seenthat thereis signi®cantcomplexity in managing
multipledependenciespercache®le onstrongcoherency caching.
In addition,having multiple dependenciesalsoaffect the overall
cache.Typically, cachingis expectedto yield maximumbene®ts
whenthenumberof updatesis low andthebene®tsof cachingare
linkedwith thenumberof updatesin all calculations.
However, the actualvaluethat affectscachingis the numberof

invalidationsthatoccurto thecachedentries.Themaindifference
betweenthe numberof invalidationsand the numberof updates
to an objectis the magni®cationfactorfor updates.This magni-
®cationfactorrepresentstheaveragenumberof dependenciesper
cachedentry. Hence,thecacheeffectivenessis dependenton the
productof systemupdaterateandaveragedependencymagni�ca-
tion factor.
In our designeachapplicationserver modulemaintainsits own

setof cache®le versionsandthecorrespondingdependency lists.
So, for eachupdate,the numberof messagesbetweenthe appli-
cationservers is not affectedby this magni®cationfactor. Each
applicationserver moduleis just noti®ed oncefor eachupdate,
andall the invalidationson thatnodearetakencareof locally by
the correspondingmodule. However, the overall cachehit ratio
remainsdirectlyaffectedby this factor.

4 Experimental Results
In this section,wedescribeourexperimentaltestbedanda setof

relevantmicro-benchmarkresultsfollowedby overall data-center
results.
Experimental Testbed: For all our experimentswe usedtwo

clusterswhosedescriptionsareasfollows:
Cluster 1: A clustersystemconsistingof 8 nodesbuilt around

SuperMicroSUPERP4DL6motherboardsandGCchipsetswhich
include 64-bit 133 MHz PCI-X interfaces. Eachnodehastwo
Intel Xeon 2.4 GHz processorswith a 512 kB L2 cacheand a
400MHz front sidebusand512MB of mainmemory. We used
theRedHat9.0Linux distribution.
Cluster 2: A clustersystemconsistingof 8 nodesbuilt around

SuperMicroSUPERX5DL8-GGmotherboardswith ServerWorks
GC LE chipsetswhich include64-bit 133MHz PCI-X interfaces.
Eachnodehastwo Intel Xeon3.0GHz processorswith a 512kB
L2 cacheanda533MHz front sidebusand512MB of mainmem-
ory. We usedtheRedHat9.0Linux distribution.
Thefollowing interconnectwasusedto connectall thenodesin

Clusters1 and2.
Inter connect: In®niBand network with Mellanox In®niHost

MT23108 DualPort 4x HCA adapter through an In®niScale
MT43132 twenty-four 4x Port completelynon-blockingIn®ni-
Band Switch. The Mellanox In®niHost HCA SDK version is
thca-x86-3.2-rc17. The adapter®rmware version is fw-23108-
rel-3 00 0002. The IPoIB driver for the In®niBandadapterswas
providedby Mellanox Incorporationasa part of the GoldenCD
release0.5.0.
Cluster1 wasusedfor all theclient programsandCluster2 was

usedfor the data-centerservers. In our experiments,we used
apacheservers2.0.48asproxy servers,apache2.0.48with PHP
4.3.7asapplicationserversandmysql 4.1 as the database.Our
systemwas con®guredwith �ve proxy servers, two application
serversandonedatabaseserver.

4.1 Micr o­benchmarks
We show the basicmicro-benchmarksthat characterizeour ex-

perimentaltestbed.We presentthe latency, bandwidthandCPU
utilizationsfor thecommunicationprimitivesusedin our design.
Figure6 shows the performanceachieved by VAPI RDMA read
andTCP/IPover In®niBand(IPoIB).
Thelatency achievedby theVAPI RDMA Readcommunication

model and IPoIB (round-trip latency) for variousmessagesizes
is shown in Figure6a. RDMA Read,usingthepolling basedap-
proach,achievesa latency of 11.89� s for 1 byte messagescom-
paredto the53.8� sachievedby IPoIB. Theeventbasedapproach,
however, achieves a latency of 23.97� s. Further, with increas-
ing messagesizes,thedifferencebetweenthelatency achievedby
VAPI and IPoIB tendsto increasesigni®cantly. The ®gure also
shows theCPUutilized by RDMA Read(noti®cationbased)and
IPoIB. Thereceiver sideCPUutilization for RDMA asobserved
is negligible andcloseto zero,i.e., with RDMA, the initiator can
reador write datafrom theremotenodewithout requiringany in-
teractionwith theremotehostCPU.In ourexperiments,webene®t
morefrom theonesidednatureof RDMA andnot just dueto the
raw performanceimprovementof RDMA over IPoIB.
Figure 6b shows the uni-directional bandwidth achieved by

RDMA ReadandIPoIB. RDMA Readis ableto achieve a peak
bandwidthof 839.1MBps ascomparedto a 231 MBps achieved



Figure 6. Micro­Benc hmarks for RDMA Read and IPoIB: (a) Latenc y and (b) Band width

by IPoIB. Again, theCPUutilization for RDMA is negligible on
thereceiverside.
In Figure7, we presentperformanceresultsshowing the impact

of the loadedconditionsin the data-centerenvironmenton the
performanceof RDMA ReadandIPoIB on Cluster2. We emu-
late the loadedconditionsin thedata-centerenvironmentby per-
forming backgroundcomputationandcommunicationoperations
on theserver while the read/writetestis performedby theproxy
server to the loadedserver. This environmentemulatesa typi-
calcluster-basedmultipledata-centerenvironmentwheremultiple
server nodescommunicateperiodicallyandexchangemessages,
while the proxy, which is not asheavily loaded,attemptsto get
the versioninformation from the heavily loadedmachines.Fig-
ure7 shows that theperformanceof IPoIB degradessigni®cantly
with theincreasein thebackgroundload.On theotherhand,one-
sidedcommunicationoperationssuchasRDMA show absolutely
no degradationin the performance.Theseresultsshow the ca-
pability of one-sidedcommunicationprimitivesin thedata-center
environment.

4.2 Coherent ActiveCaching
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In this section, we present the basic performancebene®ts
achieved by the strong coherency dynamic contentcachingas
comparedto atraditionaldata-centerwhichdoesnothaveany such
support.To measureandmake thesecomparisons,weusethefol-
lowing traces:(i) Trace1: Tracewith 100%reads,(ii) Trace2 -
Trace5: Traceswith updateratesincreasingin theorderof mil-
lisecondsto seconds.(iii) Trace 6: Zipf like trace[8, 23] with
mediumupdaterate.
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4.2.1 Overall Performanceand Analysis
In this section,we presentresultsfor overall data-centerperfor-
mancewith dynamiccontentcaching. We alsoanalyzethesere-
sultsbasedon theactualnumberof cachemissesandcachehits.
All resultspresentedin this sectionaretaken in steadystate(i.e.
eliminating the effects of cold cachemisses,if any). We non-
cacheddata-centerthroughputof about1700TPSfor Trace1 and
15000TPSfor a fully cacheddata-center. Thesevaluesroughly
representthe minimum andmaximumthroughputachievablefor
oursetup.
Figure8acomparesthethroughputachievedby dynamiccontent

cachingschemesandthebasecasewith no caching.We observe
thatthecachingschemesalwaysperformbetterthantheno cache
schemes.Thebestcaseobservedis about8.8timesbetterthanthe
nocachecase.
Figure8a alsoshows the two schemes(InvalidateAll andDe-

pendencyLists) for thetraces2 - 5. WeobservethatInvalidateAll
schemedropsin performanceasthe updaterate increases.This
is due to the false invalidationsthat occur in the Invalidate All
scheme. On the other hand,we observe that DependencyLists
schemeis capableof sustainingperformanceeven for higherup-
daterates.The lattersustainsa performanceof about14000TPS
for our setup. Figure8b shows the responsetime resultsfor the
above threecases.We observe similar trendsin theseresultsas
above. No Cache casehasa responsetime of about4 millisec-
ondswhereasthebestresponsetime for dynamiccontentcaching
schemesis about1.2milliseconds.
Figure9 shows the cachemissesthat occurin eachof the runs

in thethroughputtest.TheNoCacheschemeobviouslyhas100%
cachemissesandrepresentsthe worst casescenario.We clearly
observe that the cachemissesfor InvalidateAll schemeincrease
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drasticallywith increasingupdaterate,leadingto thedropin per-
formance.Data-centerscenariosin whichapplicationserverscan-
not extractdependenciesfrom therequestscantake advantageof
our dynamiccontentcachingarchitecturefor lower updaterates.
Forhigherupdaterates,InvalidateAll performsslightly betterthan
or almostequalto theperformanceof No Cachecase.Thediffer-
encein the numberof cachemissesbetweenInvalidateAll and
DependencyListsis thenumberof falseinvalidationsoccurringin
thesystemfor theInvalidateAll scheme.
Selective Caching: As mentionedearlier, in realscenariosonly

a few popular®lesarecached.In Figure10,wepresenttheresults
of anexperimentshowing theoveralldata-centerperformancefor
varyingcachesizes.We usedTrace6 for this experiment.We ob-
serve thatevenfor very smallcachesizestheperformanceis sig-
ni®cantlyhigherthantheNoCachecase.Thethroughputachieved
by caching10% of the®les is closeto themaximumachievable.
Hence,data-centerswith any amountof resourcescanbene®tfrom
ourschemes.
Effect of Varying Dependencieson Overall Performance:

Figure 11 shows the effect of increasingthe numberof depen-
dencieson theoverall performance.Thethroughputdropssignif-
icantly with the increasein the averagenumberof dependencies
per cache®le. This is becausethe numberof coherentcachein-
validationsper updaterequestincreasewith the averagenumber
of dependenciestendingtoward InvalidateAll in the worst case.
We seethatastheratio of objectupdatesto ®le invalidationsrep-
resentingthe dependency factor increasesto 64 in Figure11 the
throughputachieveddropsby abouta factorof 3.5.

4.2.2 Effect on Load

In this section,we studythe effect of increasedback-endserver
load on the data-centeraggregateperformance. In this experi-

ment,we emulatearti®cial load asdescribedin section4.1. We
useTrace5 (tracewith higherupdaterate)to show theresultsfor
theDependencyListsscheme.Figure12showstheresults.
We observe that our designcansustainhigh performanceeven

underheavy back-endload. Further, the factorof bene®tfor the
DependencyListsschemeto theNoCacheschemeincreasesfrom
about8.5 timesto 21.9 timeswith load. This clearly shows that
our approachis muchmoreresilientto back-endloadthantheNo
Cache scheme. In addition, sinceloadedback-endservers can
supporttheproxycachingwith negligible overhead,our approach
canscaleto biggerdata-centerswith signi®cantlyhighernumber
of cachingservers. The resultsin [17] show that thesebene®ts
arelargelydueto theone-sidedcommunicationin thebasicclient
polling protocols.
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5 RelatedWork
Severalresearchershave focusedon theaspectof dynamiccon-

tent caching. Popularapproacheslike TTL [12], Adaptive TTL
[10], MONARCH [16], etc. dealwith lazy consistency andco-
herency caches. Thesecannothandlestrong cachecoherency.
Approacheslike [6, 7] dealwith strongcacheconsistency. Other
approacheslike get-if-modi�ed-sincespeci®edin [12] canhandle
coherentchangesto theoriginalsource®le, but arenotdesignedto
handlehighly dynamicdata.Theseessentiallywill causethe®le
to bere-createdfor eachrequestnegatingthebene®tsof caching.
Solutionsproposedin [18] handlethestrongcachecoherency but
usetwo-sidedcommunicationandarelessresilientto load.
Shah,Kim, Balaji, et. al., havedonesigni®cantresearchin User

LevelHigh PerformanceSocketsimplementations[20, 14, 4, 5,3].
In oneof ourpreviousworks[3], wehadevaluatedthecapabilities
of sucha pseudo-socketslayerover In®niBandin thedata-center
environment.However, aswe hadobservedin [17], thetwo-sided
natureof SocketsAPI becomesan inherentbottleneckdueto the
highloadconditionscommonin data-centerenvironments.Dueto
this, we focusedon theone-sidednatureof In®niBandto develop
ourexternalmodules.Further, theexistingdata-centerframework
(Apache,PHP, etc.,)is still basedon thesocketsAPI andcanben-
e®t from suchhigh-performancesocketsimplementations.Thus,
theseapproachescanbeusedin acomplimentarymannerwith our
recon®gurabilitytechniqueto makebetterutilizationof systemre-
sourcesand provide high performancein a data-centerenviron-
ment.

6 Conclusions
Cachinghascometo be an importanttool in the scalabilityof

multi-tier data-centers.However, for contentusedin onlinebank-
ing, Internet auctions,e-commerce,etc. issueslike cacheco-
herency andconsistency requirementsand the dynamicsof data
involvedcanpreempta majority of cachingschemes.Cachingof
dynamiccontentwith strongcachecoherency andconsistency has
beenstudiedby few researchersandis a subjectof high interest.
Web responsesthat involve multiple dynamicdependenciesadd
additionalconstraintsto thedesigningof stronglycoherentcaches.
In this paper, we have presenteda loadresilientarchitecturethat

supportscachingof dynamicrequestswith multiple dynamicde-
pendenciesin multi-tier data-centers.Ourarchitectureis designed
to supportexisting data-centerapplicationswith minimal modi-
®cations. We have usedone sidedoperationslike RDMA and
RemoteAtomics in our designto enableload resilient caching.
WehaveperformedourexperimentsusingnativeIn®niBandVerbs

Layer (VAPI) for all protocolcommunications.Further, we have
presentedtwo schemesInvalidate All and DependencyLists to
suitetheneedsandcapabilitiesof differentdata-centers.Our ex-
perimentalresultsshow thatin all casestheusageof our schemes
yield betterperformanceascomparedto No Cache case. Under
loadedconditions,our architecturecansustainhigh performance
betterthantheNoCachecase,andin somecasesbeingmorethan
an orderof magnitudebetter. The resultsalsodemonstratethat
our designcan scalewell with increasingnumberof nodesand
increasingsystemload.
While ourschemeis well suitedfor smallto mediumclusters,for

large scaleclusters,we proposeto utilize In®niBand's one-sided
operationsandhardwarebasedmulticastoperationsto designad-
vancedcachingcapabilitieswith betterperformance.
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