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Abstract

We considertheuseof cooperative cachingto managethememoriesof cluster-basedservers. Over thelastsev-
eral years,a numberof researchershave proposedlocality-consciousserversthat implementcontent-awarerequest
distribution to addressthis problem[2, 17, 4, 5, 6]. During this development,it hasbecomeconventionalwisdom
thatcooperative cachingcannotmatchtheperformanceof theseservers[17]. Unfortunately, while locality-conscious
serversprovide very high performance,their requestdistribution algorithmsaretypically boundto specificapplica-
tions.Theadvantageof building distributedserversontopof ablock-basedcooperativecachinglayeris thegenerality
of sucha layer;it canbeusedasa building block for diverseservices,rangingfrom file systemsto webservers.

In this paper, we reexaminethe questionof whethera server built on top of a genericblock-basedcooperative
cachingalgorithmcanperformcompetitively with locality-consciousservers. Specifically, we comparethe perfor-
manceof a cooperative caching-basedwebserver againstL2S,a highly optimizedlocality-consciousserver. Our re-
sultsshow thatby modifyingthereplacementalgorithmof traditionalcooperativecachingalgorithms,wecanachieve
muchof theperformanceprovidedby locality-consciousservers.Ourmodificationincreasesnetwork communication
to reducedisk accesses,a reasonabletrade-off consideringthecurrenttrendof relative performancebetweenLANs
anddisks.

1 Intr oduction

We considerthe useof cooperative cachingto managethe memoriesof cluster-basedservers. Over the last several
years,thenumberof Internetusershasincreasedrapidly, necessitatingtheconstructionof giant-scaleInternetservers
[8]. To achievethenecessaryscaleandperformance,serviceprovidershaveno choicebut to uselargemultiprocessor
systemsor clusters.While clusterspromisebetterscalabilityandperformancevs. cost[8], their distributedmemory
architectureoftenmakesbuilding scalableservicesmoredifficult. In particular, if thememoriesof individual nodes
areusedasindependentcachesof diskcontent,serversperformwell only whentheirworkingsetsfit into thememory
of a singlenode,limiting systemscalability[17, 5].

To addressthis problem,a numberof researchershave proposedlocality-consciousserversthat implementcontent-
awarerequestdistribution [2, 17, 4, 5, 6]; thatis, theseserversuseinformationaboutthecontentbeingrequestedand
the loadat eachnodein theclusterto choosewhich nodeshouldserve a particularrequest.This allows theserver to
explicitly managenodememoriesasanaggregatewholeratherthanindependentcaches.In this paper, we proposea
differentapproach:theuseof ageneric(but potentiallyconfigurable)cooperativecachingmiddlewarelayerto manage
thememoriesof cluster-basedservers.

Theadvantageof usinga genericmiddlewarelayer(or library) lies in its generality:it shouldbeusableasa building
block for diversedistributedservices,reducingthe effort necessaryto designand implementcluster-basedservers.
On theotherhand,thedisadvantageis that its generalitymayhurt performance.For example,our middlewarelayer
implementsa block-basedcooperativecachingprotocolto maximizegenerality. Handlingblocksmaybeinefficient,
however, for serversthatalwaysuseentirefilessuchaswebservers.

While webelieve thatit is worthwhileto tradesomeperformancefor easeof designandimplementation,thequestion
remains: how much (if any) performancewould we have to sacrifice? To explore this question,we comparethe
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performanceof a server thatusescooperativecachingto thatof a locality-consciousserver. In particular, we simulate
a web� server built on top of anoptimisticblock-basedcooperativecachinglayer to L2S,a highly optimizedlocality-
awareserver thatimplementsbothcontent-andload-awarerequestdistribution [5].

Our resultsfor a set of 4 web tracesshow that servers employing traditional cooperative cachingalgorithmswill
likely performsignificantlyworsethanlocality-consciousservers.However, a smallmodificationto thereplacement
algorithmto keepthelastcopy of a block in memorywheneverpossibleleadsto dramaticincreasein throughput.In
fact,our resultsshow thata webserver employing our modifiedcooperativecachingalgorithmcanachieveover80%
of L2S’s throughputin almostall casesandover90%or matchingL2S’s throughputin mostcases.

Theseresultsstronglysupporttheuseof a middlewarecooperativecachinglayerasa building block to easethetask
of designingandimplementingscalablecluster-basedserviceswhile providing muchof the performanceachievable
via content-awarerequestdistribution.

Theremainderof thepaperis organizedasfollows. Section2 discussesrelatedwork. Section3 describesourcoopera-
tivecachinglayerin moredetail.Section4 describesoursimulationsystem.Section5 presentssimulationresultsand
discussesour modificationto traditionalcooperativecachingalgorithms.Section6 discussesfuturework andSection
7 concludesthepaper.

2 RelatedWork

Cooperative cachinghasbeenusedto improve client latency and reduceserver load for sometime [14, 11, 18].
The basicalgorithmof our cooperative cachinglayer derivesfrom this body of work. Our work differs from these
efforts in thatwe concentrateon the aggregateperformanceof a distributedserver whereasthey mostlyconcentrate
on improving theperformanceof individual client nodesandreducingserver load. Further, systemparametersfor a
network of clientsdiffer significantlyfrom thoseof acluster-basedserver. Thesedifferencesleadto differenttrade-offs
in thecachingalgorithm.

Work in cooperativecachingfor distributedfile systemsis morecloselyrelatedto our work here[7, 1, 10]. However,
theseeffortswerespecificto file systemsanddid notconsiderwhethercooperativecachingis competitivewith content-
basedrequestdistribution. We areinterestedin building a cooperativecachingmiddlewarelayer thatcanbeusedby
diversedistributedservices,not just file systems.Further, we comparethe performanceof cooperative cachingto
content-basedrequestdistribution.

In the context of GiganticInternetservers[8], Fox et al. suggestusingdedicatednodesfor cachingdatain orderto
helpI/O-boundor CPU-boundnodes[12]. In theirwork, they implementsuchamiddlewarelayerandprovideanAPI
for programmersto usetheir cachingservices.Our work couldbeusedin a similar manner. However, we aremore
interestedin a layer thatcouldbeusedasa library moduleaswell asan independentmiddlewareserviceof its own.
Also, we areconcernedwith whethercooperativecachingis competitivewith content-basedrequestdistribution.

3 Overview of the CooperativeCachingMiddleware Layer (CCM)

CCM is a block-basedcooperative cachingsystem–sincewe arestudyingCCM in the context of a web server, we
assumea read-onlyrequeststream(andsodo not dealwith a write protocol). CCM implementsthefollowing basic
algorithm.Whena file block is readfrom disk, it is designatedasthemastercopy. Thelocationof eachmastercopy
is maintainedin aglobaldirectory. Whenarequestfor ablock

�
arrivesatanode� , if � hasacopy of

�
in its memory,

thenit servicestherequestright away. Otherwise,� usestheglobaldirectoryto locatethemastercopy of
�
,
�����

. If�����
is currentlyin thememoryof somenode� , then � requestsa non-mastercopy from � . On receiving � ’s reply,

� keepsthecopy of
�

in its memoryandservicesthe request.If
���	�

is not in memoryanywhere,then � requestsa
mastercopy of

�
from thefile’shomenode.(Seebelow for adescriptionof thefile to homemapping.)Thehomenode

reads
�

from its disk andforwardsthemastercopy to � . Theglobaldirectoryis updatedto recordthefactthat � now
has

� ���
.

In its mostbasicform, CCM employsanapproximateglobalLRU replacementscheme.As shallbeseenin Section5,
this replacementalgorithmmustbemodifiedto achieve goodperformance).Eachnodealwaysknows theageof the
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oldestblocksof its peers.Whena nodebringsa block to its memoryto servicesomerequest,if its memoryis full,
it e
 victs its oldestblock. If its oldestblock is a non-mastercopy or is the oldestblock in the system,thenit simply
dropstheblock. If, however, theoldestblock is a masterblockandoneof its peerhasanolderblock, thenit forwards
theevictedblock to thepeerwith the oldestblock. Whena nodereceivesa forwardedblock, it mustdrop its oldest
block to make placefor the forwardedblock. Also, the global directory is updatedto containthe new locationof
the forwardedmasterblock. Two importantpropertiesshouldbe noted: (1) blocksforwardedto peersdo not cause
cascadedevictions,and(2) whena forwardedblockarrivesat its destination,all blocksat thedestinationmaynow be
youngerthantheforwardedblock; in this case,theforwardedblock is dropped.

Currently, wemakeseveraloptimisticassumptionsin oursimulationof CCM. We assumethat: (i) CCM hasa perfect
globaldirectoryof masterblocks,(ii) it costsnothingto maintainthisglobaldirectory, and(iii) CCM hasperfectglobal
knowledgeof theageof theoldestblockoneachnode.While theseassumptionsprobablymeanthatourcurrentresults
areupperbounds,we believe a practicalcooperative cachinglayer canachieve muchof this performance.First, as
shall be seenin Section5, the replacementpolicy of our currentbest-performingalgorithmcanlikely be improved.
Second,our optimisticassumptionsarequite limited. For example,we only assumeinstantaneousglobalknowledge
of the masterblock directory. That is, supposethata requestfor block

�
arrivesat node � . At that instant,

�����
, the

mastercopy of
�
, is cachedat node� . Usingtheglobaldirectory, � will requesta copy of

�
from � . During thetime

thattherequestfor
�

travelsfrom � to � , however, � maydiscard
�
, resultingin aneventualdisk read.Finally, Sarkar

andHartmanhave shown that it is possibleto achieve very high locationaccuracy for masterblocks(on theorderof
98%)usingahint-baseddirectory;exchanginghintsonly imposedanoverheadof 0.04%ona100Mb/sLAN ashints
aremostlyexchangedaspiggybackedinformationon requiredmessages[18].

Orthogonalto the issueof cachemanagementis the issueof file distribution and location. Currently, we assume
the generalcaseof files beingdistributedacrossall nodes,with eachnodehaving a copy of the global file-to-node
mapping.Theactualfile distributionandlocationschemecanbeimplementedin avarietyof differentways,depending
on whereCCM is employed.A nodeholdingsomefile � on its disk is called � ’shome.

4 Experimental Envir onment

4.1 L2S

We compareCCM’s performanceto L2S, a highly optimizedlocality-consciousserver that usescontent-andload-
aware distribution to provide very high performancein a wide rangeof scenarios[5]. In particular, L2S tries to
migrateall requestsfor a particularfile to a singlenodeso thatonly onecopy of eachfile is kept in clustermemory.
If anodebecomesoverloaded,however, L2Swill replicateasubsetof thefiles,sacrificingmemoryefficiency for load
balancing.

L2Suseswholefilesasthecachinggranularity, employing acustomde-replicationalgorithminsteadof blockreplace-
ment. This algorithmbehaveslike local LRU, but incorporatesload statisticsandtries to keepat leastonecopy of
eachfile in memorywheneverpossible.

L2Scurrentlydiffersfrom CCM in thatit assumesfilesarereplicatedeverywhere.Wearein theprocessof modifying
L2S to have thesamefile distributionasCCM to removethis differencebut believe thatit will not affectperformance
significantly.

4.2 The simulator

Our simulatorderivesfrom theoneusedto studyL2S in [5]. It is eventdrivenandmodelshardwarecomponentsas
servicecenterswith finite queues.Usingthis framework,wemodelahigh-performanceLAN, arouter, and4-8cluster
nodes.Eachnodeis comprisedof aCPU,NIC, anddisk,all connectedby a bus.

In our simulation,client requestsaredistributedamongthe cluster’s nodesusinga roundrobin DNS scheme[16].
New requestsareroutedin accordancewith theCisco7600performancespecifications[9]. Currently, we assumethe
samenetwork is usedto field/serviceclient requestsandfor intra-clustercommunication.

Themodelingconstantsfor all the major simulationcomponentsareshown in Table1. The block-basedoperations
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Events Time (ms)
RequestProcessing

Parsingtime 0.10ms
Servingtime 0.1+ (Size/11500)ms

Block Operations
Processafile request 0.003+ (NBlocks*0.010)ms
Servepeerblock request 0.007ms
Cacheanew block 0.01ms
Processandevictedmasterblock 0.16ms

Disk Operations
Disk readingtime(non-contiguousblocks) 18.8+ (Size/3000)ms
Disk readingtime(contiguousblocks) (Size/3000)ms

Bus& Network
Bustransfertime 0.0001+ (Size/131072)ms
Network Latency 0.0038ms

Table1: Simulationparameters.
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Figure1: Rutgers University trace. On the X axis is the file setof the tracesortedin decreasingorder of request
frecuency. Theleft Y axisshowsthenormalizedcumulativefractionof requestswhile theright Y axisshowsthetotal
datasetsize.

arespecificto CCM. Theparsingandservingtimesrepresentthetime to parseURL requestsandthetime to actually
sendcontentcachedin local memoryin reply to a request.Overall, our simulatedparametersapproximatea VIA
Gb/sLAN [13], 800MHz PentiumIII CPU with 133 MHz main memory, andan IBM Deskstar75GXPdisk [15];
we derivedtheseparametersusingcarefulsingle-nodemeasurementsandsomeextrapolation.In orderto modelfile
systemeffects,we chargeanextra seekfor gettingthemetadataon every 64KB access;we alsoassumethat thefile
systemprovidesapre-allocationmechanismthatensuresthatfileswill becontiguouswithin 64KB blocks.Thevalues
presentedin Table1 for themodeleddisk areprobablyon theconservative side. We chosetheseparametersasthey
arecomparableto thoseusedfor L2S(andLARD), makingit easierto comparesimulationresults.

4.3 WebTraces

We usefour webtracesobtainedfrom theUniversityof Calgary, Clarknet(a commercialInternetprovider),NASA’s
KennedySpaceCenter, andRutgersUniversity to drive our simulator. Table2 givesrelevantdetailson thesetraces.
TheCalgary, Clarknet,andNASA traceswerestudiedin detail in [3].

We usethesefour tracesbecausethey have relatively large working setsizescomparedto otherpublicly available
traces.For example,Figure1 showsthecumulativedistributionfrequency andsizefor theRutgerstrace.Observethat
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Trace Num. of files Avg. file size Num. of requests Avg. requestsize File setsize
Calgary 8363 31.66KB 567823 13.67KB 258.57MB
Clarknet 28864 14.20KB 2978121 9.50KB 400.20MB
NASA 5486 41.70KB 3147685 20.33KB 223.41MB
Rutgers 25530 28.43KB 745815 17.54KB 708.93MB

Table2: Characteristicsof theWWWtracesused.

in orderto cache99%of therequests,494MBof memoryis needed.

Eventhoughwe chosethebiggesttracesavailable,their working setsarestill small. Thus,we found it necessaryto
simulatesmallmemories(4-512MB pernode)to reproducesituationsin which theworkingsetsizeis largerthanthe
aggregatedmemoryof thecluster.

To measurethemaximumachievablethroughputof thecluster, we ignorethetiming informationpresentin thetraces.
EachHTTP client generatesa new requestassoonasthepreviousonehasbeenserved. We alsomeasurethroughput
only afterthecacheshavebeenwarmedup in orderto reflecttheir steady-stateperformance.

5 Results

We have simulatedCCM andL2S on clustersof 4 and8 nodes.Figure2 shows thethroughputachievedby L2S and
threevariantsof CCM whenrunningon 8 nodeswith varyingamountsof memory;resultsfor 4 nodesshow thesame
trendsandso arenot shown herebecauseof spaceconstraints.The algorithmdescribedin Section3 is labelledas
CCM-Basic;theothervariantsarediscussedbelow.

Fromtheseresults,we observe thatCCM-Basic’s performancelagsthatof L2S significantly. In many cases,CCM-
Basiconly achievesabout20%of L2S’s throughput.Whenwe lookedcloselyat thegatheredstatistics,thefollowing
reasonsfor CCM-Basic’s poorperformancebecameapparent:


 Onedisk is always the performancebottleneckbecauseof interleaving of requeststreams.That is, suppose
stream��� isaskingfor blocks��� � ��� thatarewithin acontiguous64KB unit ondisk. If ��� is serveduninterrupted,
thenonly 2 seekswould beneeded.If anotherstream,��� , shows up at thedisk askingfor blocks ��������� that is
in a different64KB unit than ��� � ��� , thenthe two streamsmight interleave. This would result in a total of 12
seeksinsteadof 4 if thetwo streamswereperfectlyinterleavedas ������� � ������� ��� . Sincenodesareoftenservicing
multiplestreams(localaswell asremote),this interleaving is quitepossible.In fact,in eachsimulation,thefirst
disk that is sloweddown becauseof interleaving falls behindandbecomesa consistentsourceof interleaving
for theremainderof thesimulation.Thisdiskbecomestheperformancebottleneckfor theentiresystem.


 CCM-Basicis similar to existing cooperative cachingalgorithmsin that it givesa masterblock beingevicted
basedon localLRU replacementa “secondchance”if it is not thegloballyoldestblock (e.g.,[11, 18]). Despite
this favoring,masterblocksareoftendiscardedwhenmultiple copiesof otherblocksexist in clustermemory–
this is becausea numberof files areaccessedinfrequentlyenoughthat their contentalmostalwaysbecomethe
oldestbeforebeingaccessedagain.Unfortunately, while this increasesthelocal hit rate–thepercentageof time
a nodehasa copy of a requestedblock in its memory, it candecreasetheglobalhit rate–thepercentageof time
anodefindsamastercopy of therequestedblock in oneof its peers’memories.

We believe thatthefirst problemarisesfrom aninaccuracy in our simulator:a reasonablesystemwould likely imple-
mentsomeform of requestscheduling,caching,and/orprefetchingandso the seekpenaltywould not be nearlyas
large. To correctthis inaccuracy, we implementeda simpleschedulingalgorithmin our queueof disk requests.This
leadsto theCCM-DSperformancecurves,which arebetterthanCCM-basicbut still significantlyworsethanL2S.

This led us to addressthe secondproblem,postulatingthat in a server environment,wherenetwork performanceis
increasingrapidly relative to disk performance,strongeravoidanceof the eviction of masterblockswould lead to
increasedperformance.Therewere many potentialways to modify the replacementalgorithm. We chosea very
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Figure2: Throughputfor L2SandCCM whenrunningon 8 nodes.
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Figure3: CCM’s throughputnormalizedagainstL2S.
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Figure5: CCM’saveragerequestresponsetimenormalizedagainstL2S.

simpleadaptation:wheneviction is necessary, never evict a mastercopy if the evicting nodeis still holding a non-
mastercopy; instead,evict the oldestnon-mastercopy. If the nodeis only holdingmastercopies,thenperformthe
globalLRU eviction asbefore.This modificationleadsto theCCM performancecurves.

NotethatCCM’s replacementalgorithmis ratherextreme;it leadsto all memoriesholdingonly mastercopies,which
doesnot necessaryleadto bestperformance.For example,for theRutgerstracerunningon 8 nodeswith up to 64MB
pernode,CCM’s local hit raterangesfrom 12-21%while the remotehit raterangesfrom 60-75%. This meansthat
nodeshave to fetchdataremotelyto servemostrequests,payingtheattendantcommunicationandprocessingcosts.

DespiteCCM’s limitation, it is agoodstartingpoint to evaluatewhethercooperativecachingcanbemorecompetitive
with content-awarerequestdistribution. Clearly, it can! CCM is quite competitive with L2S, achieving over 80%
of L2S’s throughputin almostall cases,andachieving over 90% or matchingL2S’s throughputin mostcases.Fig-
ure 3 shows two representative graphsfor CCM’s throughputwhennormalizedagainstthat of L2S to illustratethis
observationmoreclearly.

Figure 4 shows that CCM achieves much of L2S’s performancebecauseit makes efficient useof main memory,
providing closeto L2S’shit rates(albeitmostareremotehits). Further, CCM’s hit ratescomecloseto thetheoretical
maximumpossible;for example,CCM’s hit ratefor theRutgerstraceis 96%with 64MB pernodecomparedto the
theoreticalmaximumof 99%for 512MB of total memory(seeFigure1).

Surprisingly, CCM’scompletelackof loadbalancingdoesnot hurt its performancecomparedto L2S.This is because
the round-robindistribution of requestsdiffuse the hot files throughoutthe cluster. Thus, no single nodeis over-
whelmedby peers’requestsfor copiesof hot blocks. It would be interestingto observe CCM’s performanceundera
forcedconcentrationof hot fileson a singlenode(or subsetof nodes).

Unfortunately, while CCM comescloseto matchingthethroughputof L2S, its averageresponsetimecanbe50-100%
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Figure6: (a) CCM’s resourceutilization whenservingtheRutgers traceon 8 nodes.(b) CCM’s performancewhen
servingtheRutgers traceon varyingclustersizes;each nodehas32MBof memory.

worsethanL2S.Figure5 showstwo representativegraphsfor CCM’saverageresponsetimewhennormalizedagainst
thatof L2S.With respectto wall clock time,CCM’s averageresponsetime is very acceptablefor a webserver, being
onorderof 200-300ms.Still, wearecurrentlyinvestigatingwhetherthisdegradationis inherentto CCM or anartifact
of oursimulationsystem–wemodelCCM at a finergranularitythanL2Sbecauseof thenecessityof simulatingblock
operations.This leadsto many more queuesat the CPU, possibly leadingto higher contentionin our simulation
system.

Note that onedefinitesourceof responsetime degradationis the extra network activity that mustgo on in CCM.
However, Figure6(a),which plots CCM’s averageresourceutilization againstthe amountof memoryon eachnode
(for Rutgersrunningon 8 nodes),shows that thenetwork is mostly idle. Thus,theaddedlatency shouldnot bemuch
beyondoneroundtrip of 8-10usandsocannotaccountfor theaddedlatency beingobserved.

Finally, Figure6(b)plotsCCM’sperformanceagainstclustersize,showing thatCCM scalesquitewell upto 32nodes.

In summary, we have shown that a server employing cooperative cachinghasthe potentialto achieve muchof the
performanceof locality-consciousservers.Giventheparametersof currentclusters(e.g.,Gb/sLANs), it is important
to modify the cooperative cachingalgorithmfrom the onesproposedpreviously for client-sidecooperative caching.
In particular, our resultspoint to the needfor stronglyavoiding the eviction of mastercopies,which leadsto disk
accesses.Our modifiedalgorithm,CCM, achievessimilar hit ratesto a server implementinglocality-awarerequest
distribution, L2S, by ensuringthatmemoryis first usedto hold the working setof mastercopiesbeforereplicasare
made.

6 Futur e Work

Within the context of this paper, we arecurrently implementinga variantof the hint-basedcooperative cachingal-
gorithm [18] in our simulator. This shouldremove any advantagethat CCM derives from our currentoptimistic
assumptions.We arealso in the processof isolatingthe causesof the remainingperformancedifferencesbetween
L2S andCCM, which differ in several dimensions.For example,L2S assumesTCP-hand-off. Bianchini andCar-
rerahave shown that this canprovide a performanceadvantageof approximately7% over a server thatdoesnot use
TCP-hand-off.

Beyondthispaper, weplanto investigatehow to supportwritesaswell asreadsin CCM. Wewill alsoinvestigatehow
to parameterizeCCM so that it canbe adaptedto particularapplications.For example,we will investigatewhether
CCM caneasilybeadaptedfor serversthatalwaysusewholefiles (e.g.,awebserver)andwhethersuchanadaptation
would improve performance.Finally, this paperassumesa very specificsetof hardwarecharacteristics.We will
investigatethe effects of differenthardwareconfigurationson the cooperative cachingalgorithm. Eventually, this
work shouldleadto animplementation,whereissueswith interfacingto file systemsandfile buffer cacheswould be
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investigated.

7 Conclusion

We have studiedthe performanceof cooperative cachingin the context of scalableInternetservers;specifically, we
have comparedthe performanceof a web server built on top of a genericblock-basedcooperative cachinglayer to
that of a server employing sophisticatedcontent-andload-awarerequestdistribution. Our resultsshow that, when
combinedwith an off-the-shelfweb server andround-robinDNS, cooperative cachinghasthe potentialto achieve
much of the performanceof locality-consciousservers. This trade-off of a small amountof performancecan be
extremelybeneficialasit meansthatdesignersof Internetservicescanusea genericcooperative cachinglayer asa
building block insteadof re-implementingservice-specificrequestdistributionandcachecoherencealgorithms.
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