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Abstract

We considerthe useof coogerative caching to manae
the memoriesof clusterbasedserves. Overthe last sev-
eral years,a numbe of reseachers hawe proposedcontent-
aware serves that implementlocality-consciousrequest
distribution to addressthis memorymanaementproblem
[2, 18,4, 5, 8]. During thisdevelgomentjt hasbecone con-
ventioral wisdomthat cooperative caching canrot matd
theperformarceof theseserves [18]. Unfortunaely, while
cortent-awae serves provideveryhigh performancetheir
requestdistribution algorithms are typically bourd to spe-
cific apgications. The advariage of building distributed
serves on top of a block-basedcoopestive cacing layer
is thegeneality of sudalayer; it canbeusedasa building
blodk for diverseservicesrangirg fromfile systemso web
serves.

In this paper we reexaminethe questionof whethera
serverbuilt on top of a generic blodk-basedcooperative
cading algarithm canperformcompditively with content-
aware serves. Speifically, we compre the performane
of a cooperative caching-basedwebserveragainst L2S,a
highly optimizedlocality- and load-mnsciousserver Our
resultsshowthat by modifyingthe replacenent policy of
traditional coopeative cacing algorithms,wecanachieve
mud of the performarte provided by locality-canscious
serves. Our modifcation increasesnetworkcommuica-
tion to reducedisk accessesa reasonale tradeoff con-
sideringthe currenttrendof relative performarte between
LANsanddisks.

1. Intr oduction

We considerthe useof cooperatve cachingto manag
thememoresof clusterbasedseners. Overthelastseveral

*This work was performal using equipment purchasd under NSF
grantCISE-9986046.

years,the numker of Intemet usershasincreasedapidly,

necessitatingheconstretion of giantscalelnterretseners
[7]. To achieve the necessargcaleand perfamance,ser

vice providers have no choice but to uselarge multipro-

cessorsystemsor clusters. While clusterspromise better
scalability availability, andperfamancevs. cost[7], their
distributedmemay architectue oftenmakesbuilding scal-
ableservicesmoredifficult. In particdar, if the memores
of individual nodesareusedasindependen cacheof disk
conten, seners perfam well only whentheir working sets
fit into thememoy of asinglenode,limiting systemscala-
bility [18, 5].

To addessthis prablem, a numker of researcars have
proposed contentaware seners that implenent locality-
andload-casciousrequest distribution[2, 18, 4, 5, 8]; that
is, thesesenersuseinformationabouttheconten beingre-
guestedandthe load at eachnock in the clusterto chose
which noce shouldsene a particularrequest. This allows
the sener to explicity mana@ nodememaies as an ag-
gregate whole ratherthanindependentcaches.In this pa-
per, we proposea differentappoach: the useof a generic
(but potertially configuable) cooperatve cachingmiddle-
warelayerto managthememoresof clusterbasedseners.

Theadwartageof usingageneriamiddlevare layer(or li-
brary) liesin its generality it shouldbeusableasabuilding
block for diversedistributed services,redudng the effort
necessaryo designand implemen clusterbasedseners.
On the other hand the disadwartageis that its gererality
may hurt performarce. For example,our middewarelayer
implements a block-basedcoopeative cachingpratocol to
maximze geneality. Handlingblocks may be inefficient,
however, for senersthatalwaysuseentirefiles suchasweb
seners.

While we believe thatit is worthwhile to tradesomeper
formancefor easeof designandimplemenation, the ques-
tion remains: how much (if ary) performarce would we
have to sacrifice? To explore this question,we compare
the perfamanceof a sener that usescogerative caching
to that of a contentaware sener. In particdar, we simu-



late a web sener built on top of a block-basedcoopeative
cachirg layerto L2S, a highly optimizeddistributedsener
thatimplemerns both locality- andload-casciousreqiest
distribution [5].

Our specificcontributions include: (1) working out the
detailsnecessaryo adap previousclient-basedcoopeative
cachimg algoithmsto derive analgorithm for a distributed
clusterbasedsener, (2) modfying the traditioral LRU-
basedglobal replacenent algorithm to improve the per
formanceof cooperative cachingin the context of cluster
basedseners, and (3) compring the perfamanceof co-
opeative cachirg with that of a contet-aware sener for
servingstaticwebcontert.

Our simulationresultsfor a setof 4 web tracesshav
thatsenersemploying traditionalcogeratie cachirg algo-
rithmswill likely perfam significantlyworsethanlocality-
corsciousseners. However, a small modfication to the
repla@mentalgorithm to keepthe last copy of a blockin
memay wheneer possibleleadsto dramaticincreasein
throughput. In fact, our resultsshav that a web sener
emplo/ing our modifiedcooperative cachingalgoiithm can
achieve over 80% of L2S’s thraughpu in almostall cases
and over 92% of L2S’s throwghpu in most cases. Con-
sideredin the light of the fact that currerily, the simula-
tion of L2S includestwo implemenation adventagesthat
may accounffor this perfamancedifferencejncluding the
useof TCP handoff [8] andthe assumptia that the en-
tire web contentis replicatel on the disk of eachnodein
the cluster our resultsshav that cogerative cachinghas
thepotentialto fully matchtheperfamanceof locality- and
load-conscios requestdistribution. Theseresultsstrongly
supprt further exploration of the useof a middleware co-
opeative cachinglayerasa building block to easethe task
of designirg andimplemening scalableclusterbasedser
vices.

Theremainetr of the paperis organizedasfollows. Sec-
tion 2 discusseselatedwork. Section3 describesur co-
opeaative cachirg layerin moredetail. Section4 describes
our simulationsystem. Section5 presets simulationre-
sultsanddiscussesur modificationto traditioral coopera-
tive cachingalgorithns. Section6 concludesthe paperand
discussefuturework.

2. Related Work

Cooperatie cachinghasbeenusedto improve clientac-
cesslateny andredwce sener load for sometime [14, 11,
19. Thebasicalgoithm of our cogeratve cachinglayer
derivesfrom thisbodyof work. Ourwork differsfrom these
efforts in thatwe concentateonthe aggegateperfamane
of a distributedsener wherea they mostly concentate on
improving the perfamanceof individual client nodes and
redwcing sener load. Furthe, systemparanetersfor a net-

work of clientsdiffer significantlyfrom thoseof a cluster
basedsener. Thesedifferencedeadto differenttrade-dfs
in the cachingalgorithm

Our work is alsorelatedto efforts to designand build
coorerative cachesfor distributedfile systemg[6, 1, 10].
However, theseefforts did notconsidemwhethercooperative
cachingis competitive with contentawarerequestistribu-
tion. Further we areinterestedn building a cooperative
cachingmiddleware layer that canbe usedby diverse dis-
tributedservicesnotjustfile systems.

In the cortext of Giganticinterret seners[7], Fox etal.
suggesusingdedicatechocesfor cachingdatain orderto
help I/O-bownd or CPU-bound noces[12]. In their work,
they implementsuchamiddewarelayerandprovideanAPI
for progammes to usetheir cachingservices. Our work
could be usedin a similar manner However, we aremore
interestedn alayerthatcouldbe usedasa library module
aswell asanindependehmiddlevare serviceof its own.

3. Overview of the Cooperative Caching Mid-
dleware (CCM) Layer

CCM is a block-basedcoopeative cachinglayer; it ac-
ceptsreqiestsfor specificfile blocks andreplieswith the
appopriatedata. Block reqiestscanarrive at any nodein
the clusterbut eachfile is storedon only onedisk in the
cluster The nodewherea file is storedon disk is called
its home Currently we assumea read-aly request stream
(andsohave notimplementd awrite protocd) sinceweare
studyirg CCM in the context of a web sener servingonly
staticcontert.

Therearetwo typesof blocks in CCM: masterblocks
and nonmasterblocks. When a file block is first read
from diskto becachedn memay, it is desigmteda master
copy. Copiesof amasteicopy arecallednonmasteicopies.
Whenarequesfor ablockb in file f arrivesatanoden, if
n hasacopy of b in its memay, thenit servicegherequest
right away. Otherwise,n usesa systemof hintsto locate
the mastercopy of b, b,c. If by is currently in the mem-
ory of somenode m, thenn requests non-nmastercopy of
b from m. Onreceving m’s reply, n keepsthe copy of b
in its memay andservicesthe request.If n cannd locate
bmc in clustermemoy, thenn requestsa copy of b from f’s
homenode. If thehomenodeis ableto locateb,,. in clus-
ter memay, thenit forwardsa requesto the cachirg node
onn’'s behalf If it alsocanna locateb,,., thenit readsb
into memoy andsendst to n. Thiscopy is now desigrated
themastercopy of b in memory The home doesnot keepa
copy of b; only n does.

In its mostbasicform, CCM emplgys an approximate
global LRU repla@mentscheme.As shallbe seenin Sec-
tion 5, this replacenent algorithm must be modified to
achieve goad performarce. Eachnodetracksthe age of
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Figure 1. Time lines for four cluster nodes,
m, fhome, N, andp. Time progressegromtop to bot-

tom. b is ablok in file f. frome iS f'shome The
chain of eventsis asfollows: (1) n requests copyof

b from frome- (2) frome readsit fromdiskandsends
bme to n. (3) n evictsb,,. andforwardsit to p. (4) m

wantsa copyof b, sendingherequesto f,.,.. since
it doesnothavea locationhintfor b. Therequesthen
followsthe forwarding pathof b,,. until it reades p.

(5) p sendsa nonrmastercopyof b ton

the oldestblock of eachof its peers. Whena nodebrings
a block to its memay to servicesomereqiest,if its mem-
ory is full, it evictsits oldestblock If its oldestblockis a
non-mastercopy or is theoldestblockin the systemthenit
simply drapstheblock. If, however, thenodés oldestblock
is amasteiblockandoneof its peerhasanolderblock then
it forwardstheevictedmastemblockto thepeerwith theold-
estblock Whenanode recevesaforwardedblock, it must
drop its oldestblockto make placefor theforwardedblock.
Two important propertiesshoud be noted (1) blocks for-
wardedto peersdo not causecascadeavictions, and (2)
whenaforwardedblock arrivesatits destinationall blocks
atthe destinationrmay now be youngerthanthe forwarded
block; in this casethe forwardedblockis dropped.

Giventhe abore descriptionof CCM'’s block-basedco-
opeative cachingalgorithm two questios remain (1) how
doesanoden locatesomeblockbd thatis notresidenin n's
memay but maybein theglobd cachesomevhere?and(2)
how doeseachnock tracktheagesof theoldestblocks atits
pees? CCM usesa hint systemsimilar to thatdescribedn
[19] to addressbothof theseissues.

CCM implemerns two typesof hints: locationhintsand

agehints. Wheneerthehome nocke of afile f readsamas-
tercopy of ablockb,,,. andforwardsit to anoden, it inserts
alocationhint sayingthatn is cachingb,,. into alocal pool
of suchhints. Whenerer anodem needto servicearequest
for block, it first looksin its local cache.If b is notthere,
it looksfor alocationhint for b in its local pool of hints. If

theres a hint sayingthatb,,,. is residentat noce n, thenm

would request a non-mastercopy of b from n. If m does
not have alocationhint for b, it sendsarequestfor b to f’s
honme frome. Whentherequestarrives at frome, if frome

contairs alocatian hint for b,,., then f;,m. would forward
therequesto the cachingnode,sayn. If n still hasb,,. in

its memoy, thenit sendsa nonmastercopy to m. Whenm

receves, it putsa hint sayingthatb,,,. is atn into its local
pod of hint. If n hasforwarded b,,. to a peerp, it would
have kepta hint sayingthatb,,. is now at p. It usesthis
hintto passonm’srequestto p. If n previously evictedbd ;.

without forwarding it anywhere,n would now notify fome

thatit nolongerhasb,,., at which poirt f},,,. would read
bm. from disk, forwardsit to m, andupdde its hint to say
thatm now hasb,,.. Figurel illustratethis processfor one
exanple sequeneof requestsandevictions. Notethathints
areupdatedlazily: anodecachingp,,. doesnottell fj,yme if

it decidedo evict or forwardb,,,. until it recevesareqiest
for b. In fact,thehomeis nevernotifiedof theforwarding of

mastercopies;eachreqestsimply follows a chainof hints
to thecurrent nodecachingthe mastercopy of a blodk.

Nodesuseagehintsto tracktheageof theoldestblock at
eachof its pees. Age hintsareexchangedasfollows: when
anode forwardsa mastemblockto apeerbecaseit is evict-
ing thatblock and,accordimy to its agehints, the peerhas
anolderblock, it piggybacksthe ageof its oldestremain-
ing block. Whenthepeerreceves theforwardng message,
it replieswith the ageof its oldestbloc, taking into ac-
court the ageof the block thatit just receved. As Sarkar
andHartmannotedin [19], underthis exchangeprotocd, a
nock thatis evicting blocks frequently will be updatiry its
hintsoftenwhile anodethatdoesnt have muchactiity will
tendto beatargetfor remoteevictionsandtherefae it will
bereceving up-to-dateagehintsaswell. If anode doesnot
have agehints for all peers,it chaosesone of the peerfor
whichit doesnot have anagehint andforwards the evicted
masterblock there. In this way, evertually, eachnoce will
gather agehintsfor all peers.

Orthogmalto theissueof cachananageentis theissue
of file distribution andlocation. Currently we assumehe
geneal caseof files beingdistributedacrossall nodes, with
eachnodehaving a copy of the globd file-to-node map-
ping. Theactualfile distribution andlocationschemecan
be implenmentedin a variety of differert ways, depending
onwhereCCM is employed. For example,in Archipelag,
Ji andFeltenusea hashto mappathnanesto clusternoces
[16] .
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Figure 2. Simulatedarchitectue.

4. Experimental Environment
4.1 L2S

We compre CCM’s performarce to L2S, a highly op-
timized contentaware sener that useslocality- and load-
corsciousrequestdistributionto provide goodperfamane
in awide rangeof scenarig [5]. In particular L2S triesto
migrateall requestsfor a particularfile to a singlenode so
that only one copy of eachfile is keptin clustermemoy.
If anodebecanesoveloaded,however, L2S will replicae
a subsenf thefiles, sacrificingmemay efficiengy for load
balarcing.

L2S useswholefiles asthe cachinggranulaity, employ-
ing a customde-repication algorithm insteadof block re-
placenent. This algoithm behaes like local LRU, but in-
corporatedoadstatisticsandtriesto keepat leastonecopy
of eachfile in memay wheneer possible.

In additionto differercesin the memay managment
stratgy, L2S also differs from CCM “implementation-
wise” in two respects. First, L2S usesTCP handeff to
migrateclientrequestsSecom, all simulationsof L2S cur
rentlyassumehateachnoce contairstheentirewebconter
onits disk (althaughthisassumptioris notinhererto L2S).
We discusghepotentialimplicationsof thesedifferencesn
Section5.

4.2 The Simulator

Our simulatorderivesfrom theoneusedto studyL2Sin
[5]. It is eventdriven andmockls hardvarecompamentsas
servicecenterswith finite quetes. Using this framework,
we modela distributed web sener runring on 4-8 cluster
noces conneted by a high-perfaamanceLAN. Clientsare

conrectedvia a router with round-rcdbin DNS capabilities
[17]. Figure2 shaws this setup. Note that, currerly, we

assumehe samenetwork is usedto field/serviceclient re-

guestsandfor intra-clustercommunication. This assump-
tion doesnot affect our resultssignificantlyasthe network

is never the perfamancebottleneck

At a more detailedlevel, eachnode is compised of a
CPU, memay, a NIC, and a disk, all conneted by two
busesa systembusandan|/O bus. Eachof thesedeviceis
mockledasa servicecenterwith oneor morefinite queues.
Eachqueuetypically represets a particdar subsetof the
possiblesvertsthatusethatresouce. For exanple, arriving
clientreqiestsareplacedin onequeue peerblock reqiests
areplacedn anotterqueuegtc. Thesequetesreally model
the capaliity of eachresoure to multi-taskandareneces-
saryto avoid simulationdeadl@ks. We mocel conterion
for the I/0O bus explicitly but the effects of contenion for
thememoy busandall othercostsof memay accesseare
implicitly includedin the CPU overheadsfor various pro-
cessinggvents.

The modelirg corstantsfor all the major simulation
commnentsareshovn in Table1. The block-basedoper
ationsare specificto CCM. The parsingandservingtimes
representthe time to parseURL requestsandthe time to
actuallysendconten cachedn local memoryin reply to a
request. Overall, our simulationparanetersappraimatea
Cisco760 route [9], aVIA Gb/sLAN [13], an800MHz
Pentiumlll CPU with 133 MHz systembus, andan IBM
Deskstar75GXP disk [15]; we derived theseparametes
(with help from Bianchini and Carrera[8]) using careful
single-rode measuremen and someextrapolation. In or-
der to modelfile systemeffects, we chage an extra seek
for accessinghe metadatan every 64KB accesswe also
assumehatthefile systenprovidesapre-allo@tionmecha-
nismthatensurs thatfiles will becontiguouswithin 64KB
blocks. The valuespresetedin Table1 for the mockled
disk areprobably onthe conserative side. We chosethese
paranetersasthey are comprableto thoseusedfor L2S
(andLARD [18]), makingit easierto compae simulation
results.

4.3 WebTraces

We use four web traces obtaine from the Univer
sity of Calgary Clarknet(a comnercial Internetprovider),
NASA's Kenneg SpaceCenter andRRutgersUniversity to
drive our simulator Table?2 gives relevart detailsonthese
traces.The Calgary Clarknet,andNASA traceswerestud-
iedin detailin [3].

We usethesefour tracesbecausehey have relatively
large working set sizescompaed to other publicly avail-
abletraces. For exampe, Figure 3 shavs the cumuative
distribution frequeng andsizefor the Rutgerstrace. Ob-



Events Time (ms)
RequestProcessing
Parsingtime 0.10ms
Servingtime 0.1+ (Size/11®0)ms

Block Operations
Procesafile request
Sene peerblockrequest
Cacheanew block
Procesanevictedmastemblodk

0.0 + (NBlocks*0010ms
0.00/rms

0.0Ims

0.16ms

Disk Operations

Disk readingtime (contiguousblocks)

Disk readingtime (non-contigwusblocks)

18.8+ (Size/3@O)ms
(Size/30@)ms

Bus & Network
Bustransfertime
Network transfertime
Network Lateng

0.0001 + (Size/13D72ms
0.0@ + (Size/12800)ns
0.08B8ms

Table 1. Simuldio
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senethatin orde to cache99% of therequests494MB of
memay is needed.

Eventhoudh we chosethe biggesttracesavailable,their
working setsarestill small. Thus,we found it necessaryo
simulatesmallmemaies(4-512 MB pernock)to reproduce
situationsin which the working setsizeis larger thanthe
aggegatedmemoy of thecluster

To measurghe maxmum achiezale throughput of the
cluster we ignare the timing information presen in the
traces EachHTTP clientgeneatesanew reqiestassoonas
thepreviousonehasbeensened. We alsomeasue through-
put only afterthe cacheshave beenwarmedup in order to
reflecttheir steady-statperformarce.

5. Results

We have simulatedCCM andL2S on clustersof 4 and8
nocks.Figure4 shavs thethroughputachieredby L2S and
threevariarts of CCM whenrunning on 8 nodeswith vary-
ing amounts of memay; resultsfor 4 nodesshow thesame
trends and so are not shavn here becase of spacecon-
strainté. The algoithm descried in Section3 is labeled
as CCM-Basic; the othervariantsare discussedelow. In
our discussiorof theseresults,we will concetrateon the
caseswhere thedisk s still partof the periormane bottle-
neck;thatis, we will derive mostof our obserationsfrom
theportiors of thethroughput curveswhereperfamane is
notyetsaturatediueto CPUoverhead.

From the above results,we obsere that CCM-Basics
perfamane lagsthatof L2S significantly In mary cases,

Thereackris referred to
http//www.paniclab.rutgers.edu/Rsearclecm/for the full setof simula-
tion results.



Trace Num. of files | Avg. file size | Num. of requests| Avg. requestsize | File setsize
Calgary 8363 31.6KB 56783 13.6/KB 258.5MB
Clarknet 28861 14.2KB 2978121 9.50KB | 400.2DMB
NASA 54% 41.7KB 3147685 20.33KB 223.4.MB
Rutgers 2553 28.4KB 7458l5 17.54KB 708.88MB
Table 2. Characteristicsof the WWWiracesused.
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Figure 4. Througtputfor L2Sand CCM whenrunningon 8 nodeswith varyingamouwnt of memory
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CCM-Basiconly achieresabou 20% of L2S’s throughput.
Whenwe looked closelyat the gatheed statistics,the fol-
lowing reasos for CCM-Basics poorperformane becane
apparent:

e Onedisk is always the perfamancebottlene& be-
causeof interlearing requesstreamsThatis, suppse
streams1 is askingfor blocks a, b, ¢ that are within
a contiguous64KB unit on disk. If s1 is sened un-
interupted,thenonly 2 seekswvould be neeed. If an-
otherstreams2, shavsupatthediskaskingfor blocks
z,vy, z thatis in adifferent64KB unit thana, b, ¢, then
thetwo streamsmnightinterleave. This would resultin
atotal of 12 seekdnsteadof 4 if thetwo streamswvere
perfectly interleavedasa, x, b, y, ¢, z. Sincenodesare
often servicirg multiple streamg(local aswell asre-
mote) this interleaving is quite possible. In fact, in
eachsimulation the first disk thatis “slowed down”
becase of interleaving falls behind and becones a
consistensourceof interleaving for the remainer of
the simulation This disk becanesthe perfamane
bottlereckfor the entiresystem.(Notethatthisis not
aprodemfor L2S sincel.2S alwaysrequesttheentire
64KB churk atatime from thedisk.)

e CCM-Basicis similar to existing cooperative caching
algoithmsin thatit givesamasteiblock beingevicted
basedon local LRU replacement anotter chane if it
is not the globally oldestblock (e.g, [11, 19)). De-
spite this favoring, masterblocks are often discarded
when multiple copiesof other blocks exist in clus-
ter memay—this is becase hot files are often ac-
cessewn multiple nodesof the clusterbecausef the
round-radoin distribution of clientrequestsThus,mas-
ter copgesof blocksof filesthatareaccessedelatively
infrequentlyare often flushedfrom the cachein favor

of non-mastercopy of blocksfrom hotfiles. Unfortu-

nately while this replacenant policy increaseshelo-

cal hit rateof eachnode thepercemtageof timeanode
hasa copy of areqiestedblock in its memory it can
decreaethe global hit rate, the percentge of time a

nock findsa mastercopy of therequestedblockin one
of its peers’memores (whenthe block is not cached
in its own memoy).

We believe thatthefirst problemarisesfrom aninaccu-
ragy in our simulator areasonale systemwouldlikely im-
plemen someform of reqlestschediing, caching and/or
preféchingandsothe seekpenaltywould notbe nearlyas
large. To correctthis inaccurag, we implenenteda simple
schedling algoithm in our quete of disk reqests;when-
ever a block is readfrom a 64KB chunkof afile, if there
arerequestsfor ary otherblocks within thatchurk, they are
sened at the sametime in order to avoid additiond seeks.
This leadsto the CCM-DS performarce curves,which are
better than CCM-basic but still significantly worse than
L2S.

This led us to examire the secondproblem, postuating
thatin a sener ervironment,whete network perfamance
is increasingapidly relative to disk perfamance stronger
prefeencefor keepingmasterblocksin memoryat the ex-
penseof traversirg the network moreoftenfor blocksfrom
hot files would leadto increasederfamance Therewere
mary potentialwaysto modify the replacenentalgoritim.
We chosea simpleadaptatiorto explore the correctnesof
this theory wheneviction is necessarynever evict a mas-
ter copy if the evicting nodeis still holding a nonmaster
copy; instead gvict the oldestnonmastercopy. If thenode
is only holdng mastercopies thenperfam theglobal LRU
eviction asbefore. This modificationleadsto the CCM per
formancecurves.

Figure5 shavs the effect thatthis modificationto there-
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placenent algorithm hason the local vs. global block hit
rates. Obsere that, indeed CCM-Basichashigher local
hit ratesthanCCM but thatthe global hit ratefor CCM is
higher thanthatof CCM-Basic.Further thein-menory hit
rate(local + global)is significantlyhigher for CCM, which
is asexpectedsince CCM was modified specificallyto in-
creasehesizeof thedatasetcachedn memay.

Note that CCM’s replacerent algorittm is rather ex-
treme;it leadsto all memaies holdingonly mastercopies,
which doesnot necessaryeadto bestperfamancesince
nocks have to fetch dataremotelyto sene mostrequests
(seeFigure 5(b)), payingthe attendahcomnunicationand
processingcosts.An algorithmthatallows somediscardof
masterblocks befae all nonrmasterblocks are gonemay
leadto betterperformane.

DespiteCCM'’s limitation, however, it is a goad starting
poirt to evaluatewhetter coopeative cachirg canbe more
competitive with locality- andload-mnsciousequestdistri-
bution. Clearly, it can! CCM is quitecompetitive with L2S,
achieving over 80%o0f L2S’sthroughput in almostall cases,
andachieving over92%of L2S'sthroughputin mostcases.
To shav thesddifferencesnoreclearly, Figure6 normalizes
CCM’s throghpu aganst thatof L2S. Exceptfor systems
with very small memay sizes(4MB per noce and some-
times8MB pernode),CCM is very compditive with L2S.
Moreover, L2S currenly hastwo perfomanceadantages
over CCM: (1) L2S usesTCP handoff, and (2) curren
simulatiors of L2S assumethat files are replicaed on all
disksin the cluster Bianchiri andCarrerahave shavn that
a sener thatdoesnt male useof TCP hard-off canloose
up to 7% throughp in oneparticularclusterervironmern
[8]. Figure7 shawvs anestimateof the perfamane adwan-

2Curiously, CCM outpeformsL2S for CalgaryandNASA at8MB per
node.At thesepoints,CCM outperfamsL2S becauseit achievesa higher
bytehit rate(91.4%vs. 87%for Calgay and91.4%vs. 83.7%for NASA).
We specubtethatthis is becaiseCCM is able to maintan portions of files
in memorywherea L2S alwaysdiscad entre files.
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tageof full datareplicationon disksfor the Rutgerstrace
whenrunring on 8 noces. In this figure we plot nomal-
izedthroughpu for two additioral variarts of CCM, anop-
timistic version(CCM-O) wherehints arealwaysaccurae
at the time whenthey areused(although actionsbasedon
thesehintsmayturn outto beincorrectbecaseof changs
in the systemfrom whenthe hints were consultedo when
aresultingactionis competed),andthe optimistic version
with full replicgion (CCM-OF). CCM-OF givesan addi-
tional 3-4% performarce improvemen over CCM-O (over
all traces). It is not clearthat CCM canleverag full file
replicgion ondiskto improve perfamancesincenotgoing
throughthehometo readmasteblocksfrom disk maylead
to multiple masteicopiesfor asingleblockin memay—we
arecurrently investigaing how to leverage suchreplication
in CCM. Further the 7% perfomanceadwentageof TCP
hard-off clearly doesnot translateliterally to our experi-
ments. Thesedifferencesargue, however, thatwe may be
ableto furtherimprove CCM performarce so thatthereis
little or no perfamanceossfrom thatof L2S.

Figure 8 shavs that CCM achieves muchof L2S’s per
formancebecase it makes efficient use of main mem-
ory, providing closeto L2S’s byte hit rates, albeit most
are global hits. (As alreadynoted in somecases,CCM
achievesbetterbyte hit ratesthanL 2S.) Further CCM’s hit
ratescomecloseto the theoreticalmaximum possible;for
exanple, CCM’s hit ratefor the Rutgerstraceis 96% with
64MB per noce comparedto the theoreticalmaxmum of
99%for 512MB of total memay (seeFigure3).

Figure9 shavs the effectivenessof thelocationhint sys-
tem, plotting the numker of hops a requestmusttravel on
avergye beforethe mastercopy is found (or beforethe re-
questis reroutedo thehometo beservicedrom disk). This
figure only include requeststhat missin the local cacheof
anodeandsothe minimumnumber of hopsis 1. This data
explainswhy CCM canperform poorly whensystemmem-
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Figure 9. Effectiveressof locationhintsfor the Rut-
gerstracerunning on 8 nodes.

ory is severely limited; hints becomestalerapidy, caus-
ing requeststo inaccuately “chase”the cachingof blocks

through the system. Further agehints also becomestale
rapidy, leadingto incorrect eviction of masterblocks. On

extreme caseghe errorratereachkes20% of incorrectevic-

tions. blocks. Figure 10 shaws the loss of throughput
dueto the overheadof maintaininghints and hint inaccu-
raciesby compaing CCM’s perfomanceagainsthatof the
optimistic versian of CCM (CCM-O). This Figure clearly
shaws that, in the casewhere CCM perfams badly com-
paredto L2S, it alsoperfams bady comparedto CCM-O
andsothe perfamane losscanbe attributedto failuresof

thehint system.

Surprisindy, CCM’'s completelack of load balaning
doesnot hurtits performane compaedto L2S. Thisis be-
causeheround-rabin distributionof reqestsdiffusethehot
files throughou the cluster Thus, no single nodeis over
whelmedby peers’requestsor copiesof hotblocks.

Of course, this round-rabin requesdistribution couged
with CCM’s completefavoring of masterblocks may lead
to increasedespoisetime (becausef the additioral com-
murication needd to follow hints andto obtain copiesof
needd blocksfrom pees). Figurell plots CCM’s aver-
age request responsedimes, nornmalized to thoseof L2S,
agairstvarying memay sizes.Theseesultsshav thatthere
is somedegradationof resposetime—in mostcases)ess
than 20%. At very small memay sizes(e.g., 4AMB per
nock), CCM'sresponsdéime candegrademoresignificantly
(20-70%) becauseof the inaccuagy of the hints. In one
casetheClarknd trace CCM achievesbetterresposetime
thanL2Swhenthereis morethan8MB of memoy pernode
becase of its greaterbyte hit rates. At leasta pottion of
thesedifferercesis likely dueto artifactsof our simulation
system;we hadto model CCM at a moredetailedlevel in
the simulator(becaseof the mary morepossibleeverts in
a block-asedsystem) creatinggreder poternial for inter
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requestinterfelence. Thus,we do not believe that the dif-
ferercein respoisetime is significant,exceptin the cases
of very smallmemoy sizes.

To examine CCM’s scalabilityvs. clustersize,we sim-
ulatedthe Rutgerstrace on systemswith up to 32 noces,
with 32MB of memay on eachnode. We only look at the
Rutgerdracebecaus¢heothertraces'working setsaretoo
smallfor sucha scalabilitystudy Figure12(a)plotsthere-
sultingthrowghpu, shaving that CCM scalesquite well up
to 32nockes.

Finally, we wantedto examine the effects of CCM’s
tradeoff of incresed commuication for greater in-
memay hit rates.Figurel2() plotstheaverag disk, CPU,
andnetwork utilization of a clusterof 8 nodes ruming the
Rutgerstrace. Clearly, given the relative perfamanceof
Gb/sLANs anddisks,this wastheright trade-df. We were
curiousto seewhatwould hapgenif we considerd theuse
of only a 100Mb's network. Figure 13 shaws the result-
ing throughput andresourcauitilizationfor the Rutgerdrace
ruming on 8 nodes. Evenwith this slower network, com-
muricationis notthe performarcebottlereck(althowghit is
aclosesecondo theCPUatlargermemoy sizes).

In summarywe have shavn thata seneremploying co-
opeaative cachinghasthe poteriial to achieze muchof the
performarce of locality- andload-conscios seners. Given
the parametes of current clusters(e.g., Gb/s LANs), it
is importan to modfy the coqerative cachingalgorithm
from the onesproposedpreviously for client-sidecoogera-
tive caching.In particdar, our resultspointto the needfor
strondy avoidingtheeviction of masteicopieswhichleads
to disk accessesOur modifiedalgorithm CCM, achieves
similarhit ratesto asenerimplemeantinglocality- andload-
corsciousreqiestdistribution, L2S, by ensuringhatmem-
ory s first usedto hold theworking setof mastercopiesbe-
forereplicasaremade.Of coursethistradesncreasedet-
work comnunicationfor highe in-memoryhit rates. The

low CPU overheadfor network communicationthatcomes
with moden high-performane LANS is prokably critical to
thesucces®f thistrade-of.

6. Conclusion

We have studiedthe perfamanceof coopeative caching
in the context of scalablelnterret seners; specifically we
have commredthe perfamanceof a web sener built on
top of a genericblok-basedcoopeative cachinglayerto
thatof a sener emplg/ing sophisticatedocality- andload-
consciasreqiestdistribution. Our resultsshow that,when
comhbinedwith anoff-the-shelfwebsenerandrourd-robin
DNS, cooperative cachinghasthepotentialto achiere much
of the perfomanceof locality-cansciousseners. This
tradeoff of a small(if ary) amownt of performane canbe
extremely beneficialasit meansthat designes of Internet
servicescan usea gereric cooperative cachinglayer asa
building block insteadof re-imdementingservice-spatic
requestdistributionandcachecoheencealgorithms.

Beyond this pape, we plan to investigatehow to sup-
port writes aswell asreadsin CCM. We will alsoinves-
tigatehow to parametdre CCM sothatit canbe adapted
to particularapplicatims. For example we will investigate
whetherCCM caneasilybeadaptedor seners thatalways
usewhole files (e.g, a web sener) and whethersuchan
adaptatio would improve perfamance Finally, it would
be interestingto considerhow cogeratize cachirg might
be usedtogethemwith contentawarerequestdistributionin
geneit middlewvarelayers.
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