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Abstract

We considerthe useof cooperative caching to manage
the memoriesof cluster-basedservers. Over the last sev-
eral years,a number of researchers have proposedcontent-
aware servers that implementlocality-consciousrequest
distribution to addressthis memorymanagementproblem
[2, 18, 4, 5, 8]. During thisdevelopment,it hasbecomecon-
ventional wisdomthat cooperative caching cannot match
theperformanceof theseservers [18]. Unfortunately, while
content-awareservers provideveryhighperformance, their
requestdistribution algorithms are typically bound to spe-
cific applications. The advantage of building distributed
servers on top of a block-basedcooperative caching layer
is thegenerality of such a layer; it canbeusedasa building
block for diverseservices,ranging fromfile systemsto web
servers.

In this paper, we reexaminethe questionof whethera
server built on top of a generic block-basedcooperative
caching algorithm canperformcompetitively with content-
aware servers. Specifically, we compare the performance
of a cooperative caching-basedwebserveragainst L2S,a
highly optimizedlocality- and load-consciousserver. Our
resultsshowthat by modifyingthe replacement policy of
traditional cooperative caching algorithms,wecanachieve
much of the performance provided by locality-conscious
servers. Our modification increasesnetworkcommunica-
tion to reducedisk accesses,a reasonable trade-off con-
sideringthecurrent trendof relativeperformancebetween
LANsanddisks.

1. Intr oduction

We considerthe useof cooperative cachingto manage
thememoriesof cluster-basedservers. Over thelastseveral
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years,the number of Internet usershasincreasedrapidly,
necessitatingtheconstructionof giant-scaleInternetservers
[7]. To achieve the necessaryscaleandperformance,ser-
vice providers have no choicebut to use large multipro-
cessorsystemsor clusters. While clusterspromise better
scalability, availability, andperformancevs. cost[7], their
distributedmemory architecture oftenmakesbuilding scal-
ableservicesmoredifficult. In particular, if thememories
of individual nodesareusedasindependent cachesof disk
content, servers perform well only whentheir working sets
fit into thememory of a singlenode,limiting systemscala-
bility [18, 5].

To addressthis problem, a number of researchershave
proposed content-aware servers that implement locality-
andload-consciousrequest distribution [2, 18, 4, 5, 8]; that
is, theseserversuseinformationaboutthecontent beingre-
questedandthe load at eachnode in the clusterto choose
which node shouldserve a particularrequest.This allows
the server to explicitly manage nodememories as an ag-
gregatewhole ratherthanindependentcaches.In this pa-
per, we proposea differentapproach: the useof a generic
(but potentially configurable)cooperative cachingmiddle-
warelayertomanagethememoriesof cluster-basedservers.

Theadvantageof usingagenericmiddlewarelayer(or li-
brary) lies in its generality: it shouldbeusableasabuilding
block for diversedistributed services,reducing the effort
necessaryto designand implement cluster-basedservers.
On the otherhand, the disadvantageis that its generality
mayhurt performance. For example,our middlewarelayer
implements a block-basedcooperative cachingprotocol to
maximize generality. Handlingblocks may be inefficient,
however, for servers thatalwaysuseentirefilessuchasweb
servers.

While webelievethatit is worthwhile to tradesomeper-
formancefor easeof designandimplementation,theques-
tion remains: how much (if any) performance would we
have to sacrifice? To explore this question,we compare
the performanceof a server that usescooperative caching
to that of a content-awareserver. In particular, we simu-



latea webserver built on top of a block-basedcooperative
caching layerto L2S,a highly optimizeddistributedserver
that implements both locality- andload-consciousrequest
distribution [5].

Our specificcontributions include: (1) working out the
detailsnecessaryto adapt previousclient-basedcooperative
caching algorithms to derive analgorithm for a distributed
cluster-basedserver, (2) modifying the traditional LRU-
basedglobal replacement algorithm to improve the per-
formanceof cooperative cachingin the context of cluster-
basedservers, and (3) comparing the performanceof co-
operative caching with that of a content-aware server for
servingstaticwebcontent.

Our simulationresultsfor a set of 4 web tracesshow
thatserversemploying traditionalcooperativecaching algo-
rithmswill likely perform significantlyworsethanlocality-
consciousservers. However, a small modification to the
replacementalgorithm to keepthe last copy of a block in
memory whenever possibleleadsto dramaticincreasein
throughput. In fact, our resultsshow that a web server
employing ourmodifiedcooperativecachingalgorithm can
achieve over 80% of L2S’s throughput in almostall cases
and over 92% of L2S’s throughput in most cases. Con-
sideredin the light of the fact that currently, the simula-
tion of L2S includestwo implementation advantagesthat
mayaccountfor this performancedifference,including the
useof TCP hand-off [8] and the assumption that the en-
tire web contentis replicated on the disk of eachnodein
the cluster, our resultsshow that cooperative cachinghas
thepotentialto fully matchtheperformanceof locality- and
load-conscious requestdistribution. Theseresultsstrongly
support further explorationof theuseof a middleware co-
operative cachinglayerasa building block to easethetask
of designing andimplementing scalablecluster-basedser-
vices.

Theremainderof thepaperis organizedasfollows. Sec-
tion 2 discussesrelatedwork. Section3 describesour co-
operative caching layerin moredetail. Section4 describes
our simulationsystem. Section5 presents simulationre-
sultsanddiscussesour modificationto traditional coopera-
tive cachingalgorithms. Section6 concludesthepaperand
discussesfuturework.

2. RelatedWork

Cooperativecachinghasbeenusedto improveclientac-
cesslatency andreduceserver loadfor sometime [14, 11,
19]. The basicalgorithm of our cooperative cachinglayer
derivesfromthisbodyof work. Ourworkdiffersfromthese
efforts in thatweconcentrateontheaggregateperformance
of a distributedserver whereas they mostlyconcentrateon
improving the performanceof individual client nodes and
reducing server load. Further, systemparametersfor a net-

work of clientsdiffer significantlyfrom thoseof a cluster-
basedserver. Thesedifferencesleadto different trade-offs
in thecachingalgorithm.

Our work is also relatedto efforts to designandbuild
cooperative cachesfor distributed file systems[6, 1, 10].
However, theseeffortsdid notconsiderwhethercooperative
cachingis competitive with content-awarerequestdistribu-
tion. Further, we are interestedin building a cooperative
cachingmiddlewarelayer that canbe usedby diversedis-
tributedservices,not just file systems.

In thecontext of GiganticInternet servers[7], Fox et al.
suggestusingdedicatednodesfor cachingdatain orderto
help I/O-bound or CPU-bound nodes [12]. In their work,
they implementsuchamiddlewarelayerandprovideanAPI
for programmers to usetheir cachingservices.Our work
couldbeusedin a similar manner. However, we aremore
interestedin a layer thatcouldbeusedasa library module
aswell asanindependent middleware serviceof its own.

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

CCM is a block-basedcooperative cachinglayer; it ac-
ceptsrequestsfor specificfile blocks andreplieswith the
appropriatedata. Block requestscanarrive 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-only request stream
(andsohavenotimplemented awriteprotocol) sinceweare
studying CCM in thecontext of a webserver servingonly
staticcontent.

Thereare two typesof blocks in CCM: masterblocks
and non-masterblocks. When a file block is first read
from disk to becachedin memory, it is designatedamaster
copy. Copiesof amastercopy arecallednon-mastercopies.
Whena requestfor a block
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in clustermemory, then � requestsacopy of

�
from � ’s

homenode.If thehomenodeis ableto locate
�����

in clus-
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In its most basicform, CCM employs an approximate
global LRU replacementscheme.As shallbeseenin Sec-
tion 5, this replacement algorithm must be modified to
achieve good performance. Eachnodetracks the ageof
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is a block in file � . ����� ���

is � ’s home. The
chainof eventsis asfollows: (1) � requestsa copyof�

from ����� ���
. (2) ����� ���

readsit fromdiskandsends�	���
to � . (3) � evicts
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andforwardsit to � . (4) 


wantsa copyof
�
, sendingtherequestto �!��� ���

since
it doesnothavea locationhint for

�
. Therequestthen

followstheforwarding pathof
� ���

until it reaches � .
(5) � sendsa non-mastercopyof

�
to �

the oldestblock of eachof its peers.Whena nodebrings
a block to its memory to servicesomerequest,if its mem-
ory is full, it evicts its oldestblock. If its oldestblock is a
non-mastercopy or is theoldestblockin thesystem,thenit
simplydropstheblock. If, however, thenode’soldestblock
is amasterblockandoneof its peerhasanolderblock, then
it forwardstheevictedmasterblockto thepeerwith theold-
estblock. Whena node receivesa forwardedblock, it must
drop its oldestblockto makeplacefor theforwardedblock.
Two important propertiesshould be noted: (1) blocks for-
wardedto peersdo not causecascadedevictions, and (2)
whena forwardedblockarrivesat its destination, all blocks
at thedestinationmaynow beyoungerthanthe forwarded
block; in this case,theforwardedblock is dropped.

Given the above descriptionof CCM’s block-basedco-
operativecachingalgorithm, two questionsremain: (1)how
doesanode� locatesomeblock

�
thatis not residentin � ’s

memory butmaybein theglobal cachesomewhere?and(2)
how doeseachnodetracktheagesof theoldestblocksat its
peers? CCM usesa hint systemsimilar to thatdescribedin
[19] to addressbothof theseissues.

CCM implements two typesof hints: locationhintsand

agehints.Whenever thehome node of a file � readsamas-
tercopy of ablock

�����
andforwardsit to anode � , it inserts

a locationhint sayingthat � is caching
� ���

into a localpool
of suchhints.Whenever anode
 needsto servicearequest
for block

�
, it first looksin its local cache.If

�
is not there,

it looksfor a locationhint for
�

in its local pool of hints. If
there’s a hint sayingthat

� ���
is residentat node � , then 
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 . When 
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pool of hint. If � hasforwarded
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to a peer� , it would
have kept a hint sayingthat
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is now at � . It usesthis

hint to passon 
 ’s requestto � . If � previouslyevicted
� ���

without forwarding it anywhere,� wouldnow notify � ��� ���
that it no longerhas

� ���
, at which point � ��� ���

would read� ���
from disk, forwardsit to 
 , andupdate its hint to say

that 
 now has
� ���

. Figure1 illustratethis processfor one
examplesequenceof requestsandevictions. Notethathints
areupdatedlazily: anodecaching

�
���
doesnottell ����� ���

if
it decidesto evict or forward

�#���
until it receivesa request

for
�
. In fact,thehomeis nevernotifiedof theforwardingof

mastercopies;eachrequestsimply follows a chainof hints
to thecurrent nodecachingthemastercopy of a block.

Nodesuseagehintsto tracktheageof theoldestblockat
eachof its peers. Agehintsareexchangedasfollows: when
anode forwardsamasterblockto apeerbecauseit is evict-
ing that block and,according to its agehints, the peerhas
an olderblock, it piggybacksthe ageof its oldestremain-
ing block. Whenthepeerreceives theforwarding message,
it replieswith the ageof its oldestblock, taking into ac-
count the ageof the block that it just received. As Sarkar
andHartmannotedin [19], underthis exchangeprotocol, a
node that is evicting blocks frequentlywill beupdating its
hintsoftenwhile anodethatdoesn’t havemuchactivity will
tendto bea targetfor remoteevictionsandtherefore it will
bereceiving up-to-dateagehintsaswell. If anodedoesnot
have agehints for all peers,it choosesoneof the peerfor
which it doesnothaveanagehint andforwards theevicted
masterblock there. In this way, eventually, eachnode will
gather agehintsfor all peers.

Orthogonalto theissueof cachemanagementis theissue
of file distribution andlocation. Currently, we assumethe
general caseof files beingdistributedacrossall nodes,with
eachnodehaving a copy of the global file-to-node map-
ping. The actualfile distribution andlocationschemecan
be implementedin a variety of different ways,depending
on whereCCM is employed. For example,in Archipelago,
Ji andFeltenusea hashto mappathnamesto clusternodes
[16] .
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4. Experimental Envir onment

4.1. L2S

We compareCCM’s performance to L2S, a highly op-
timized content-awareserver that useslocality- and load-
consciousrequestdistributionto providegoodperformance
in a wide rangeof scenarios [5]. In particular, L2S tries to
migrateall requestsfor a particularfile to a singlenode so
that only onecopy of eachfile is kept in clustermemory.
If a nodebecomesoverloaded,however, L2S will replicate
a subsetof thefiles, sacrificingmemory efficiency for load
balancing.

L2Suseswholefiles asthecachinggranularity, employ-
ing a customde-replication algorithm insteadof block re-
placement. This algorithm behaves like local LRU, but in-
corporatesloadstatisticsandtriesto keepat leastonecopy
of eachfile in memory wheneverpossible.

In addition to differences in the memory management
strategy, L2S also differs from CCM “implementation-
wise” in two respects. First, L2S usesTCP hand-off to
migrateclient requests.Second, all simulationsof L2Scur-
rentlyassumethateachnodecontainstheentirewebcontent
onits disk(althoughthisassumptionis notinherent to L2S).
Wediscussthepotentialimplicationsof thesedifferencesin
Section5.

4.2. The Simulator

Oursimulatorderivesfrom theoneusedto studyL2S in
[5]. It is eventdriven andmodelshardwarecomponentsas
servicecenterswith finite queues. Using this framework,
we modela distributedweb server running on 4-8 cluster
nodesconnected by a high-performanceLAN. Clientsare

connectedvia a router with round-robin DNS capabilities
[17]. Figure2 shows this setup. Note that, currently, we
assumethesamenetwork is usedto field/serviceclient re-
questsandfor intra-clustercommunication. This assump-
tion doesnot affect our resultssignificantlyasthenetwork
is never theperformancebottleneck.

At a moredetailedlevel, eachnode is comprised of a
CPU, memory, a NIC, and a disk, all connected by two
buses,a systembusandanI/O bus. Eachof thesedevice is
modeledasa servicecenterwith oneor morefinite queues.
Eachqueuetypically represents a particular subsetof the
possibleevents thatusethatresource.For example,arriving
client requestsareplacedin onequeue,peerblock requests
areplacedin anotherqueue,etc.Thesequeuesreallymodel
thecapability of eachresource to multi-taskandareneces-
saryto avoid simulationdeadlocks. We model contention
for the I/O bus explicitly but the effectsof contention for
thememory busandall othercostsof memory accessesare
implicitly includedin the CPU overheadsfor various pro-
cessingevents.

The modeling constants for all the major simulation
componentsareshown in Table1. The block-basedoper-
ationsarespecificto CCM. Theparsingandservingtimes
representthe time to parseURL requestsand the time to
actuallysendcontent cachedin local memoryin reply to a
request. Overall, our simulationparametersapproximatea
Cisco7600 router [9], a VIA Gb/sLAN [13], an800MHz
PentiumIII CPU with 133 MHz systembus, andan IBM
Deskstar75GXP disk [15]; we derived theseparameters
(with help from Bianchini and Carrera[8]) using careful
single-nodemeasurements andsomeextrapolation. In or-
der to modelfile systemeffects,we charge an extra seek
for accessingthemetadataon every 64KB access;we also
assumethatthefile systemprovidesapre-allocationmecha-
nismthatensures thatfiles will becontiguouswithin 64KB
blocks. The valuespresented in Table1 for the modeled
disk areprobably on theconservative side.We chosethese
parametersas they arecomparableto thoseusedfor L2S
(andLARD [18]), makingit easierto compare simulation
results.

4.3. WebTraces

We use four web traces obtained from the Univer-
sity of Calgary, Clarknet(a commercial Internetprovider),
NASA’s Kennedy SpaceCenter, andRutgersUniversity to
drive our simulator. Table2 gives relevant detailson these
traces.TheCalgary, Clarknet,andNASA traceswerestud-
ied in detail in [3].

We use thesefour tracesbecausethey have relatively
large working set sizescompared to otherpublicly avail-
able traces. For example, Figure3 shows the cumulative
distribution frequency andsizefor the Rutgerstrace. Ob-



Events Time (ms)
RequestProcessing

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

Block Operations
Processafile request 0.003 + (NBlocks*0.010)ms
Servepeerblockrequest 0.007ms
Cacheanew block 0.01ms
Processanevictedmasterblock 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 transfertime 0.003 + (Size/128000)ms
Network Latency 0.0038ms

Table 1. Simulation parameters.
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axisshowsthetotal datasetsize.

serve that in order to cache99%of therequests,494MB of
memory is needed.

Eventhough we chosethebiggesttracesavailable,their
working setsarestill small. Thus,we found it necessaryto
simulatesmallmemories(4-512 MB pernode)to reproduce
situationsin which the working set size is larger thanthe
aggregatedmemory of thecluster.

To measurethe maximum achievable throughputof the
cluster, we ignore the timing information present in the
traces.EachHTTPclientgeneratesanew requestassoonas
thepreviousonehasbeenserved.Wealsomeasurethrough-
put only after thecacheshave beenwarmedup in order to
reflecttheir steady-stateperformance.

5. Results

We havesimulatedCCM andL2Sonclustersof 4 and8
nodes.Figure4 shows thethroughputachievedby L2Sand
threevariants of CCM whenrunningon8 nodeswith vary-
ing amountsof memory; resultsfor 4 nodesshow thesame
trends and so are not shown herebecause of spacecon-
straints1. The algorithm described in Section3 is labeled
asCCM-Basic; the othervariantsarediscussedbelow. In
our discussionof theseresults,we will concentrateon the
caseswhere thedisk is still partof theperformance bottle-
neck;that is, we will derive mostof our observationsfrom
theportions of thethroughput curveswhereperformance is
notyetsaturateddueto CPUoverheads.

From the above results,we observe that CCM-Basic’s
performance lagsthatof L2S significantly. In many cases,

1Thereader is referred to
http://www.panic-lab.rutgers.edu/Research/ccm/ for the full setof simula-
tion results.



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

Table 2. Characteristicsof theWWWtracesused.
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CCM-Basiconly achievesabout 20%of L2S’s throughput.
Whenwe lookedcloselyat thegathered statistics,the fol-
lowing reasons for CCM-Basic’spoorperformancebecame
apparent:

$ One disk is always the performancebottleneck be-
causeof interleaving requeststreams.Thatis, suppose
stream %
& is askingfor blocks �'� � ��( that are within
a contiguous64KB unit on disk. If %�& is served un-
interrupted,thenonly 2 seekswouldbeneeded. If an-
otherstream,%�) , showsupatthediskaskingfor blocks* �,+'��- thatis in a different64KB unit than �'� � �,( , then
thetwo streamsmight interleave. This would resultin
a total of 12seeksinsteadof 4 if thetwo streamswere
perfectly interleavedas �'� * � � �,+.�,(#��- . Sincenodesare
often servicing multiple streams(local aswell as re-
mote), this interleaving is quite possible. In fact, in
eachsimulation, the first disk that is “slowed down”
because of interleaving falls behind and becomes a
consistentsourceof interleaving for the remainder of
the simulation. This disk becomes the performance
bottleneckfor theentiresystem.(Notethat this is not
aproblem for L2SsinceL2Salwaysrequesttheentire
64KB chunk at a time from thedisk.)

$ CCM-Basicis similar to existing cooperative caching
algorithmsin thatit givesamasterblockbeingevicted
basedon local LRU replacement another chance if it
is not the globally oldestblock (e.g., [11, 19]). De-
spite this favoring, masterblocks areoften discarded
when multiple copiesof other blocks exist in clus-
ter memory—this is because hot files are often ac-
cessedon multiple nodesof theclusterbecauseof the
round-robin distributionof client requests.Thus,mas-
tercopiesof blocksof files thatareaccessedrelatively
infrequentlyareoftenflushedfrom thecachein favor

of non-mastercopy of blocksfrom hot files. Unfortu-
nately, while this replacementpolicy increasesthelo-
calhit rateof eachnode,thepercentageof timeanode
hasa copy of a requestedblock in its memory, it can
decrease the global hit rate, the percentage of time a
node findsa mastercopy of therequestedblock in one
of its peers’memories (whenthe block is not cached
in its own memory).

We believe that thefirst problemarisesfrom aninaccu-
racy in oursimulator: areasonable systemwouldlikely im-
plement someform of requestscheduling, caching, and/or
prefetchingandsotheseekpenaltywould not benearlyas
large. To correctthis inaccuracy, we implementeda simple
scheduling algorithm in our queue of disk requests;when-
ever a block is readfrom a 64KB chunkof a file, if there
arerequestsfor any otherblockswithin thatchunk, they are
servedat thesametime in order to avoid additional seeks.
This leadsto theCCM-DS performance curves,which are
better than CCM-basicbut still significantly worse than
L2S.

This led us to examine thesecondproblem,postulating
that in a server environment,where network performance
is increasingrapidly relative to disk performance,stronger
preferencefor keepingmasterblocksin memoryat theex-
penseof traversing thenetwork moreoftenfor blocksfrom
hot files would leadto increasedperformance. Therewere
many potentialwaysto modify thereplacementalgorithm.
We chosea simpleadaptationto explore thecorrectnessof
this theory: wheneviction is necessary, never evict a mas-
ter copy if the evicting nodeis still holding a non-master
copy; instead,evict theoldestnon-mastercopy. If thenode
is only holding mastercopies,thenperform theglobal LRU
eviction asbefore. Thismodificationleadsto theCCM per-
formancecurves.

Figure5 showstheeffect thatthismodificationto there-



0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

8 16 32 64 128 256
Memory per node (MB)

N
or

m
al

iz
ed

 th
ro

ug
hp

ut

Clarknet

Rutgers

Nasa

Calgary

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

4 8 16 32 64 128 256
Memory per node (MB)

N
or

m
al

iz
ed

 th
ro

ug
hp

ut

Clarknet

Rutgers

Nasa

Calgary

(a) 4 nodes (b) 8 nodes

Figure 6. CCM’s throughput normalizedagainstL2S.

placement algorithm hason the local vs. global block hit
rates. Observe that, indeed, CCM-Basichashigher local
hit ratesthanCCM but that the global hit ratefor CCM is
higher thanthatof CCM-Basic.Further, thein-memory hit
rate(local+ global)is significantlyhigher for CCM, which
is asexpectedsinceCCM wasmodifiedspecificallyto in-
creasethesizeof thedatasetcachedin memory.

Note that CCM’s replacement algorithm is rather ex-
treme;it leadsto all memoriesholdingonly mastercopies,
which doesnot necessarylead to bestperformancesince
nodes have to fetch dataremotelyto serve most requests
(seeFigure 5(b)), payingtheattendant communicationand
processingcosts.An algorithmthatallows somediscardof
masterblocks before all non-masterblocks aregonemay
leadto betterperformance.

DespiteCCM’s limitation, however, it is a good starting
point to evaluatewhether cooperative caching canbemore
competitivewith locality-andload-consciousrequestdistri-
bution. Clearly, it can!CCM is quitecompetitivewith L2S,
achieving over 80%of L2S’sthroughput in almostall cases,
andachievingover92%of L2S’sthroughputin mostcases2.
Toshow thesedifferencesmoreclearly, Figure6 normalizes
CCM’s throughput against thatof L2S.Exceptfor systems
with very small memory sizes(4MB per node andsome-
times8MB pernode),CCM is very competitive with L2S.
Moreover, L2S currently hastwo performanceadvantages
over CCM: (1) L2S usesTCP hand-off, and (2) current
simulations of L2S assumethat files are replicated on all
disksin thecluster. Bianchini andCarrerahave shown that
a server that doesn’t make useof TCP hand-off canloose
up to 7% throughput in oneparticularclusterenvironment
[8]. Figure7 shows anestimateof theperformance advan-

2Curiously, CCM outperformsL2Sfor CalgaryandNASA at 8MB per
node.At thesepoints,CCM outperformsL2Sbecauseit achievesa higher
bytehit rate(91.4%vs. 87%for Calgary and91.4%vs. 83.7%for NASA).
Wespeculatethat this is becauseCCM is able to maintain portionsof files
in memorywhereasL2Salwaysdiscard entire files.
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tageof full datareplicationon disks for the Rutgerstrace
whenrunning on 8 nodes. In this figure, we plot normal-
izedthroughput for two additional variants of CCM, anop-
timistic version(CCM-O) wherehintsarealwaysaccurate
at the time whenthey areused(although actionsbasedon
thesehintsmayturnout to beincorrectbecauseof changes
in thesystemfrom whenthehintswereconsultedto when
a resultingactionis completed),andtheoptimisticversion
with full replication (CCM-OF). CCM-OF givesan addi-
tional 3-4% performance improvement over CCM-O (over
all traces). It is not clear that CCM can leverage full file
replication ondisk to improveperformancesincenotgoing
throughthehometo readmasterblocksfrom diskmaylead
to multiple mastercopiesfor asingleblockin memory—we
arecurrently investigating how to leverage suchreplication
in CCM. Further, the 7% performanceadvantageof TCP
hand-off clearly doesnot translateliterally to our experi-
ments. Thesedifferencesargue, however, that we may be
ableto further improve CCM performance so that thereis
little or noperformancelossfrom thatof L2S.

Figure8 shows that CCM achieves muchof L2S’s per-
formancebecause it makes efficient use of main mem-
ory, providing close to L2S’s byte hit rates,albeit most
are global hits. (As alreadynoted, in somecases,CCM
achievesbetterbytehit ratesthanL2S.)Further, CCM’s hit
ratescomecloseto the theoreticalmaximum possible;for
example, CCM’s hit ratefor theRutgerstraceis 96%with
64MB per node comparedto the theoreticalmaximum of
99%for 512MB of total memory (seeFigure3).

Figure9 showstheeffectivenessof thelocationhint sys-
tem, plotting the number of hops a requestmusttravel on
average beforethe mastercopy is found (or beforethe re-
quest is reroutedto thehometo beservicedfromdisk). This
figure only include requeststhatmissin the local cacheof
a nodeandsotheminimumnumber of hopsis 1. This data
explainswhy CCM canperformpoorlywhensystemmem-
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Figure 9. Effectivenessof locationhintsfor theRut-
gers tracerunning on 8 nodes.

ory is severely limited; hints becomestalerapidly, caus-
ing requests to inaccurately “chase”the cachingof blocks
through the system. Further, agehints alsobecomestale
rapidly, leadingto incorrecteviction of masterblocks. On
extreme casestheerrorratereaches20%of incorrectevic-
tions. blocks. Figure 10 shows the loss of throughput
dueto the overheadof maintaininghints andhint inaccu-
raciesby comparing CCM’sperformanceagainstthatof the
optimistic version of CCM (CCM-O). This Figureclearly
shows that, in the casewhereCCM performs badly com-
paredto L2S, it alsoperforms badly comparedto CCM-O
andsotheperformance losscanbeattributedto failuresof
thehint system.

Surprisingly, CCM’s completelack of load balancing
doesnot hurt its performance comparedto L2S.This is be-
causetheround-robindistributionof requestsdiffusethehot
files throughout the cluster. Thus,no singlenodeis over-
whelmedby peers’requestsfor copiesof hotblocks.

Of course,this round-robin requestdistribution coupled
with CCM’s completefavoring of masterblocks may lead
to increasedresponsetime (becauseof theadditional com-
munication needed to follow hints andto obtaincopiesof
needed blocks from peers). Figure11 plots CCM’s aver-
agerequest responsetimes, normalized to thoseof L2S,
againstvarying memory sizes.Theseresultsshow thatthere
is somedegradationof responsetime—in mostcases,less
than 20%. At very small memory sizes(e.g., 4MB per
node),CCM’sresponsetimecandegrademoresignificantly
(20-70%) becauseof the inaccuracy of the hints. In one
case,theClarknet trace,CCM achievesbetterresponsetime
thanL2Swhenthereis morethan8MB of memory pernode
becauseof its greaterbyte hit rates. At leasta portion of
thesedifferencesis likely dueto artifactsof our simulation
system;we hadto model CCM at a moredetailedlevel in
thesimulator(becauseof themany morepossibleevents in
a block-basedsystem),creatinggreater potential for inter-
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Figure 10. CCM’s throughputnormalizedagainst theoptimisticversion(CCM-O).

request interference. Thus,we do not believe that the dif-
ference in responsetime is significant,exceptin the cases
of very smallmemory sizes.

To examine CCM’s scalabilityvs. clustersize,we sim-
ulatedthe Rutgerstraceon systemswith up to 32 nodes,
with 32MB of memory on eachnode. We only look at the
Rutgerstracebecausetheothertraces’working setsaretoo
smallfor sucha scalabilitystudy. Figure12(a)plotsthere-
sultingthroughput, showing thatCCM scalesquitewell up
to 32nodes.

Finally, we wantedto examine the effects of CCM’s
trade-off of increased communication for greater in-
memory hit rates.Figure12(b) plotstheaveragedisk,CPU,
andnetwork utilization of a clusterof 8 nodes running the
Rutgerstrace. Clearly, given the relative performanceof
Gb/sLANs anddisks,thiswastheright trade-off. We were
curiousto seewhatwould happenif we considered theuse
of only a 100Mb/s network. Figure13 shows the result-
ing throughput andresourceutilizationfor theRutgerstrace
running on 8 nodes. Evenwith this slower network, com-
municationis not theperformancebottleneck(althoughit is
aclosesecondto theCPUat largermemory sizes).

In summary, we haveshown thata serveremploying co-
operative cachinghasthepotential to achieve muchof the
performanceof locality- andload-conscious servers. Given
the parameters of current clusters(e.g., Gb/s LANs), it
is important to modify the cooperative cachingalgorithm
from theonesproposedpreviously for client-sidecoopera-
tive caching.In particular, our resultspoint to theneedfor
strongly avoidingtheevictionof mastercopies,whichleads
to disk accesses.Our modifiedalgorithm, CCM, achieves
similarhit ratesto aserverimplementinglocality- andload-
consciousrequestdistribution, L2S,by ensuringthatmem-
ory is first usedto holdtheworkingsetof mastercopiesbe-
fore replicasaremade.Of course,this tradesincreasednet-
work communicationfor higher in-memoryhit rates. The

low CPUoverheadfor network communicationthatcomes
with modern high-performanceLANs is probablycritical to
thesuccessof this trade-off.

6. Conclusion

Wehavestudiedtheperformanceof cooperativecaching
in the context of scalableInternet servers; specifically, we
have comparedthe performanceof a web server built on
top of a genericblock-basedcooperative cachinglayer to
thatof a server employing sophisticatedlocality- andload-
consciousrequestdistribution. Our resultsshow that,when
combinedwith anoff-the-shelfwebserverandround-robin
DNS,cooperativecachinghasthepotentialto achievemuch
of the performanceof locality-consciousservers. This
trade-off of a small (if any) amount of performance canbe
extremely beneficialas it meansthat designers of Internet
servicescan usea generic cooperative cachinglayer as a
building block insteadof re-implementingservice-specific
requestdistributionandcachecoherencealgorithms.

Beyond this paper, we plan to investigatehow to sup-
port writes aswell as readsin CCM. We will also inves-
tigatehow to parameterize CCM so that it canbe adapted
to particularapplications. For example, we will investigate
whetherCCM caneasilybeadaptedfor servers thatalways
usewhole files (e.g., a web server) and whethersuchan
adaptation would improve performance. Finally, it would
be interestingto considerhow cooperative caching might
beusedtogetherwith content-awarerequestdistribution in
generic middlewarelayers.
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Figure 11. CCM’s averagerequestresponsetimenormalizedagainstL2S.
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ulator for L2S andmuchhelpwith our comparative study.
Xiaoyanhelped getsomeof thesimulationresultsfor LAN
speedof 100Mb/s.
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