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Abstract

Current data-centersrely on TCP/IP over Fast- and Gigabit-Ethernet
for datacommunicationeven within the clusterenvironment for cost-
effective designs,thuslimiting their maximumcapacity. Togetherwith
raw performance,suchdata-centersalsolack in ef�cient supportfor in-
telligentservices,suchasrequirementsfor cachingdocuments,managing
limited physicalresources,load-balancing,controlling overloadscenar-
ios,andprioritizationandQoSmechanisms,thatarebecomingacommon
requirementtoday. On theotherhand,theSystemAreaNetwork (SAN)
technologyis making rapid advancesduring the recentyears. Besides
high performance,thesemoderninterconnectsareproviding a rangeof
novel featuresandtheir supportin hardware(e.g.,RDMA, atomicoper-
ations,QoSsupport). In this paper, we addressthecapabilitiesof these
currentgenerationSAN technologiesin addressingthelimitationsof ex-
isting data-centers.Speci�cally, we presenta novel framework compris-
ing of threelayers(communicationprotocolsupport,data-centerservice
primitivesandadvanceddata-centerservices)thatwork togetherto tackle
theissuesassociatedwith existing data-centers.We alsopresentprelim-
inary resultsin thevariousaspectsof theframework, which demonstrate
closeto an orderof magnitudeperformancebene�ts achievable by our
framework ascomparedto existingdata-centersin severalcases.

1 Intr oduction
Therehasbeenan incrediblegrowth of highly data-intensive ap-
plicationssuchasnuclearresearch,medicalinformatics,genomics
andsatelliteweatherimageanalysisin the recentyears.Sources
suchas nuclearphysicsresearchinstruments,simulations,bio-
medicalstudies,network dataanalysis,online transactionsand
otherinstrumentsroutinelygeneratemulti-terabytesof data.With
technologytrends,the ability to storeand sharethesedatasets
is also increasing,allowing scientistsand institutions to create
suchlargedatasetrepositoriesandmakingthemavailablefor use
by others,typically througha web-basedinterfaceforming web-
baseddata-centers.Suchdata-centersarenot only becomingex-
tremelycommontoday, but arealso increasingexponentiallyin
size,currentlyrangingto severalthousandsof nodes.

Figure1 shows the commoncomponentsinvolved in design-
ing sucha web-baseddata-center. Requestsfrom clients (over
Wide Area Network (WAN)) �rst passthrougha load balancer
which attemptsto spreadthe requestsacrossmultiple front-end
proxies(Tier 0). Theseproxiesperformbasictriageon eachre-
questto determineif it can be satis�ed by a static contentweb
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serveror if it requiresmorecomplex dynamiccontentgeneration.
Theproxiesalsousuallydosomeamountof cachingof bothstatic
anddynamiccontent.Tier 1 is generallythe mostcomplex asit
is responsiblefor all application-speci�cprocessingsuchasper-
forminganonlinepurchaseor building aqueryto �lter somedata.
At thebackendof theprocessingstack(Tier 2) is thedatareposi-
tory/ databaseserverwith theassociatedstorage.This is theprime
repositoryof all thecontentthatis deliveredor manipulated.

Figure1: Web-baseddata-centers

With increasinginterestin web-baseddata-centers,more and
more datasetsare being hostedonline. Several clients request
for either the raw or some kind of processeddata simultane-
ously. However, currentdata-centersarebecomingincreasingly
incapableof meetingsuchsky-rocketingprocessingdemandswith
high-performanceandin a �e xible andscalablemanner.

Currentdata-centersrely on TCP/IP for datacommunication
evenwithin thecluster-baseddata-center. Thesedata-centerspri-
marily useFastor GigabitEthernetnetworksfor cost-effectivede-
signs. The host-basedTCP/IPprotocolson thesenetworks have
high latency, low bandwidth,and high CPU utilization limiting
themaximumcapacity(in termsof requeststhey canhandleper
unit time) of data-centers.Togetherwith raw performance,cur-
rent data-centersalsolack in ef�cient supportfor intelligent ser-
vicesthatarebecominga quitecommonrequirementtoday. For
example,requirementsfor cachingdocuments,managinglimited
physicalresources,load-balancing,controlling overloadscenar-
ios,andprioritizationandQoSmechanismstodayaremorestrin-
gentthanever before.Not only arecurrentdata-centersexpected
to handlethesewith high-performance,but alsoin ascalableman-
nerto beutilizedwith minimal degradationonclustersrangingto
thousandsof nodes.However, currentlythereis no mechanismto
achievethis. In summary, with exponentiallyincreasingdemands,
thegapbetweenwhat currentdata-centerscanprovide andwhat
end-usersdemandis increasinglycontinuously;the primary rea-
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sonsbeing:(i) low performancedueto highcommunicationover-
headsand(ii) lack of ef�cient supportfor advancedfeaturesthat
arerequiredtoday.

On the otherhand,the SystemArea Network (SAN) technol-
ogy is makingrapid advancesduring the recentyears. SAN in-
terconnectssuchasIn�niBand (IBA) [3] and10-GigabitEthernet
(10GigE)[18, 16, 7, 15] have beenintroducedandarecurrently
gaining momentumfor designinghigh-endcomputingsystems
anddata-centers.Besideshigh performance,thesemoderninter-
connectsareproviding a rangeof novel featuresandtheir support
in hardware,e.g.,RemoteDirect Memory Access(RDMA), Re-
moteAtomic Operations,Of�oaded Protocolsupport,Quality of
Servicesupportandseveralothers.

In this paper, we addressthecapabilitiesof thesecurrentgen-
erationSAN technologiesin dealingwith the limitations of ex-
isting data-centers.Speci�cally, we presenta novel framework
comprisingof threelayers,namely, communicationprotocolsup-
port, data-centerserviceprimitivesandadvanceddata-centerser-
vices. For the advanceddata-centerservices,we further present
two speci�c services,namely, dynamiccontentcachingandactive
resourceadaptationandrecon�guration.We alsopresentprelimi-
naryresultsin thevariousaspectsof theframework, showing the
promisedemonstratedby the proposedframework. Our results
show closeto anorderof magnitudeperformancebene�tsachiev-
able by our framework as comparedto existing data-centersin
severalcases.

2 ProposedFramework
To satisfy the needsof the next generationdata-centerapplica-
tions,we proposea three-stageresearchframework for designing
data-centersasshown in Figure2. This framework is aimedto
take advantageof thenovel featuresprovidedby advancesin net-
working technologies.
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Figure2: ProposedFramework

Theframework is brokendown into threelayers,namely, com-
municationprotocol support,data-centerserviceprimitives and
advanceddata-centerservicesasillustratedin the�gure. Broadly,
in the �gure, all thecoloredboxesarethecomponentswhich ex-
ist today. The white boxes are the oneswhich needto be de-
signedto ef�ciently supportnext-generationdata-centerapplica-
tions. Amongstthese,for this paper, we concentrateon theboxes

with thedashedlinesby providing eithercompleteor partialsolu-
tions.Theboxeswith thesolidlinesareaspectswhicharedeferred
for futurework.

Existing data-center components such as Apache, PHP,
MySQL,etc.,aretypically writtenusingthesocketsinterfaceover
theTCP/IPcommunicationprotocol. Theadvancedcommunica-
tion protocolslayeraimsat transparently improving thecommu-
nicationperformanceof suchapplicationsby takingadvantageof
themechanismsandfeaturesprovidedby modernnetworkssuch
asIBA and10GigE.Thegoalsof theseadvancedprotocolsareto
maintainthe socketssemanticsso that existing data-centercom-
ponentsdo not needto bemodi�ed. More detailsaboutthis layer
arepresentedin Section3.

The data-centerserviceprimitives and advanceddata-center
serviceslayersaim at supportingintelligent servicesfor current
data-centers.Speci�cally, the data-centerprimitivestake advan-
tage of the advancedcommunicationprotocolsas well as the
mechanismsandfeaturesof modernnetworks to provide higher-
level utilities that can be utilized by applicationsas well as the
advanceddata-centerservices. For the most ef�cient designof
theupper-leveldata-centerservices,severalprimitivessuchassoft
sharedstate,enhancedpoint-to-pointcommunication,distributed
lock manager, andglobal memoryaggregatorarenecessary. In
this paper, however, we limit our study to only the soft shared
stateprimitiveasdescribedin Section4.

The advanceddata-centerservicesareintelligent servicesthat
arecritical for theef�cient functioningof data-centers.For exam-
ple,requirementsfor cachingdocuments,managinglimited phys-
ical resourcesandprioritizationandQoSmechanismsarehandled
by these.In Sections5 and6, wediscusstwo of theseservices:(i)
dynamiccontentcachingand(ii) active resourceadaptationand
recon�guration.Speci�cally, thedynamiccontentcachingservice
dealswith ef�cient andload-resilientcachingtechniquesfor dy-
namicallygeneratedcontent,while theactive resourceadaptation
(usedinterchangeablywith resourcerecon�guration)servicedeals
with on-the-�y andscalablemanagementandadaptationfor vari-
oussystemresources.

3 Communication ProtocolSupport
Several traditional applicationsusedin the data-centerenviron-
mentsuchasApache,PHP, MySQL, etc., have beendeveloped
over a spanof several yearsusingthe socketsinterfaceover the
TCP/IPprotocolsuite. However, dueto thehigh hostprocessing
overheadandcopiesassociatedwith TCP/IP, thisapproachcannot
beexpectedto give thebestperformance.Due to the inability of
traditionalsocketsover TCP/IPin copingwith theexponentially
increasingnetwork speeds,IBA andothernetwork technologies
recentlyproposeda new standardknown as the Sockets Direct
Protocol(SDP) [1]. SDP is a pseudosockets-like implementa-
tion designedto meettwo primarygoals:(i) to directly andtrans-
parentlyallow existing socketsapplicationsto bedeployedon to
clustersconnectedwith modernnetworkssuchasIBA and(ii) al-
low suchdeploymentwhile retainingmostof theraw performance
providedby thenetworks.

In our previous work [6], we revealedthe bene�ts of SDP
on sockets-basedapplicationsin a data-centerenvironment. We
showed that SDP can not only provide a bettercommunication
performance,but alsosigni�cantly reducetheamountof hostCPU
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Figure3: AZ-SDPPerformance:(a) Latency and(b) UnidirectionalThroughput

cyclesusedfor protocolprocessing.However, the basicimple-
mentationof SDPitself hasseveraldisadvantages.For example,
overheadssuchasmemorycopiesthatareassociatedwith theSDP
implementationcanresult in severelimitations in its capabilities
for achieving high performance.Thus,a zero-copyimplementa-
tion of SDPwhich tacklestheseoverheadsallowing varioussock-
etsapplications,including thosein the data-centerenvironment,
to take advantageof thebene�tsof high-speednetworksis highly
desirable.

The SDP standardsupportstwo kinds of sockets semantics,
viz., SynchronoussocketsandAsynchronoussockets.In thesyn-
chronoussocketsinterface,theapplicationhasto block for every
datatransferoperationwhereas,in theasynchronoussocketsinter-
face,theapplicationcaninitiate adatatransferandcheckwhether
the transferis completeat a later time providing a betteroverlap
of thecommunicationwith theothercomputationgoingon in the
application.Dueto theinherentbene�tsof asynchronoussockets,
theSDPstandardalsoallows several intelligentapproachessuch
as source-avail and sink-avail basedzero-copy for thesesock-
ets. However, most of theseapproachesthat work well for the
asynchronoussocketsinterfacearenot asbene�cial for the syn-
chronoussocketsinterface[4]. Further, dueto its portability, ease
of useandsupporton a wider setof platforms,the synchronous
socketsinterfaceis theoneusedby mostsocketsapplicationsto-
day. Thus, a mechanismin which the approachesproposedfor
asynchronoussocketscanbeusedfor synchronoussocketswould
beverybene�cial for suchapplications.

In this paper, we proposeone such mechanism,termed as
AZ-SDP(AsynchronousZero-Copy SDP) which allows the ap-
proachesproposedfor asynchronoussocketsto be usedfor syn-
chronoussocketswhile maintainingthe synchronoussocketsse-
mantics.In orderto transparentlyprovide asynchronouscapabil-
ities for synchronoussockets, two goalsneedto be met: (i) the
interfaceshouldnot change;theapplicationcanstill usethesame
interfaceasearlier, i.e., thesynchronoussocketsinterfaceand(ii)
the applicationcan assumethe synchronoussockets semantics,
i.e., oncethecontrol returnsfrom thecommunicationcall, it can
reador write from/to thecommunicationbuffer. In our approach,
the key ideain meetingthesedesigngoalsis to memory-protect
the userbuffer (thusdisallow the applicationfrom accessingit)
andto carryout communicationasynchronouslyfrom this buffer,
while tricking theapplicationinto believing thatwe arecarrying
out datacommunicationin a synchronousmanner. More details

aboutthedesignof theAZ-SDPschemecanbefoundin [4].
We evaluatetheAZ-SDPimplementationandcompareit with

theothertwo implementationsof SDP, i.e.,BufferedSDP(BSDP)
andZero-copy SDP(ZSDP).BSDPandZSDParethecopy-based
SDP and synchronouszero-copy SDP implementations,respec-
tively. We presentping-ponglatency anduni-directionalthrough-
putmicro-benchmarksresults.

Figure 3(a) shows the point-to-point latency achieved by the
threestacks. As shown in the �gure, both zero-copy schemes
(ZSDP and AZ-SDP) achieve a superiorping-ponglatency as
comparedto BSDP. However, there is no signi�cant difference
in theperformanceof ZSDPandAZ-SDP. This is dueto theway
theping-ponglatency testis designed.In this test,only onemes-
sageis sentat a time andthe nodehasto wait for a reply from
its peerbeforeit cansendthenext message,i.e., the testitself is
completelysynchronousandcannotutilize thecapabilityof AZ-
SDPwith respectto allowing multipleoutstandingrequestsonthe
network atany giventime,resultingin noperformancedifference
betweenthetwo schemes.

Figure3(b) shows the uni-directionalthroughputachieved by
thethreestacks.As shown in the�gure, for smallmessagesBSDP
performsthebest.Thereasonfor this is two fold: (i) Both ZSDP
andAZ-SDPrely oncontrolmessageexchangefor everymessage
to betransferred.Thiscausesanadditionaloverheadfor eachdata
transferwhichis signi�cant for smallmessagesand(ii) OurBSDP
implementationusesanoptimizationtechniqueknown asreverse
packetizationto improve the throughputfor smallmessages.For
medium and large messages,on the other hand, AZ-SDP and
ZSDPoutperformBSDP becauseof the zero-copy communica-
tion. Also, for mediummessages,AZ-SDP performsthe best
with about35% improvementcomparedto ZSDP. More micro-
benchmarkresultssuchascommunicationandcomputationover-
lap andimpactof pagefaultson theperformanceof AZ-SDPcan
befoundin [4].

4 Data-CenterService Primiti ves
As mentionedin the proposedframework (Figure 2), multi-tier
data-centersneedef�cient supportfor many higher level data-
centerprimitives. Thesedata-centerserviceprimitivesareused
to build moreadvancedservicessuchasdynamiccontentcaching,
active resourceadaptationandrecon�guration,etc. Currentdata-
centerscan bene�t from several higher level systemprimitives
such as soft sharedstate,distributed lock managerand global
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memoryaggregator.
Thesoftsharedstateprimitivedealswith ef�cient sharingof in-

formationacrosstheclusterby creatinga logical sharedmemory
regionusingIBA'sRDMA operations.Theglobalmemoryaggre-
gator integratessystemwide memoryandprovidesapplications
with free memory from other nodesto utilize. The distributed
lock managerprovidesfor ef�cient locking capabilitiesallowing
for accessarbitrationandmanagingsharingof dataandresources
acrossthe data-center. While all theseaspectsare importantfor
theef�cient functionalityof theadvanceddata-centerservices,in
this paper, we limit our scopeto thediscussionaboutjust thesoft
sharedstateprimitive.
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Figure4: A SoftSharedStateScenario

The soft sharedstateprimitive relies on two basic ideas: (i)
Avoidingto maintainstrictconsistency to minimizeoverhead(ap-
plicationsneedto explicitly maintainthis) and(ii) Asynchronous
readsandwritesto thesharedstatewithout involving otherCPUs.
Figure 4 shows a samplesoft sharedstatescenariowith proxy
serverswriting certaininformationinto the soft sharedstateand
applicationservers readingthis information from the soft state
shared.All theoperationsshown areasynchronousoperations.

Typically in a multi-tier data-center, the performanceof the
servers in the proxy tier and applicationsserver tier is depen-
dent largely on the processorload. In our earlierwork [24] we
hadshown thatonesidedoperationslike RemoteDirect Memory
Access(RDMA), performbetterthantwo sidedoperationsunder
high loadconditions.Hence,protocolsbasedonRDMA canhelp
in achieving ourgoalsof a loadresilientsoft sharedstate.

Leveragingthe bene�ts of onesidedRDMA operationsof In-
�niBand, we have designedef�cient mechanismsto shareinfor-
mation [34]. In particular, our RDMA basedNoticeBoard like
mechanismfor sharingof informationhasbeenvery effective in
providing anef�cient loadresilientsoft sharedstateprimitive. In
this approach,we marka regionof memoryastheprimarymeans
of sharingof informationbetweenthe differentdata-centerpro-
cesses.Therearetwo primaryoperationsusedonthismemoryre-
gion: (a)put operationto updatestateinformationand(b) get op-
erationto accessstateinformation. TheseoperationsuseRDMA
whenaccessingremotememoryanddirectmemoryaccesseswhen
accessinglocalmemory.

In our experiments,we have observed that the bene�ts of
RDMA in simplegetor putoperationsis betterthanthetwo sided
sockets (over IPoIB) basedoperations.Figure 5 shows RDMA
readandcorrespondingsocketsbasedgetoperationwith increas-
ing load on the remoteserver. We clearly observe that both the
latency andthe throughputof thesocketsbasedgetoperationsis

signi�cantly affectedby remoteside load whereas RDMA can
sustainits performance.

In our work elaboratedin thefollowing sections,we utilize the
softsharedstateprimitiveto enablesmoothandef�cient coopera-
tion of differentnodesin thedata-center.

5 Dynamic Content Caching
Trendsin currentgenerationdata-centersshow that computation
andcommunicationoverheadsimpacttheperformanceandscala-
bility of data-centerssigni�cantly. Cachingdynamiccontent,typ-
ically known asActiveCaching [11] at varioustiers of a multi-
tier data-centeris awell known methodto reducethecomputation
andcommunicationoverheadswithin the data-center. However,
it hasits own challenges;primarily due to issuessuchascache
consistency andcachecoherence.In the state-of-artdata-center
environment,theseissuesarehandledbasedon the type of data
beingcached.For dynamicdata,for which relaxedconsistency or
coherency is permissible,researchershaveproposedseveralmeth-
odslikeTTL [17], AdaptiveTTL [13], andInvalidation[21] in the
literature. However, for datalike stockquotesor airline reserva-
tion, whereold quotesor old airline availability valuesare not
acceptable,strongcacheconsistency andcoherency is essential.

Providing strongconsistency andcoherency is a necessityfor
ActiveCaching in many web applications,suchason-line bank-
ing and transactionprocessing.In the currentdata-centerenvi-
ronment,two popularapproachesareused.The �rst approachis
pre-expiringall entities(forcingdatato bere-fetchedfrom theori-
gin serveronevery request).This schemeis similar to ano-cache
scheme.Thesecondapproach,known asClient-Polling [24], re-
quiresthe front-endnodesto inquire from theback-endserver if
its cacheentry is valid on every cachehit. Both approachesare
verycostly, increasingtheclient responsetimeandtheprocessing
overheadat theback-endservers.Thecostsaremainlyassociated
with thehigh CPU overheadin the traditionalnetwork protocols
dueto memorycopy, context switches,andinterrupts[29, 14, 6].
Further, the involvementof both sidesfor communication(two-
sidedcommunication)resultsin performanceof theseapproaches
heavily relying on the CPU load on both communicationsides.
For example,a busyback-endserver canslow down thecommu-
nicationrequiredto maintainstrongcachecoherencesigni�cantly.

Recenttrendshave seenrapid growth of contentcomposedof
multiple dynamicobjects.Documentsof this naturearetypically
generatedby processingone or more dataobjectsstoredin the
back-enddatabase,i.e., thesedocumentsaredependentonseveral
persistentdataobjects.Thesepersistentdataobjectscanalsobea
partof multipledynamicdocuments.Soin effectthesedocuments
anddataobjectshave several many-to-many mappingsbetween
them. Thus,any changeto oneindividual objectcanpotentially
affect thevalidity of multiplecachedrequests.

Simplearchitecturesaresuf�cient to provide strongcacheco-
herency which only dealswith a �le level granularity for co-
herency, i.e., eachupdateaffectsanobjectwhich canbea partof
oneor morecachedrequests.However, mostdata-centersallow
andsupportmorecomplex web documentscomprisingof multi-
ple dynamicobjects.Theseadditionalissuesnecessitatemorein-
tricateprotocolsto enabledynamiccontentcachingandmake the
designof stronglycoherentcachesextremelychallenging. Fur-
ther, sincean updatedobject canpotentiallybe a part of multi-
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pledocumentsacrossseveralservers,superiorservercoordination
protocolstakea centralrole in thesedesigns.

In ourwork [23], wepresenta completearchitectureto support
strongcachecoherency for dynamiccontentcaches.Our archi-
tecture,which is basedprimarily on thesoftsharedstateprimitive
usingonesidedRDMA operations,is designedto handlecaching
of responsescomposedof multiple dynamicdependencies.We
proposea completearchitectureto handletwo issues:(i) caching
documentswith multiple dependenciesand(ii) beingresilientto
load on servers. In our work, we have exploredmechanismsfor
maintainingnecessaryinformation on the applicationservers to
achievetheaboveobjectives.

We have designedtwo schemesto handledifferentdata-center
scenarios:(i) InvalidateAll and(ii) DependencyLists. Both the
schemesusethe protocolsshown in Figure6 for validatingand
updatingof cache/cachinginformation,as the basicmechanism
for providing the cachingsupport. Figure6(a) shows the proto-
col the proxy cachesuseto verify the validity of a cacheentity.
Figure6(b)elaboratestheprotocolusedby theapplicationservers
to disseminateinvalidation informationamongthemselvesupon
receiving updatesto thecachedobjects.

Figure7(a)showstheperformanceof adata-centerwith ourde-
signsfor dynamiccontenttraceswith increasingupdaterates.Our
experimentalresultsshow more than20 times improvementfor
the overall data-centerthroughputusingour cachingtechniques
(in particularDependencyLists). Figure7(b) shows that our de-
signscansustainhighperformancefor overalldata-centerrequests
while maintainingstrongcoherency with multiple objectdepen-
denciesevenunderheavy load. In addition,we alsostudytheef-
fectsof varyingdependenciesonthesecachedresponses.Detailed
designdescriptionsandadditionalperformancenumberscanbe
foundin [23].

6 ActiveResourceAdaptation
A multi-tier data-centeris truly a collection of a vast number
of systemresourcesfrom differentnodesconnectedover a high-
speednetwork suchasIBA or 10GigE.However, asdescribedin
Section1, eachdata-centeris logically brokendown into several
tiers or sub-clusterswhich handledifferentaspectsof the data-
centerfunctionality. Further, several ISPsandotherweb service
providershostmultiple unrelatedweb-siteson their data-centers.
The increasein suchservicesand partitions resultsin a grow-

ing fragmentationof theresourcesavailableandultimatelyin the
degradationof theperformanceprovidedby thedata-center.

While the largenumberof resourcespresentin thedata-center
provide a greatpotentialwith respectto theperformanceachiev-
able, harnessingtheir truly aggregatebene�ts requiresthem to
function togetherwithout beingfragmentedby the variousdata-
center imposedpartitions. However, doing this in an unorga-
nized and uncoordinatedmannermight result in further degra-
dation in the performance. Thus, it is desirablethat we have
a techniqueto actively coordinatethe various resourcesof the
data-centerso as to make the partitionsfuzzy, i.e., while the re-
sourcesare broken down into different partitions, they are not
completelyboundto their partitionbut insteadarecapableof mi-
grating to otherpartitionson demand.Several researchershave
focusedon thedesignof adaptive systemsthatcanmanageclus-
ters and/or react to changingworkloadsin the context of web
servers[22, 19, 28, 10, 26, 12, 20, 30]. In orderto achieve high
performance,though,suchcoordinationneedsto bedonewith low
overheadandhigh performance.Further, with the exponentially
increasingsizesof data-centers(rangingto several thousandsof
nodestoday), the solution provided needsto be highly scalable
with theincreasingdata-centersizes.

In this section,we describeour approachfor actively coordi-
natingtheusageof thevariousCPUresourcesin a data-centerto
achieve two broadgoals:(i) to betterutilize thelimited resources
in thedata-centerenvironmentto improvetheperformanceandca-
pacityof currentdata-centers(in termsof numberof requeststhey
canhandleper unit time) and(ii) to avoid unnecessarywastage
of resourcesin orderto provide resourceguaranteesto endusers.
In our previous work [8] we have shown the strongpotentialof
usingtheadvancedfeaturesof high-speednetworks in designing
suchtechniques.In this work, we extendthe knowledgegained
from our previousstudyin designingandimplementingschemes
to improvetheutilizationof resourcesandprovideabetterperfor-
manceandat thesametimeallow for resourceguaranteesfor end
users.

Over-provisioning of Resources: Over-provisioning of re-
sourcesin the data-centerfor eachserviceprovided is a widely
usedapproach.In thisapproach,resourcesareallotedto eachser-
vice dependingon the worst caseestimatesof the load expected
andthe resourcesavailablein the data-center. For example,if a
data-centerhoststwo web-sites,eachweb-siteis providedwith a

5



Client
Request

Cache
Hit

Client
Response

RDMA Read

Version Check

Response

Actual Request

Application Server
ModuleProxy Module

Application
Server

Application
Server

Application
Server

Database
   Server

HTTP
Request

DB Query (TCP)

Notification

Update

HTTP
Response

DB Response

Ack (Atomic)

(Vapi Send)

          Search  and
Coherant 
invalidate

Local  

Figure6: Designfor (a)RDMA basedStrongCacheCoherenceValidationand(b) CoherentInvalidations

0
2000
4000
6000
8000

10000
12000
14000
16000

Trace 2 Trace 3 Trace 4 Trace 5

Traces with Increasing Update Rate

T
P

S

No Cache Invalidate All Dependency Lists

Effect of Load

0

2000

4000

6000

8000

10000

12000

14000

16000

0 1 2 4 8 16 32 64
# Compute Threads

T
P

S

No Cache Dependency List

Figure7: Performanceof Data-Centerwith (a) IncreasingUpdateRateand(b) IncreasingLoad

�x edsubsetof the resourcesin thedata-centerbasedon the traf-
�c expectedfor thatweb-site.It is easyto seethat this approach
would suffer from severeunderutilization of resourcesespecially
whenthetraf�c is burstyanddirectedto asingleweb-site.

Active resourceadaptationand recon�gurationalleviatesthis
problemof wastageof resourcesby dynamicallymappingappli-
cationsto resourcesavailableinsidethedata-center. It enablesthe
data-centerresourcesto ef�ciently adapttheir functionalitybased
onsystemloadandtraf�c pattern.In ourwork [5], wefocusonthe
designof coarse-grainedconstraint-basedactive resourceadapta-
tion and recon�gurationtechniquesusing the advancedfeatures
offeredby high-performancenetworks. Tasksrelatedto system
load monitoring, maintainingglobal stateinformation, etc., are
handledusingthe data-centerprimitiveslike soft sharedstateas
mentionedin Section4.

Figure8 shows the RDMA basedprotocolusedby active re-
con�guration. As shown in the �gure, theentireclustermanage-
mentandactiverecon�gurationis performedby thelightly loaded
load-balancernodeswithoutdisturbingtheservernodesusingthe
RDMA and remoteatomic operationsprovided by In�niBand.
Someof the other major designchallengesand issuesinvolved
in dynamicadaptabilityand recon�gurability of the systemare:
(i) providing a system-widesharedstate,(ii) concurrency control
to avoid live-locksandstarvation, (iii) avoiding server thrashing
throughhistoryawarerecon�gurationand(iv) tuningtherecon�g-
urability modulesensitivity. Furtherdetailsabouttheotherdesign
issuescanbefoundin [5].

While capableof achieving high performance,basicactive re-
sourcerecon�gurationdoesnothaveany conceptof servicediffer-
entiationper se. Thus,it cannotbedirectlyusedin a data-center
environmenthaving different servicerequirementsfor different
websitesin termsof hard and soft QoS guarantees.Hard QoS
guaranteesrequirethattheresourcesguaranteedbeavailableto the

websiteat all times.SoftQoSguaranteesrely on theaverageload
on the websiteand client workload patternstudies. To achieve
this capability, we extendthebasicactive recon�gurationscheme
to allow servicedifferentiationin theshareddata-centerenviron-
ment.In particular, weaddresstheissuesassociatedwith thebasic
dynamicrecon�gurability schemeandproposetwo extensionsto
it, namely(i) dynamicrecon�gurationwith prioritization (reconf-
P) and(ii) dynamicrecon�guration with prioritization and QoS
(reconf-PQ).

Load
Balancer


Server

Website B Website A

Server

(Loaded)
Load Query

RDMA Read

RDMA Read

Load Query

Successful Atomic

Lock

Change Server Status

Successful Atomic

Unlock

Successful Atomic

(Not Loaded)

(Load Shared)(Load Shared)

Successful Atomic

Shared Update CounterChange

Figure8: RDMA basedProtocolfor DynamicRecon�gurability

Figure 9 shows the capabilitiesof the active recon�guration
schemesin two aspects,namelyimprovedperformanceby better
utilizationof resourcesandcapabilitytoprovideeffectiveresource
guaranteesandprioritization.

Performance of Active Recon�guration: Figure 9a shows
the performanceachieved by recon�gurability, rigid-small and
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rigid-largescheme.Rigid-smallconsidersadata-centerwith eight
nodesandallots four nodesto eachwebsite(bothwebsitesareof
equalpriority). Rigid-largeconsidersa data-centerwith fourteen
nodesandallotssevennodesto eachwebsite.Weseethatfor small
burstlengthsthedynamicrecon�gurabilityschemeperformscom-
parably with the Rigid-small scheme. As the burst length in-
creases,its performanceincreasesandconvergeswith thatof the
Rigid-largescheme,i.e.,for largeburstlengths,adata-centerhav-
ing eightnodescanutilize activerecon�gurationto achieveasim-
ilar performanceasadata-centerhaving fourteennodes.

QoSand Prioritization with Active Recon�guration: In or-
der to evaluatedifferent aspectsof the three schemes(reconf,
reconf-Pandreconf-PQ),we createthreetestcasescenarios.In
the �rst case,a loadof high priority requestsarriveswhena load
of low priority requestsalreadyexists.In thesecondcase,aloadof
low priority requestsarriveswhena loadof high priority requests
alreadyexists. In thethird case,boththehighpriority requestsand
low priority requestsarrive simultaneously. Figure9b compares
theQoSmeetingcapabilitiesof eachof theschemesfor thethree
casesfor a real-world WorldCuptrace[2]. We seethat thebasic
recon�gurability and the prioritization schemesperform well in
somecasesfor thehigh priority requestsandin someothercases
for the low priority requests.However, theseschemeslack the
consistency in providing theguaranteedQoSrequirementsto both
the websites. The prioritization with QoS schemeon the other
handmeetstheguaranteedQoSrequirementsin all casesfor both
the websites. Detailedanalysisfor the percentageof times the
schemesareable to meetthe soft QoSguaranteesandother re-
sultsareavailablein [5].

7 Discussionand Work-in-Pr ogress
Our proposedframework mentionedin Section2 builds multiple
layersof ef�cient designs. Apart from the servicesmentioned
in this paper, thesedifferent layers can also be utilized to de-
signotherdata-centersystemapplicationsandservicesasneeded.
More importantly, however, our designshave alreadybeenin-
tegratedinto currentdata-centerapplicationssuchApache,PHP
andMySQL andcanbeeasilyintegratedto otherapplicationsas
well. Also, thoughthis work hasbeendonein thecontext of In-
�niBand and10GigE,our designsrely on quitecommonfeatures
providedby mostRDMA-enablednetworksandcanbeeasilyex-
tendedto work with several othernetworks suchasMyrinet [9],
Quadrics[27], etc.

In the currentcontext, we intend to focus on several aspects
asdescribedin this section. In additionto basiccommunication
infrastructureandprimitivessuchassoft sharedstate,multi-tier
data-centersalsoneedef�cient supportfor many otherhigherlevel
data-centerprimitivessuchasthedistributedlock manager. Cur-
rent approachessolve this problemby exchangingexplicit two
sidedmessageswith thehelpof server threadson differentnodes
which incurs hugelatencies,especiallyon loadedservers. Re-
moteatomicoperationprovidedby moderninterconnectsopenup
many interestingopportunitiesto implementahighly ef�cient dis-
tributedlock managerwith minimal overhead.We arecurrently
looking at several designalternatives in developing sucha dis-
tributed lock managerprimitive which can be utilized by data-
centerservicessuchasresourceadaptationandcaching.

Moreover, simple cachingmethodsare not very effective for
multi-tier data-centers.Serverscanachieve highergainsby shar-
ing a commondistributedcache(intra-tier, inter-tier) andmain-
tainingmeta-datainformationaboutthecachedcontenton theco-
operatingnodes.As a partof our currentstudy[25], we have de-
signedandevaluatedaremotememorybasedmulti-tierdistributed
sharedcacheandstudiedtheassociatedtradeoffs. We planto ex-
tendtheknowledgegainedin this studyto integrateandevaluate
activeandcooperativecachingmechanismsproposedin thisstudy.

Furthermore, the basic coarse-grainedresourceadaptation
schemescan be enhancedto provide �ne-grained resourcedy-
namismin multi-tier data-centers.As partof thecurrentstudy[33,
32], we have developeda load monitoringschemethat usesthe
RDMA operationsfor capturingtheloadinformation.Preliminary
evaluationsshow that our schemecanreportextremelyaccurate
and �ne-grained load informationascomparedto existing solu-
tions. Also, we plan to extendthe knowledgegainedin our pre-
viousstudy[31] in utilizing the remotememoryon a �le system
cachemissto avoid cachecorruptionin designinga full-�edged
activerecon�gurationfor �le management.

To achieve portability, several traditionalapplicationsusedin
the data-centerenvironmentarebuilt over the socketsandinter-
faceand do not utilize advancedcommunicationfeatures(such
as one-sidedcommunication)provided by the networks. How-
ever, minor modi�cations to theseapplicationscanyield signi�-
cantperformanceimprovement. We plan to investigate,analyze
theseissuesandstudytheassociatedbene�ts.

Severalof thechallengesandsolutionsdescribedin theprevi-
ous few sectionsarenot completelyindependent.For example,
the active resourceadaptationschemesmentionedin Section6
focuson reallocatingresourcesandadaptingthe data-centeren-
vironmentto thevarying load. However, blindly reallocatingre-
sourcesmighthavenegative impactson thecachingschemespro-
posedin Section5 due to cachecorruptionthat can potentially
occur. Thus,eachof theseproposeddesignscannotbeevaluated
in a stand-alonefashion,but needsto beseenin anintegrateden-
vironment.We planto docarryout suchintegratedevaluation.

8 Concluding Remarks
In this paper, we presenteda novel framework for addressingthe
two primary drawbacksof currentdata-centers:(i) low perfor-
mancedueto high communicationoverheadsand(ii) lack of ef-
�cient supportfor advancedfeaturessuchas cachingdynamic
data,managinglimited physicalresources,load-balancing,con-
trolling overloadscenarios,and prioritization and QoS mecha-
nisms. Speci�cally, we presenteda three-layerframework com-
prisingof communicationprotocolsupport,data-centerprimitives
andadvanceddata-centerservicesandpreliminaryresultsin each
of thesecomponents.Our experimentalresultsdemonstratethat
this framework is quitepromisingin tacklingthe issueswith cur-
rentandnext-generationdata-centersandcanprovidecloseto an
order-of-magnitudeperformancebene�tsascomparedto existing
solutions.
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