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Abstract

Current data-centersely on TCP/IP over Fast- and Gigabit-Ethernet
for datacommunicationeven within the cluster ervironmentfor cost-
effective designs thuslimiting their maximumcapacity Togetherwith
raw performancesuchdata-centerglsolackin ef cient supportfor in-
telligentservicessuchasrequirements$or cachingdocumentsmanaging
limited physicalresourcesload-balancinggcontrolling overloadscenar
ios, andprioritizationandQoSmechanismghatarebecomingacommon
requirementoday On the otherhand,the SystemAreaNetwork (SAN)
technologyis making rapid advancesduring the recentyears. Besides
high performancethesemoderninterconnectare providing a rangeof
novel featuresandtheir supportin hardware (e.g.,RDMA, atomicoper
ations,QoS support). In this paper we addresshe capabilitiesof these
currentgeneratiorSAN technologiesn addressinghe limitations of ex-
isting data-centersSpeci cally, we presenta novel framevork compris-
ing of threelayers(communicatiorprotocolsupport,data-centeservice
primitivesandadwanceddata-centeservicesthatwork togetheto tackle
theissuesassociateavith existing data-centersWe alsopresentprelim-
inary resultsin the variousaspect®f the framevork, which demonstrate
closeto an orderof magnitudeperformancebene ts achiezable by our
framewvork ascomparedo existing data-centerg severalcases.

1 Intr oduction

Therehasbeenanincrediblegrowth of highly data-intensie ap-
plicationssuchasnuclearesearchmedicalinformatics,genomics
andsatelliteweatherimageanalysisin the recentyears. Sources
suchas nuclearphysicsresearchinstruments,simulations,bio-
medical studies,network dataanalysis,online transactionsand
otherinstrumentsoutinely generatenulti-terabyteof data.With
technologytrends, the ability to store and sharethesedatasets
is also increasing,allowing scientistsand institutionsto create
suchlarge datasetepositoriesandmakingthemavailablefor use
by others,typically througha web-basednterfaceforming web-
baseddata-centersSuchdata-centerare not only becomingex-
tremely commontoday but are alsoincreasingexponentiallyin
size,currentlyrangingto severalthousand®f nodes.

Figure 1 shovs the commoncomponentsnvolvedin design-
ing sucha web-baseddata-center Requestsrom clients (over
Wide Area Network (WAN)) rst passthrougha load balancer
which attemptsto spreadthe requestsacrossmultiple front-end
proxies(Tier 0). Theseproxiesperformbasictriage on eachre-
guestto determineif it canbe satis ed by a static contentweb
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seneror if it requiresmorecomplex dynamiccontentgeneration.
Theproxiesalsousuallydo someamountof cachingof bothstatic
anddynamiccontent. Tier 1 is generallythe mostcomplec asit
is responsibldor all application-speci cprocessinguchasper
forminganonlinepurchaser building aqueryto lter somedata.
At thebackendof the processingtack(Tier 2) is the datareposi-
tory/ databassenerwith theassociatedtorage Thisis theprime
repositoryof all the contentthatis deliveredor manipulated.

Figurel: Web-basedlata-centers

With increasinginterestin web-basedlata-centersmore and
more datasetsare being hostedonline. Several clients request
for either the raw or somekind of processeddata simultane-
ously However, currentdata-centergare becomingincreasingly
incapableof meetingsuchsky-rocketingprocessinglemandsvith
high-performancandin a e xible andscalablemanner

Currentdata-centersely on TCP/IP for datacommunication
evenwithin the clusterbaseddata-centerThesedata-centergri-
marily useFastor GigabitEthernenetworksfor cost-efectivede-
signs. The host-based CP/IP protocolson thesenetworks have
high lateng, low bandwidth,and high CPU utilization limiting
the maximumcapacity(in termsof requestghey canhandleper
unit time) of data-centersTogetherwith raw performancegcur-
rentdata-centeralsolack in ef cient supportfor intelligent ser
vicesthat are becominga quite commonrequirementoday For
example,requirementdgor cachingdocumentsmanagingimited
physicalresources|oad-balancinggcontrolling overloadscenar
ios, andprioritizationandQoSmechanismsodayaremorestrin-
gentthanever before.Not only arecurrentdata-centersxpected
to handlethesewith high-performancejut alsoin ascalablanan-
nerto be utilized with minimal degradationon clustersrangingto
thousand®f nodes.However, currentlythereis no mechanismo
achievethis. In summarywith exponentiallyincreasingdemands,
the gapbetweenwhat currentdata-centersan provide andwhat
end-userglemands increasinglycontinuously;the primary rea-



sonsbeing: (i) low performancealueto highcommunicatiorover
headsand(ii) lack of ef cient supportfor advancedfeatureshat
arerequiredtoday

On the otherhand, the SystemArea Network (SAN) technol-
ogy is makingrapid advancesduring the recentyears. SAN in-
terconnectsuchasin niBand (IBA) [3] and10-GigabitEthernet
(10GigE)[18, 16, 7, 15 have beenintroducedandare currently
gaining momentumfor designinghigh-end computing systems
anddata-centersBesideshigh performancethesemoderninter-
connectareproviding arangeof novel featuresandtheir support
in hardware,e.g.,RemoteDirect Memory Access(RDMA), Re-
mote Atomic OperationsOf oaded Protocolsupport,Quality of
Servicesupportandseveral others.

In this paper we addresghe capabilitiesof thesecurrentgen-
erationSAN technologiedn dealingwith the limitations of ex-
isting data-centers.Speci cally, we presenta novel frameawvork
comprisingof threelayers,namely communicatiorprotocolsup-
port, data-centeserviceprimitivesandadvanceddata-centeser
vices. For the advanceddata-centeserviceswe further present
two speci ¢ servicespamely dynamiccontentcachingandactive
resourceadaptatiorandrecon guration.We alsopresenprelimi-
naryresultsin the variousaspect®f the framawvork, shaving the
promisedemonstratedyy the proposedframeavork. Our results
shaw closeto anorderof magnitudeperformancéene tsachiev-
able by our frameavork as comparedto existing data-centersn
severalcases.

2 ProposedFramework

To satisfy the needsof the next generationdata-centemapplica-
tions, we proposea three-stageesearchiramework for designing
data-centersis shovn in Figure 2. This framework is aimedto
take advantageof the novel featuregprovidedby advancesn net-
working technologies.
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Figure2: Proposed-rameavork

The framework is brokendown into threelayers,namely com-
municationprotocol support,data-centeservice primitives and
adwancedlata-centeservicesasillustratedin the gure. Broadly,
in the gure, all the coloredboxesarethe componentsvhich ex-
ist today The white boxes are the oneswhich needto be de-
signedto ef ciently supportnext-generatiordata-centeapplica-
tions. Amongstthese for this paper we concentrat@n the boxes

with thedashedinesby providing eithercompleteor partialsolu-
tions. Theboxeswith thesolidlinesareaspectsvhicharedeferred
for futurework.

Existing data-centercomponentssuch as Apache, PHR
MySQL, etc.,aretypically written usingthesocletsinterfaceover
the TCP/IP communicatiorprotocol. The advancedcommunica-
tion protocolslayeraimsat transpaently improving the commu-
nicationperformancef suchapplicationsy taking advantageof
the mechanisma&ndfeaturesprovided by modernnetworks such
asIBA and10GigE.Thegoalsof theseadvancedorotocolsareto
maintainthe soclets semanticsso that existing data-centecom-
ponentsdo not needto be modi ed. More detailsaboutthis layer
arepresentedn Section3.

The data-centerservice primitives and advanceddata-center
serviceslayersaim at supportingintelligent servicesfor current
data-centersSpeci cally, the data-centeprimitivestake advan-
tage of the advancedcommunicationprotocolsas well as the
mechanismsandfeaturesof modernnetworksto provide higher
level utilities that can be utilized by applicationsas well asthe
adwanceddata-centeservices. For the mostef cient designof
theupperlevel data-centeservicessereralprimitivessuchassoft
sharedstate,enhancegboint-to-pointcommunicationdistributed
lock managerand global memoryaggrejator are necessary In
this paper however, we limit our studyto only the soft shared
stateprimitive asdescribedn Section4.

The advanceddata-centeservicesare intelligent servicesthat
arecritical for theef cient functioningof data-centers-or exam-
ple, requirementgor cachingdocumentsianagindimited phys-
ical resourcesindprioritizationandQoSmechanismarehandled
by these.In Sections$ and6, we discusgwo of theseservices(i)
dynamiccontentcachingand (ii) active resourceadaptatiorand
recon guration.Speci cally, thedynamiccontentcachingservice
dealswith ef cient andload-resilientcachingtechniquedor dy-
namicallygeneratedontent,while the active resourceadaptation
(usednterchangeablwith resourceecon guration)servicedeals
with on-the- y andscalablenanagemertndadaptatiorfor vari-
oussystenresources.

3 Communication Protocol Support

Several traditional applicationsusedin the data-centeernviron-
mentsuchas Apache,PHR MySQL, etc., have beendeveloped
over a spanof several yearsusingthe socletsinterfaceover the
TCP/IP protocolsuite. However, dueto the high hostprocessing
overheadhndcopiesassociateavith TCP/IR this approackcannot
be expectedto give the bestperformance Due to the inability of
traditionalsocletsover TCP/IPin copingwith the exponentially
increasingnetwork speeds)BA and other network technologies
recentlyproposeda new standardknown as the Soclets Direct
Protocol(SDP) [1]. SDPis a pseudosoclets-like implementa-
tion designedo meettwo primarygoals:(i) to directly andtrans-
parentlyallow existing socletsapplicationsto be deployed on to
clustersconnectedvith modernnetworkssuchasIBA and(ii) al-
low suchdeploymentwhile retainingmostof theraw performance
providedby the networks.

In our previous work [6], we revealedthe bene ts of SDP
on soclets-basedpplicationsin a data-centeervironment. We
shaved that SDP can not only provide a bettercommunication
performancebut alsosigni cantly reducegheamountof hostCPU
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Figure3: AZ-SDP Performance(a) Lateny and(b) UnidirectionalThroughput

cyclesusedfor protocol processing.However, the basicimple-

mentationof SDPitself hasseveral disadwantages.For example,
overheadsuchasmemorycopiesthatareassociatewith the SDP

implementatiorcanresultin severelimitationsin its capabilities
for achieving high performance.Thus, a zeio-copyimplementa-
tion of SDPwhichtacklestheseoverheadsllowing varioussock-
etsapplications,including thosein the data-centeervironment,
to take advantageof the bene ts of high-speedetworksis highly

desirable.

The SDP standardsupportstwo kinds of soclets semantics,
viz., SynchronousocletsandAsynchronousoclets. In the syn-
chronoussocletsinterface,the applicationhasto blodk for every
datatransferoperatiorwhereasin theasynchronousocletsinter-
face theapplicationcaninitiate a datatransferandcheckwhether
the transferis completeat a later time providing a betteroverlap
of the communicatiorwith the othercomputatiorgoingonin the
application.Dueto theinherentbene tsof asynchronousoclets,
the SDPstandardalsoallows several intelligentapproachesuch
as souice-avail and sink-avail basedzeo-copy for thesesock-
ets. However, mostof theseapproacheshat work well for the
asynchronousocletsinterfaceare not as bene cial for the syn-
chronoussocletsinterface[4]. Further dueto its portability, ease
of useandsupporton a wider setof platforms,the synchronous
socletsinterfaceis the oneusedby mostsocletsapplicationgo-
day. Thus,a mechanismin which the approacheproposedfor
asynchronousocletscanbeusedfor synchronousocletswould
beverybene cial for suchapplications.

In this paper we proposeone such mechanism,termed as
AZ-SDP (AsyntironousZemo-Copy SDP) which allows the ap-
proachegroposedor asynchronousocletsto be usedfor syn-
chronoussocletswhile maintainingthe synchronousoclets se-
mantics. In orderto transparentiyprovide asynchronousapabil-
ities for synchronoussoclets, two goalsneedto be met: (i) the
interfaceshouldnot changethe applicationcanstill usethe same
interfaceasearlier, i.e., the synchronousocletsinterfaceand(ii)
the applicationcan assumethe synchronoussoclets semantics,
i.e., oncethe control returnsfrom the communicatiorcall, it can
reador write from/to the communicatiorbuffer. In our approach,
the key ideain meetingthesedesigngoalsis to memory-protect
the userbuffer (thusdisallov the applicationfrom accessingt)
andto carry out communicatiorasynchronousljrom this buffer,
while tricking the applicationinto believing thatwe arecarrying
out datacommunicatiorin a synchronousnanner More details

aboutthedesignof the AZ-SDP schemecanbefoundin [4].

We evaluatethe AZ-SDP implementatiorand compareit with
theothertwo implementationsf SDRi.e., BufferedSDP(BSDP)
andZero-copy SDP(ZSDP).BSDPandzZSDParethecopy-based
SDP and synchronousero-coly SDP implementationsrespec-
tively. We presenping-ponglateng anduni-directionalthrough-
put micro-benchmarksesults.

Figure 3(a) shows the point-to-pointlateny achieved by the
three stacks. As shown in the gure, both zero-coy schemes
(ZSDP and AZ-SDP) achiere a superior ping-ponglateny as
comparedto BSDR However, thereis no signi cant difference
in the performancef ZSDPandAZ-SDP Thisis dueto the way
theping-ponglateng testis designed.n this test,only onemes-
sageis sentat a time andthe nodehasto wait for a reply from
its peerbeforeit cansendthe next messagei.e., the testitself is
completelysynchronousnd cannotutilize the capability of AZ-
SDPwith respecto allowing multiple outstandingequest®nthe
network atary giventime, resultingin no performancalifference
betweerthetwo schemes.

Figure 3(b) shavs the uni-directionalthroughputachiezed by
thethreestacks.As shavnin the gure, for smallmessageBSDP
performsthe best. Thereasorfor this is two fold: (i) BothZSDP
andAZ-SDPrely on controlmessagexchangdor everymessage
to betransferredThis causesanadditionaloverheador eachdata
transfemwhichis signi cant for smallmessageand(ii) OurBSDP
implementatiorusesan optimizationtechniqueknown asreverse
pacletizationto improve the throughputfor smallmessageskor
medium and large messageson the other hand, AZ-SDP and
ZSDP outperformBSDP becauseof the zero-coly communica-
tion. Also, for medium messagesAZ-SDP performsthe best
with about35% improvementcomparedo ZSDP. More micro-
benchmarkesultssuchascommunicatiorandcomputatiorover-
lap andimpactof pagefaultson the performancesf AZ-SDP can
befoundin [4].

4 Data-Center Serwice Primiti ves

As mentionedin the proposedframewnork (Figure 2), multi-tier
data-centerseedef cient supportfor mary higher level data-
centerprimitives. Thesedata-centeserviceprimitivesare used
to build moreadwancedservicesuchasdynamiccontentcaching,
active resourceadaptatiorandrecon guration,etc. Currentdata-
centerscan bene t from several higher level systemprimitives
such as soft sharedstate, distributed lock managerand global



memoryaggreator

Thesoftsharedstateprimitive dealswith ef cient sharingof in-
formationacrosghe clusterby creatinga logical sharedmemory
regionusingIBA's RDMA operationsTheglobalmemoryaggre-
gatorintegratessystemwide memoryand provides applications
with free memoryfrom other nodesto utilize. The distributed
lock managerprovidesfor ef cient locking capabilitiesallowing
for accesarbitrationandmanagingsharingof dataandresources
acrossthe data-center While all theseaspectsare importantfor
the ef cient functionality of the advanceddata-centeservicesjn
this paperwe limit our scopeto the discussioraboutjust the soft
sharedstateprimitive.

Proxy | Write Shared State Read|  App
Server Server
Load Information
Proxy App
Server Current System Server

Configuration
Proxy App
Server Read| Server

Figure4: A Soft SharedStateScenario

The soft sharedstate primitive relies on two basicideas: (i)
Avoiding to maintainstrict consisteng to minimize overheadap-
plicationsneedto explicitly maintainthis) and(ii) Asynchronous
readsandwritesto thesharedstatewithoutinvolving otherCPUs.
Figure 4 shavs a samplesoft sharedstatescenariowith proxy
senerswriting certaininformationinto the soft sharedstateand
applicationseners readingthis information from the soft state
shared All the operationshavn areasynchronousperations.

Typically in a multi-tier data-centerthe performanceof the
seners in the proxy tier and applicationssener tier is depen-
dentlargely on the processottoad. In our earlierwork [24] we
hadshawvn thatonesidedoperationdike RemoteDirect Memory
Access(RDMA), performbetterthantwo sidedoperationsunder
high load conditions.Hence protocolsbasedon RDMA canhelp
in achiezing our goalsof aloadresilientsoft sharedstate.

Leveragingthe bene ts of onesidedRDMA operationsof In-
niBand, we have designedef cient mechanismso shareinfor-
mation[34]. In particular our RDMA basedNotice Boad like
mechanisnfor sharingof informationhasbeenvery effective in
providing anef cient loadresilientsoft sharedstateprimitive. In
this approachye markaregion of memoryasthe primarymeans
of sharingof information betweenthe differentdata-centepro-
cessesTherearetwo primaryoperationsisedon thismemoryre-
gion: (a) put operationto updatestateinformationand(b) get op-
erationto accesstateinformation. TheseoperationsiseRDMA
whenaccessingemotememoryanddirectmemoryaccesseshen
accessindgocalmemory

In our experiments,we have obsered that the bene ts of
RDMA in simplegetor putoperationss betterthanthetwo sided
soclets (over IPoIB) basedoperations. Figure 5 shavs RDMA
readandcorrespondingocletsbasedyet operationwith increas-
ing load on the remotesener. We clearly obsene that both the
latengy andthe throughputof the socletsbasedget operationds

signi cantly affectedby remoteside load whereas RDMA can
sustairits performance.

In ourwork elaboratedn thefollowing sectionswe utilize the
softsharedstateprimitive to enablesmoothandef cient coopera-
tion of differentnodesin the data-center

5 Dynamic Content Caching

Trendsin currentgeneratiordata-centershav that computation
andcommunicatioroverheadsmpactthe performanceandscala-
bility of data-centersigni cantly. Cachingdynamiccontenttyp-
ically known as Active Caching [11] at varioustiers of a multi-
tier data-centeis awell known methodto reducethe computation
and communicatioroverheadswithin the data-center However,
it hasits own challengesprimarily dueto issuessuchas cache
consisteng and cachecoherence.In the state-of-artdata-center
ervironment,theseissuesare handledbasedon the type of data
beingcached For dynamicdata,for which relaxedconsisteng or
coherenygis permissibleresearchersave proposedereralmeth-
odslikeTTL [17], Adaptive TTL [13], andInvalidation[21] in the
literature. However, for datalik e stockquotesor airline resena-
tion, whereold quotesor old airline availability valuesare not
acceptablestrongcacheconsisteng andcohereng is essential.
Providing strongconsisteng and cohereng is a necessityfor
Active Cadching in mary web applications suchas on-line bank-
ing and transactionprocessing.In the currentdata-centeervi-
ronment,two popularapproacheareused. The rst approachs
pre-epiring all entities(forcing datato bere-fetchedrom theori-
gin seneron every request).This schemas similarto ano-cache
scheme.The secondapproachknown asClient-Polling [24], re-
quiresthe front-endnodesto inquire from the back-endsener if
its cacheentry is valid on every cachehit. Both approachesre
very costly, increasingheclientresponséime andthe processing
overheacdhttheback-endseners.Thecostsaremainly associated
with the high CPU overheadn the traditional network protocols
dueto memorycopy, context switches andinterrupts[29, 14, 6].
Further the involvementof both sidesfor communication(two-
sidedcommunicationyesultsin performancef theseapproaches
heavily relying on the CPU load on both communicationsides.
For example,a busy back-endsener canslow down the commu-
nicationrequiredto maintainstrongcachecoherencesigni cantly.
Recenttrendshave seenrapid growth of contentcomposedf
multiple dynamicobjects.Documentf this naturearetypically
generatedby processingone or more dataobjectsstoredin the
back-enddatabase,e.,thesedocumentaredependentn several
persistentataobjects.Thesepersistentataobjectscanalsobea
partof multiple dynamicdocumentsSoin effectthesedocuments
and dataobjectshave several mary-to-mary mappingsbetween
them. Thus,ary changeto oneindividual objectcanpotentially
affectthevalidity of multiple cachedequests.
Simplearchitecturesre sufcient to provide strongcacheco-
hereng which only dealswith a le level granularity for co-
hereng, i.e., eachupdateaffectsan objectwhich canbe a part of
oneor more cachedrequests.However, mostdata-centersllow
andsupportmore complex web documentsomprisingof multi-
ple dynamicobjects.Theseadditionalissuesmecessitatenorein-
tricateprotocolsto enabledynamiccontentcachingandmake the
designof strongly coherentcachesextremely challenging. Fur-
ther, sincean updatedobject can potentially be a part of multi-
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ple documentsacrosseveralseners,superiorsener coordination
protocolstake a centralrole in thesedesigns.

In ourwork [23], we presenta completearchitecturgo support
strongcachecohereng for dynamiccontentcaches.Our archi-
tecture whichis basedprimarily onthe soft sharedstateprimitive
usingonesidedRDMA operationsis designedo handlecaching
of responsesomposedf multiple dynamicdependenciesWe
proposea completearchitecturgo handletwo issues:(i) caching
documentswith multiple dependencieand (ii) beingresilientto
load on seners. In our work, we have exploredmechanismgor
maintainingnecessarynformation on the applicationsenersto
achievetheabove objecties.

We have designedwo schemego handledifferentdata-center
scenarios{(i) Invalidate All and(ii) Dependency.ists Both the
schemesusethe protocolsshowvn in Figure 6 for validatingand
updatingof cache/cachingnformation, as the basicmechanism
for providing the cachingsupport. Figure 6(a) shavs the proto-
col the proxy cacheauseto verify the validity of a cacheentity.
Figure6(b) elaborateshe protocolusedby theapplicationseners
to disseminatanvalidationinformation amongthemselesupon
receving updatedo the cachedbjects.

Figure7(a)shavstheperformancef adata-centewith ourde-
signsfor dynamiccontenttraceswith increasingupdaterates.Our
experimentalresultsshov more than 20 timesimprovementfor
the overall data-centethroughputusing our cachingtechniques
(in particularDependency.ists). Figure7(b) shovs thatour de-
signscansustairhigh performancdor overalldata-centerequests
while maintainingstrongcohereng with multiple objectdepen-
denciesevenunderheary load. In addition,we alsostudythe ef-
fectsof varyingdependenciesnthesecachedesponsedetailed
designdescriptionsand additional performancenumberscan be
foundin [23].

6 Active Resource Adaptation

A multi-tier data-centetis truly a collection of a vast number
of systemresourcegrom differentnodesconnectedver a high-
speedhetwork suchasIBA or 10GigE.However, asdescribedn

Sectionl, eachdata-centers logically brokendown into several
tiers or sub-clustersvhich handledifferentaspectsof the data-
centerfunctionality. Further several ISPsandotherweb service

providershostmultiple unrelatedwveb-siteson their data-centers.

The increasein such servicesand partitions resultsin a grow-

ing fragmentatiorof the resourcesvailableandultimatelyin the
degradatiorof the performanceprovidedby the data-center

While the large numberof resourcegpresentn the data-center
provide a greatpotentialwith respecto the performanceachies-
able, harnessingheir truly aggreyate bene ts requiresthemto
function togetherwithout beingfragmentedoy the variousdata-
centerimposedpartitions. However, doing this in an unomga-
nized and uncoordinatednannermight resultin further degra-
dation in the performance. Thus, it is desirablethat we have
a techniqueto actively coordinatethe various resourcesof the
data-centeso asto make the partitionsfuzzy i.e., while there-
sourcesare broken down into different partitions, they are not
completelyboundto their partition but insteadare capableof mi-
gratingto other partitionson demand. Several researcherbave
focusedon the designof adaptve systemghatcanmanageclus-
ters and/orreactto changingworkloadsin the context of web
seners[22, 19, 28, 10, 26, 12, 20, 30]. In orderto achieve high
performancethough suchcoordinatiomeeddo bedonewith low
overheadandhigh performance.Further with the exponentially
increasingsizesof data-centergrangingto several thousandof
nodestoday), the solution provided needsto be highly scalable
with theincreasingdata-centesizes.

In this section,we describeour approachfor actively coordi-
natingthe usageof the variousCPU resourcesn a data-centeto
achieve two broadgoals: (i) to betterutilize thelimited resources
in thedata-centeervironmentto improvetheperformancendca-
pacityof currentdata-centerén termsof numberof requestshey
canhandleper unit time) and (ii) to avoid unnecessaryastage
of resourcesn orderto provide resourcgguarantee$o endusers.
In our previous work [8] we have shavn the strongpotential of
usingthe advancedfeaturesof high-speedetworksin designing
suchtechniques.In this work, we extendthe knowledgegained
from our previous studyin designingandimplementingschemes
to improvetheutilization of resourcesindprovide a betterperfor-
manceandat the sametime allow for resourceguaranteefor end
users.

Over-provisioning of Resources: Over-provisioning of re-
sourcesin the data-centefor eachserviceprovided is a widely
usedapproachin thisapproachresourcesreallotedto eachser
vice dependingon the worst caseestimatef the load expected
andthe resourceswvailablein the data-center For example,if a
data-centehoststwo web-siteseachweb-siteis providedwith a
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x edsubsewf theresourcesn the data-centebasedon the traf-
¢ expectedfor thatweb-site. It is easyto seethatthis approach
would suffer from severeunderutilization of resourcegspecially
whenthetraf ¢ is burstyanddirectedto a singleweb-site.

Active resourceadaptationand recon guration alleviatesthis
problemof wastageof resourcedy dynamicallymappingappli-
cationsto resourcesvailableinsidethe data-centert enableghe
data-centeresourceso ef ciently adapttheir functionalitybased
onsystemoadandtraf ¢ pattern.In ourwork[5], wefocusonthe
designof coarse-grainedonstraint-basedctive resourceadapta-
tion and recon gurationtechniquesusing the advancedfeatures
offered by high-performancenetworks. Tasksrelatedto system
load monitoring, maintainingglobal stateinformation, etc., are
handledusingthe data-centeprimitiveslik e soft sharedstateas
mentionedn Sectior4.

Figure 8 shavs the RDMA basedprotocolusedby active re-
con guration. As showvn in the gure, the entireclustermanage-
mentandactive recon gurationis performedby thelightly loaded
load-balancenodeswithout disturbingthe sener nodesusingthe
RDMA and remote atomic operationsprovided by In niBand.
Someof the other major designchallengesand issuesinvolved
in dynamicadaptabilityand recon gurability of the systemare:
(i) providing a system-widesharedstate,(ii) concurreng control
to avoid live-locksand stanation, (iii) avoiding sener thrashing
throughhistoryawarerecon gurationand(iv) tuningtherecon g-
urability modulesensitvity. Furtherdetailsaboutthe otherdesign
issuescanbefoundin [5].

While capableof achiering high performancebasicactive re-
sourcerecon gurationdoesnothave ary concepf servicediffer-

websiteat all times. Soft QoSguaranteegely ontheaveragdoad
on the websiteand client workload patternstudies. To achieve
this capability we extendthe basicactive recon gurationscheme
to allow servicedifferentiationin the shareddata-centeerviron-
ment.In particular we addressheissuesassociatedvith thebasic
dynamicrecon gurability schemeand proposetwo extensiongo
it, namely(i) dynamicrecon gurationwith prioritization (reconf-
P) and(ii) dynamicrecon guration with prioritization and QoS

(reconf-PQ)
Server Load Server
Balancer
Website B Website A

RDMA Read
—+— (Not Loaded) @— (Loaded)
RDMA Read
Successful Atomic
| Lok

Successful Atomic

[~ sucessu momie
Change|Shared Upite Counter>

Successful Atomic

| Successful Atomic_

Successful Atomic

| Unlock
<—//

—t (Load Shared) — (Load Sharec

Figure8: RDMA basedProtocolfor DynamicRecon gurability

Figure 9 shows the capabilitiesof the active recon guration
schemesn two aspectspnamelyimproved performanceby better

entiationper se Thus,it cannotbe directly usedin a data-center utilizationof resourcesndcapabilityto provide effectiveresource

ervironmenthaving different servicerequirementdor different
websitesin termsof hard and soft QoS guarantees.Hard QoS
guaranteesquirethattheresourceguaranteetieavailableto the

guaranteeandprioritization.
Performance of Active Recon guration: Figure 9a shows
the performanceachieved by recon gurability, rigid-small and



rigid-largeschemeRigid-smallconsidersa data-centewith eight
nodesandallotsfour nodesto eachwebsite(bothwebsitesare of
equalpriority). Rigid-large considersa data-centewith fourteen
nodesandallotssevennodego eachwebsite We seethatfor small
burstlengthshedynamicrecon gurability schemegoperformscom-
parably with the Rigid-small scheme. As the burst length in-
creasesits performancencreasesnd corvergeswith that of the
Rigid-largeschemei.e., for largeburstlengths a data-centehav-
ing eightnodescanutilize active recon gurationto achieve asim-
ilar performancesa data-centehaving fourteennodes.

QoSand Prioritization with Active Recon guration: In or-
der to evaluate different aspectsof the three schemegreconf,
reconf-Pandreconf-PQ)we createthreetestcasescenarios.In
the rst caseaload of high priority requestarriveswhena load
of low priority requestalreadyexists. In thesecondtase aloadof
low priority requestarriveswhenaload of high priority requests
alreadyexists. In thethird casepoththehigh priority requestand
low priority requestsarrive simultaneously Figure 9b compares
the QoSmeetingcapabilitiesof eachof the schemedor thethree
casedor areal-world WorldCuptrace[2]. We seethatthe basic
recon gurability and the prioritization schemegerformwell in
somecasedor the high priority requestsandin someothercases
for the low priority requests. However, theseschemedack the
consisteng in providing theguaranteeoSrequirementso both
the websites. The prioritization with QoS schemeon the other
handmeetstheguarantee@oSrequirementsn all casedor both
the websites. Detailed analysisfor the percentageof timesthe
schemesre ableto meetthe soft QoS guaranteesind otherre-
sultsareavailablein [5].

7 Discussionand Work-in-Pr ogress

Our proposedramenork mentionedn Section2 builds multiple
layers of efcient designs. Apart from the servicesmentioned
in this paper thesedifferent layers can also be utilized to de-
signotherdata-centesystemapplicationsandservicesasneeded.
More importantly however, our designshave alreadybeenin-
tegratedinto currentdata-centeapplicationssuch Apache,PHP
andMySQL andcanbe easilyintegratedto otherapplicationsas
well. Also, thoughthis work hasbeendonein the context of In-
niBand and10GigE,our designgely on quite commonfeatures
providedby mostRDMA-enabledhetworksandcanbe easilyex-
tendedto work with several othernetworks suchasMyrinet [9],
Quadricq27], etc.

In the currentcontext, we intendto focus on several aspects
asdescribedn this section. In additionto basiccommunication
infrastructureand primitives suchas soft sharedstate, multi-tier
data-centeralsoneedef cient supportfor mary otherhigherlevel
data-centeprimitivessuchasthe distributedlock manager Cur-
rent approachesolve this problemby exchangingexplicit two
sidedmessagewith the help of senerthreadson differentnodes
which incurs huge latencies,especiallyon loadedseners. Re-
moteatomicoperatiornprovidedby moderninterconnect®penup
mary interestingopportunitiego implementahighly ef cient dis-
tributedlock managemwith minimal overhead.We are currently
looking at several designalternatvesin developing sucha dis-
tributed lock managerprimitive which can be utilized by data-
centerservicessuchasresourceadaptatiorandcaching.

Moreover, simple cachingmethodsare not very effective for
multi-tier data-centersSenerscanachieve highergainsby shar
ing a commondistributed cache(intra-tier, inter-tier) and main-
tainingmeta-datanformationaboutthe cachedcontenton the co-
operatingnodes.As a partof our currentstudy[25], we have de-
signedandevaluateda remotememorybasednulti-tier distributed
shareccacheandstudiedtheassociatedradeoffs. We planto ex-
tendthe knowledgegainedin this studyto integrateand evaluate
activeandcooperatie cachingmechanismproposedn thisstudy

Furthermore, the basic coarse-grainedresource adaptation
schemescan be enhancedo provide ne-grained resourcedy-
namismin multi-tier data-centersAs partof thecurrentstudy[33,
32], we have developeda load monitoring schemethat usesthe
RDMA operationdor capturingtheloadinformation.Preliminary
evaluationsshav that our schemecanreportextremelyaccurate
and ne-grained load information as comparedo existing solu-
tions. Also, we planto extendthe knowledgegainedin our pre-
vious study[31] in utilizing the remotememoryon a le system
cachemissto avoid cachecorruptionin designinga full- edged
activerecon gurationfor le management.

To achieve portability, several traditional applicationsusedin
the data-centeervironmentare built over the socletsandinter-
faceand do not utilize advancedcommunicationfeatures(such
as one-sidedcommunication)provided by the networks. How-
ever, minor modi cations to theseapplicationscanyield signi -
cantperformancamprovement. We planto investigateanalyze
thesassuesandstudythe associatetbene ts.

Several of the challengesandsolutionsdescribedn the previ-
ousfew sectionsare not completelyindependent.For example,
the active resourceadaptationschemesanentionedin Section6
focuson reallocatingresourcesand adaptingthe data-centeen-
vironmentto the varyingload. However, blindly reallocatingre-
sourcesnight have negative impactson the cachingschemegpro-
posedin Section5 dueto cachecorruptionthat can potentially
occur Thus,eachof theseproposediesignscannotbe evaluated
in a stand-alondashion,but need€o be seenin anintegrateden-
vironment.We planto do carry out suchintegratedevaluation.

8 Concluding Remarks

In this paper we presented novel framework for addressinghe
two primary drawbacksof currentdata-centers:(i) low perfor

mancedueto high communicatioroverheadsand(ii) lack of ef-

cient supportfor advancedfeaturessuch as cachingdynamic
data, managinglimited physicalresources|oad-balancinggcon-
trolling overload scenarios,and prioritization and QoS mecha-
nisms. Speci cally, we presenteda three-layerframavork com-
prisingof communicatiorprotocolsupportdata-centeprimitives
andadwanceddata-centeservicesandpreliminaryresultsin each
of thesecomponents.Our experimentalresultsdemonstratehat
this framework is quite promisingin tacklingtheissueswith cur

rentandnext-generatiordata-centerandcanprovide closeto an
orderof-magnitudeperformancéene tsascomparedo existing

solutions.
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