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Abstract. ReplicatingWWebdocumentseducesiserperceved delaysandwide-areanetwork traf-
fic. Numerouscachingandreplicationprotocolshave beenproposedo managesuchreplication,
while keepingthe documentopiesconsistentWe claim however thatWeb documenthave very
diversecharacteristicsandthatno singlecachingor replicationpolicy canefficiently manageall
documentsinsteadwe proposehateachdocuments replicatedwith its most-suitecpolicy. We
collectediraceson our university’s Websener andconductedimulationsgo determinghe perfor
mancesuchconfigurationsvould produce asopposedo configurationaisingthe samepolicy for
all documentsTheresultsshav a significantperformancemprovementwith respecto end-user
delayswide-areanetwork traffic anddocumentonsisteng
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1 Intr oduction

Every Web userhasexperiencedslon documentransfers.To reducethe accesgime, onepossible
solutionis to replicatethe documents.Doing so balancegshe load amongthe senersand prevents
repetitive transferof documentover thesamenetwork links. However, afteradocuments updated,
usersshouldnotaccesstaledata;thereplicatedcopiesshouldbe eitherdestrged or updated.

Therearenumerougprotocolsableto helpenforcesuchconsisteng Mostly, we canassumehat
all updateshappenrat the samelocation,which we call the master the otherlocations(the replicas)
arecalledslaves Consisteng policiesfor replicatingWWebdocumentgenerallyfall into the“pull” or
the “push” categories. Pushstratgiesrequirefor the master(or the sener hostingit) to keeptrack
of all copies,andto contacteachslave whenthedocumenis updated.n suchcasesit is possibleto
multicastthe new version,or to request stalecopy to bedestryed. Pull stratgiesrequirefor slaves
to checkthe masterto detectupdates.Stratgiesdiffer in whento checkfor consisteng. it canbe
doneperiodicallyor eachtime acopy is read.A commonlyusedvariantis for a copy to destry itself
whenit suspects is out-of-date without evencheckingthe master

Another classificationof replicationstratgies can be doneregardingreplicasand caches A
replicasite alwaysholdsthe documenta cachesite may or maynot hold it. Replicasitesaresome-
timescalledmirror sites.

Which replicationstrat@y is the mostsuitedfor Web documents?This is a difficult question,
andmuchresearchs currentlytrying to answerit. The mainobstacleto a goodsolutionis the het-
erogeneityof documentsFor example,sizes popularity the geographicalocationof clientsandthe
frequeng of updatesarevery differentfrom onedocumento anotheff16]. Mostapproachesy to
find replicationstratgiesthatcandealwith suchdiversecharacteristics.

In this paperwe take a different point of view. We claim that no single policy can be good
enoughin all cases.So, insteadof designingsomekind of “universalpolicy,” we arguethatseveral
specializecpoliciesshouldbe usedsimultaneouslyDependingon its characteristicsgachdocument
shouldbereplicatedwith thebest-suitegbolicy. Furthermorethechoiceof areplicationpolicy should
berengotiablein casecircumstanceshange.

How multiple replicationstratgies canbe supportedandintegratedin the currentWorld-Wide
Webis addressethy GlobeDoc[20]. Using GlobeDocsWeb pagedor groupsof pagesyreencap-
sulatedinto distributed objects. This encapsulatiomllows oneto easilyassociaten objectwith ary
replicationpolicy [19]. A specializedproxy canthenactasa gatevay betweenthe HTTP protocol
usedby the browsers,andthe distributed-objectprotocolsusedby the documents.in the future, we
ervision GlobeDoc-enabletronserswhich coulddirectly contactthereplicateddocuments.

Althoughthe mechanisméor associatingustomreplicationpolicieswith Webdocumentsareup
andrunning,the needfor differentiatedstratgieshasnot beenaddressedofar. To do so,we mon-
itored our university's Web sener! by keepingtrack of client requestaswell asdocumenupdates.
Then, for eachdocumentn thesetraces,we simulatedhow it would have behaed if replicatedby
oneof several policies. We comparedheresultingperformancef “one-size-fits-all’stratgieswith
customstratgies. In thefirst caseall documentarereplicatedusingthe samestratgy; in thesecond
casewe chosethe“best” stratgy for eachdocumentTheresultsshav thatcustomstratgiesprovide
aclearperformancémprovementcomparedo ary one-size-fits-alstrat@y.

Therestof this paperis organizedasfollows: Section2 describeshe configurationsve worked
with, Section3 describe®urexperimentaketup Sectiord shavs thesimulationresultsanddiscusses
the methodswe designedor associatingptimal stratgiesto documentsSection5 presentselated
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work. We presenbur conclusionsn Section6.

2 SystemConfigurations

Theexperimentconsistedf studyingthedocumentsostedby oneparticularsener (thesener of our
computersciencadepartment)Clientslocatedworldwideretrievedthedocumentdrom the sener, or
from intermediateseners(cachesor replicas). Interposingreplicationprotocolsbetweerthe sener
andtheintermediatesenerswould modify the userlevel perceved quality of service.

We first describeour systemmodel,afterwhich we presenwariousconfigurationgor our experi-
ment.

2.1 SystemModel
2.1.1 DocumentModel

We assumehatall documentupdatesaredoneat the master(which is alwayslocatedat the sener)
by meansof ary document-editindacility. The only requirementis thatthe sener cannoticesuch
updatego propagateheinformationto the copies(if thereplicationpolicy needst).

To simplify our experimentswe considereanly staticdocumentsAlthoughdynamicdocuments
suchasCGls,ASPsandPHPareeasilyembeddablén GlobeDocsthe simulationof replicationfor
suchdocumentss not trivial. Staticdocumentsareself-containedwhich allowed usto captureand
reproduceall accessethey receved (creation,update consultation) Also, dynamicdocumentsnay
requireexternalsourceof informationsuchasfiles anddatabasefor generatinga new versionof a
documentat eachrequest.The natureof theseexternalsourcef informationandthe way they act
uponthe generatedersionsarevery diverse which makessuchdocumentwsery difficult to simulate.
Thereforewe excludedthemfrom our experiment.

2.1.2 Placementof Intermediate Sewers

To reliably simulatereplicationstratgies, we first neededo figure out how mary documenicopies
areneededandto decideon which clientwill usewhich copy. To whatextentthis choiceis actually
realistichighly determineshe validity of the final results. Therefore we wantedto take the actual
network topology into accountin order for clients closeto eachotherto sharea copy, minimize
bandwidthandsoon.

We decidedto group the clients basedon the autonomoussystemswhich hostedthem. Au-
tonomoussystemgor ASe} areusedto achieve efficient world-wideroutingof IP paclets[4]. Each
AS is a group of nodesinterconnectedy network links. Its managersare responsiblgor routing
insidetheirdomain. They export only informationabouttheir relationsto otherASes,suchaswhich
ASesthey canreceve pacletsfrom, andwhich ASesthey cansendpacletsto. Worldwide routing
algorithmsusethis informationto determinethe optimalroutebetweertwo arbitrarymachinesn the
Internet.

An interestingfeatureof ASesfrom our pointof view is thatthey generallymaterializerelatively
large groupsof hostscloseto eachotherwith respecto the network topology? Therefore,we can
assumehatthenetwork connectiorperformancés muchbetterinsidean AS thanbetweerntwo ASes.

2Note thathostproximity in termsof network topologydoesnotimply geographicaproximity. For example,all of a
compan’s officesworldwide maybetopologicallybut not geographicallyclose.
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Figurel: Systermodel

This led usto decideto placeat mostoneintermediatesener (cacheor replica) per AS, andto
bind all usersto their AS’s intermediatesener (seeFigure1). This rule hastwo exceptions. First,
it would be pointlessto createan intermediatesener in the sameAS asthe mastersener: clients
locatedin this AS candirectly accesshe masteraswell. Theotherexceptionis for thefew clientsfor
whichwe couldnotdeterminghe AS. Theseclientsalsoaccesshe sener directly.

2.2 Configurations

For eachdocument,we considera numberof systemsetupslikely to optimize the accesgo that
documentAll configurationsirebasedn the samesystemmodel;the only differencebetweerthem
is the natureof theintermediatesenersandthe consisteng policy they use.

Thefirst configuratioractsasa baselineconfiguration:

e NoRepl this configurationusesno cachingor replicationat all. All clientscontactthe sener
directly. Therearenointermediateseners.

2.2.1 CachingConfigurations

Cachingconfigurationsiseproxy cachesn placeof theintermediateseners. We consideredonfig-
urationswherethe cachesisethefollowing policies:

e Check whena cachehit occurs,the cachesystematicallychecksthe copy’s consisteng by
sendinganl f - Modi f i ed- Si ncerequestothemasteibeforeansweringheclient'srequest.

e Alex: whenacoyy is createdit is given a time-to-live proportionalto thetime elapsedsince
its last modification[7]. Therefore,a documentupdatedvery recentlywill be given a short
time-to-live, asit is assumedhatit will be updatedsoonagain.Onthe otherhand,documents
whoselastupdateis long agoarenotassumedo be updatedsoon.
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Beforetheexpirationof thetime-to-live, the cachecandeliver copiesto theclientswithoutary
consisteng checks At the expirationof thedelay the copy is remavedfrom thecache.

In our simulationswe usedaratio of 0.2, asit is thedefaultin the Squidcache.Thatis:

Tremo/ed - Tcad]ed

=02
Tca(hed - Tlast_mod fication

e AlexCheck thispolicy is identicalto Alex exceptthat,whenthetime-to-live expires,thecopy
is keptin the cachewith a flag describingit as“possibly stale” Any hit on a possiblystale
copy causeghe cacheto checkthe copy’s consisteng by sendinganl f - Modi fi ed- Si nce
requesto the masterbeforeansweringhhe client’s request.This policy is implementedn the
Squidcacheg9].

e Cachelrv: whena copy is createdthe cacheregistersit at the sener. Whenthe masteris
updatedthe sener sendsan invalidationto the registeredcachesn orderto requesthemto
remove their stalecopy. This policy is similarto the AFS cachingpolicy [18].

2.2.2 ReplicaConfigurations

An alternatve to having acachein anAS is to have areplicathere.Replicasenerscreatepermanent
copiesof documents. Thereare a relatively low numberof them, which allows us to use strong
consisteng policiesthatwould not be affordablein the caseof caches.

Thetraceswe collectedinvolve clientsfrom a few thousandlifferentASes,whichled usto con-
sidercachingsystemswith asmary cachesasASes.However, it would notbereasonabléo createso
mary replicationseners. We decidedto placereplicationsenersin the autonomousystemsvhere
mostof therequestsamefrom. Therationalefor this choiceis thatmostrequesteomefrom asmall
numberof ASes.

Figure2 shawsthenumberof incomingrequestperAS (oncethe ASesweresortedby decreasing
numberof requests).The shapeof the curve (with a logarithm/logarithmscale)is closeto a straight
line, whichmeanghatit follows aself-similardistribution. In ourcasethe10“top ASes"issuedb3%
of therequeststhe 25 “top ASes”issued62% of the requestsandthe 50 “top ASes”issued71% of
therequests.
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Figure3: Replicaconfiguation with two replicaserves

We decidedo placeanumberof replicationsenersin the“top ASes’ Clientslocatedinsideone
of theseASesareboundto their local replica. Otherclientssendtheir requestslirectly to the sener
(seeFigure3).

We distinguishedhreereplicaconfigurationslependingn the numberof replicascreatedwhich
canbesummarizedsfollows:

e Repl10(or Repl25 Repl50): replicasarecreatedn the 10 (or 25,50) “top ASes” Theconsis-
teng is maintainedoy pushingupdateswhenthe masteris updatedthe sener sendsaupdated
copiesto the replicaseners. Note that this approachis differentfrom Cachelrnv: in Repl
systemsthe updateddocumentsre sentto the replicas,whereasCachelrnv only informsthe
cacheghatthey have a stalecopy they shoulddestrg.

2.2.3 Hybrid Configurations

In thereplicaconfigurationgresentedh the previous sectionmary clientsaccesslirectly the sener
(e.g.,clientsfrom autonomousystem3 in Figure3). The AS of sucha client generatesnly a few
requestso our sener, soit is notworthwhileinstallingareplicathere.However, it mightbenefitfrom
a cache which is cheapeto maintainthana replica. To take this into account,we created‘hybrid
configurations.

A hybrid configurationis similar to a replicaconfiguration,but it includesa cachein eachau-
tonomoussystemwhich doesnothave areplica(seeFigure4). We definedtwo hybrid configurations
dependingnthe consisteng policy of thecaches:

e Repl50+Alex similarto Repl50Q but theautonomousystemsvhich have noreplicaseneruse
anAlex cacheinstead.

e Repl50+AlexCheck similar to Repl50 but the autonomousystemswhich have no replica
seneruseanAlexCheck cacheinstead.
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3 Experimental Setup

Theexperimentconsistedf simulatingthereplicationof eachdocumentvith eachconfiguration We
ran onesimulationperdocumeni@andper stratgy, andmeasuredhe delayat the clients,whetheror
notthereturnedcopieswerestale,andthe consumedetwork bandwidth. We thenaccumulate@ach
of thesevaluesover all runsto determinethe performancef ary configurationover the entiresetof
documents.

We keptour simulationsascloseaspossibleto thereal system.Thereforethey arenot basedon
traffic modelsput ratheronrealtracesandperformanceneasurement&ection3.1describeshetrace
collection; Section3.2 discusseshe network performancaneasurementgnd Section3.3 describes
thesimulationitself. Finally, Section3.4 discussethemetricswe usedto evaluatetheconfigurations.

3.1 Collecting Traces

To simulatethereplicationof documentswe neededo keeptrackof every eventthatcanhapperto a
documentcreationupdateor request.

The Web sener logs gave usthe necessarynformationaboutthe request$¢o documentsrequest
time, andIP addres®f theclients.We alsomonitoredthefile systenmto detectary creationor update
of afile locatedin the Web sener directories. This way, we obtainedinformationaboutthe update
timesandthenew sizesof documentsDocumentreationwashandledasa specialcaseof anupdate.

3.2 Measuring the Network Performance

To measurdahe network performancdrom our sener to eachAS in our experiment,we randomly
choseb hostsinsideeachAS. For eachof thesehosts we sentanumberof “ping” pacletsof different
sizesandmeasuredheround-triptime. By runningalinearregressionwe approximatedhelateny
andbandwidthof the network connectiorto thesehosts.Thelateng correspondto half of theround-
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trip delayfor a paclet of size0; the bandwidthcorrespondso additionaldelaysdueto paclet’s size
(seeFigure5). We assumesymmetricalnetwork performancesthe performancdrom the sener to
ary hostis considereaqualto the performancdrom this hostto the sener.

Measuringhe network performancénsideeachAS is morecomplicatedbecausave cannotsend
ping pacletsinsidean AS. Therefore we assumehatthe performancdiguresinsidethe AS where
our sener is locatedarerepresentate for all intra-AS communications We measuredhe network
performancensideour AS. Thisis only afirst approximation We arecurrentlyin contactwith other
groupsin orderto measurdahe performancenside a numberof other ASes. This shouldgive us a
betterinsightabouttypical intra-AS communicatiorperformance.

3.3 The Simulations

The simulationsare basedon a modified versionof Saperlipopettea simulatorof distributed Web
cached15]. It allows oneto simulateary numberof cachesgachcachebeingdefinedby its internal
policies(replacement;onsisteny, cooperationandits dimensioningWhengiveninformationabout
the network topologyand performanceSaperlipopetteanreplaytracefiles andcalculatea number
of metricssuchas the cachehit rates,documentsaccessdelaysand the consisteng of delivered
documentsWe extendedhis versionto implementpermanenteplicasin additionto cachesWe also
addedmoreconsisteng policies,suchasinvalidation.

3.3.1 Simulating Caching Configurations

Theideabehindthe cachingconfigurationss, of coursenotto deplg/ cachesverywherein orderto
accesonly our Websener. Thesecachesaresupposedo be usedwithin the AS to accessary Web
sener. As we reproduceonly part of the traffic managedy eachcache we cannotsimulatecache
replacemenpolicies: their behaior dependon the entiretraffic seenby eachcache.Thereforewe
simulatedcacheswithout ary replacemenpolicy (i.e., cachesf infinite size). To roughlyreproduce
thebehaior of thereplacemenpolicies,we decidedthata copy couldnot stayin a cachemorethan
se/endays,independentf ary consisteng considerationThis delayis a typical valueof ary docu-
ments time-tolive insidea Web cache[14]. Whenthetime-to-live valueexpires,the corresponding
copy is removedfrom the cache.



Tablel: Characteristicsof the collectedtracesafter filtering

Numberof documents 17,368
Numberof requests 2,118,572
Numberof updates 9,143

Numberof uniqueclients 107,386
Numberof differentASes 2,785

3.4 Evaluation Criteria

Choosinga replicationpolicy is fundamentallypbasedon makingtradeofs. Replicatinga Web docu-
mentmodifiestheaccess$ime, theconsisteng of copiesdeliveredto theclients,themastesenerload,

theoverall network traffic, etc. It is generallyimpossibleto optimizeall thesecriteriasimultaneously
Therefore gvaluatingthe quality of serviceof the systemshouldinvolve metricsthatcharacterizeéhe

differentaspectof the systems performance We chosethreemetricsrepresentinghe accesgime,

documentonsisteng andglobalnetwork traffic:

e Total delay: thisis thesumof all delaysbetweerthe startof a client’s requestindthe comple-
tion of theresponsdin seconds).

e Inconsistency thisis thetotal numberof outdatedcopiesdeliveredto theclients.

e Sewer traffic: thisis thetotal numberof bytesexchangedetweerthe sener andtheinterme-
diatesenersor theclients. This metricmeasuresll the interAS traffic, which we consideras
the wide-areatraffic; we do not take into accountthe traffic betweerthe intermediateseners
andtheclients,asit is considereds“local.”

Oneimportantremarkis thatall our metricsareadditve: we cansimulateeachdocumentsep-
aratelyandaddthe resultingvaluesfor eachdocumentin orderto getthe quality of serviceof the
completesystem.This would not be possiblef the metricswereaveragevalues for example.

4 Results

Theresultof our experimentis presentedsfollows: Section4.1 givesa brief overviewv of thetraces
we collected;Section4.2 shavs the quality of serviceobtainedwhenthe samestrat@y is associated
to all documentsFinally, Sectiord.3discussemethoddor associatinggachdocumentvith its most-
suitedreplicationpolicy, anddemonstratethe performancémprovementsuchmethodgrovide.

4.1 CollectedTraces

We collectedtracesfrom Sunday29 August1999to Saturday3 October1999(i.e., 5 weeks). Al-
thoughour Web sener hostsa large numberof documentsmost of themare rarely accessed.To
prevent pollution of our results,we filtered the tracesby remaving the documentshat had beenac-
cessedewerthanl0timesduringourtracecollections:documentshatarehardlyaccessedbviously
dont needto bereplicatedor cached.



Table2: Performanceof the one-size-fits-albtratggies. “Delay” standsfor the sumof userperceived
delays.“Incons” is thenumberof outdateddocumentsleliveedto theclients.“T raffic” istheamount
of networktraffic betweerthe masterandthe slaveserves.

Configuration Delay Incons. Traffic

(hours) (nb) (GB)
NoRepl 219.0 5 44.96
Check 229.2 5 24.16
Alex 96.4 5218 24.08
AlexCheck 96.6 4828 23.79
Cacheln 93.6 5 23.74
Repl10 177.4 6 44.64
Repl25 145.0 6 49.22
Repl50 121.9 7 56.88
Repl50+Ale 67.5 971 48.06

Repl50+AlxCheck 67.6 946 47.99

Table 1 shavs somestatisticsaboutthe resultingtrace. We can seethat our sener handles
medium-sizetraffic, and that documentsare not updatedvery frequently (the averagelive-spanis
67 days).

We expectsenersof largersizesuchaselectronic-commercgenersto have moreheterogeneous
documentsetsthanus. Therefore they shouldbenefitmorethanus from the ability to choosethe
replicationstratgiesperdocument.

4.2 One-size-fits-allStrategies

Table 2 shavs the resultingperformancevhenthe samestratey is appliedto all documentgone-
size-fits-allstrat@ies). As we expectedthe NoRepl stratgy hasbadresultscomparedo theothersin
termsof delayandtraffic. Ontheotherhand,it providesvery goodconsisteng. only five out-of-date
documentsleliveredto theclients.

Thesdive outdatedlocumentslo notmeanthatNoReplgenerateary inconsisteng (it obviously
doesnot). In fact,they arecausedy a sideeffect of the simulation. In somecasesanupdateanda
requestvereissuedat the sametime on the samedocument.By chancethe startof therequestvas
simulatedbeforethe update® By thetime theresponseeachedheclient, its versionwasconsidered
out-of-dateby the simulator The sameremarkappliesto otherreplicationpolicies having a low
numberof inconsisteng (5, 6 and7).

Most policiesaregoodwith respecto oneor two metrics,but noneof themoptimizesonall three
metrics.For example,Repl50+AlexandRepl50+AlexCheckprovide excellentdelays.Onthe other
hand,they arenotsogoodwith respecto inconsisteng andtraffic. Otherconfiguration$ave similar
behaior.

3saperlipopettés a discretesventsimulatoranddoesnot allow true parallelismbetweerevents.



4.3 AssigningOptimal Strategiesto Documents

Is it possibleto find a configurationthat provides good performancewith respectto all metricsat
the sametime? To answerthis questionwe proposehateachdocumenfollows its own replication
strat@y.

We first describea numberof candidatemethodsthat canbe usedto assigna stratgy to each
document. We then comparethe performanceof suchconfigurationsto thoseof one-size-fits-all
configurations.

4.3.1 ProposedMethodsfor Assigninga Strategyto a Document

For a given documentfinding the bestreplicationstratgy consistsof decidingwhich stratgy pro-
videsthe bestcompromisebetweerdifferentmetrics. We prefera stratgy which is relatively good
with respecto all metricsratherthana stratgy whichis very goodin onemetricandvery badin the
others.

We designedhreemethoddor assigninga stratgy d to adocumenD. EachmethodM evaluates
astratgy sbyfirst giving it ascoe for its resultwith respecto asinglemetric. Thescoregpermetric
arethentakentogetheleadingto afinal gradeGy (s) for thatstratgy. The stratgy with the highest
gradeis declaredhebestonefor documenD.

Runningthis algorithmonceperdocumentssignsan “optimal” stratgy to eachdocument.

Themethodswve discussnext differ only in theway they gradestratgiesand,in particular in the
way they give scoredo eachmetricfor a givenstratgy anddocument.

e Ranking functions: a stratgy is given a scorefor eachmetricbasedon its rank with respect
to otherstratgies. The stratgy thatperformsbest(in metricm) is givena scoreof 10 points
for m. Thestratgy thatperformssecondestin mis givena scoreof 5 points. The following
threestratg@iesreceve scoref 3, 2, and1 points,respectiely, while all othersgetno points.
Thefinal gradeG;anking(S) is obtainedby simply addingthe scoresof eachmetric for a given
strat@y s.

As presentedso far, the ranking function considersall metricsequallyimportant. However,

we oftenvalueonemetrichigherthanthe others.For example,onemaywish to first minimize
inconsistencieand,giventhis constraintfo find agoodtrade-of betweertheothertwo metrics.
To enablesucha choice,we weightedthe scoresfor eachmetric. It scoles(m) is the score
obtainedby stratgy sfor metricm, then:

Grank’ng(s) — Welghl X SCOIeS(ml)
+weigh; x scomes(my)
+...

Giving more weightto inconsisteng (e.g.,by multiplying its scoreby 2) will thenfavor its
optimization.

By modifying the relatve weightsof metrics, we thus obtain a family of ranking functions
which representlifferenttrade-ofs betweerthe metrics.

e Rangefunctions: the family of rankingfunctionstriesto selectstratgiesthatareasgoodas
possibleover all threemetrics.However, it takesinto accounonly therankingof stratgiesand
nothowmud betteronestratgy is comparedo another Thefamily of rangefunctionstriesto
solwe thisissue.
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A strat@y getsa scoreof 10 pointswith respectto a given metric, if that stratgy ranksas
the bestone. The stratg@y thatranksasthe worstwith respecto that metric, is given a score
of 0 points. Let regeq(m) denotethe resultin metric m for the stratgy that ranksbest,and
resvors (M) the resultfor the stratgy that ranksworst. Then, eachother stratgy s receves
a score(for the samemetric m), relative to its resultres(m) comparedo the bestand worst
obtainedresults:
reSvors (M) —res(m)
reSvorst (M) — reéSes (M)

Again, the scoresfor eachmetricareaddedto a final gradeG;ang(s) andthe stratgyy with the
highestgradeis declaredbestfor documenD. Similar to the family of rankingfunctions,we
weightedthe metric-specificelementof the rangefunction againleadingto a family of range
functions.

scoles(m) =10 x

e Costfunctions; the family of costfunctionsis a variation of the family of rangefunctions.
However, insteadof consideringherelative positiona stratgy hasbasedon how goodor bad
thevalueof ametricwascomparedo valuesof otherstratgies,it givesa scoreto a stratgy by
directly takingthe valuefor eachmetric:

resg(m)
Cm

scoles(m) =

Becausdlifferentmetricsareexpressedn differentunits,we introduceda correctingfactorCy,
suchthatscores(m) is alwaysdimensionless.

Unlike the ranking and rangefunctions,the “best” stratgyy for a given documents the one
which minimizeghe costfunction,wherewe assumehatfor eachmetric,alow valueis better
thanahighvalue.

4.3.2 Comparing the Methods

A methodfrom a particularfamily asdiscusse@bore, is usedto assigna stratgy to eachdocument.
Using a singlemethodfor all documentsleadsto whatwe call anarrangement a method-specific
setof (document,sategy)-pars. Eacharrangemenhasanassociatedalue,whichis expressedisa
vector(total(mericy),...,total(mericy)) wheretotal(mericy) denotedor metrick the valueaccu-
mulatedover all documentsn thearrangement.

To comparehequality of amethodwith respecto how goodit is in actuallyassigninghe “best”
strat@y to adocumentwe simply needto comparehevaluesof arrangement€Comparisons some-
whatdifficult becausehe valuesof arrangementactuallyform a partially orderedset.

To simplify matterswe decidedfor eachmethod,to assigna large weightto the inconsisteng
metric, makingthe optimizationof consisteng anabsoluterequirementBy subsequentlynodifying
therelative weightsof delayandtraffic, we obtain,per family of methodsa numberof arrangements
whichimplementvariousdelay/trafic trade-ofs.

Figure6(a)shavstheperformancef arrangementsn termsof totaldelayandsenertraffic. Each
pointon a curve correspond$o anarrangementbtainedby runningoneof the methodsover the set
of documentswith oneparticularsetof weights.

We compareeacharrangementvith an ideal target point This point correspondgo the best
achisrabledelay(obtainedby selectingfor eachdocumenthe policy with the smallestddelay)andthe
bestachiezabletraffic (obtainedby selectingfor eachdocumenthe policy with the smallestraffic).
Of coursefor agivendocumentthebestpolicy in termsof delayandthebestpolicy in termsof traffic

11
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Figure6: Performanceof arrangements/s. one-size-fits-alktonfiguations

arenot alwaysthe same. Therefore the tamget point is generallyimpossibleto reach. Nevertheless,
this pointactsasanupperbound:it is impossibleto obtaina betterperformancehanthetamget. We
canalsousethe tamget pointto comparethe arrangementsthe closerwe getto that point, the better
thearrangemernis.

It is importantto notethat, dueto the partial orderingof arrangementst is generallyimpossible
to selectonearrangemenasthe “best” one. The only casewherewe cancompargwo arrangements
is if onehasbetterperformancehanthe otherwith respecto all metricsat the sametime. In this
senseit canbeseernfrom Figure6(a)thatthebestmethods alwaysfrom thefamily of costfunctions.
Its curwe is closerto the targetthanarny methodfrom eitherthefamily of rankingfunctionsor thatof
rangefunctions.

The points representingone-size-fits-aliconfigurationsall fall out of Figure 6(a). Figure 6(b)
shavs themin awider view of the samegraph. We canseethatall our arrangementarevery close
to the tamget if we comparethemto ary one-size-fits-aliconfiguration. This meansthat selecting
replicationstratgies on a perdocumentbasisprovides a performancamprovementover ary one-
size-fits-allconfiguration.

4.3.3 Optimality of the Cost-Function Method

Amongthethreemethoddor selectingperdocumenstratgies,thefamily of costfunctionsis clearly
thebest.Onecanthenwonderif we couldimagineyetabettemethodthatwouldleadto arrangements
with betterresults.

We searchedor the optimal arrangementasinga brute-forcemethod. We iteratedover all pos-
sible arrangementandselectedhe optimal ones.We coulddo so only for a very small setof docu-
ments.As eachdocumenimustbetestedwith 10 configurationsif we have d documentsthatmakes
107 arrangementw test. Computingtime limited usto a setof eightdocuments.

Many arrangementareobviously notoptimal: eachtime onearrangemenprovideda better(per
formance)value thananotherwith respectto all metrics,we discardedhe second. The remaining
arrangementaretheoptimalones.

Figure7 shawvs the performancef arrangementprovided by the brute-forcemethod,andby the
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Figure7: Comparingthe optimalmappingdo the costfunctions’ones

family of costfunctions. Someavhat surprisingly the family of costfunctionsprovided only a small
numberof arrangementsio matterhow slowly we changedheweightson eachmetric. However, all
costfunctionarrangementarelocatedon the optimalcurwe, or very closeto it.

We canthenconcludehat,atleastwith respecto this smallexample thefamily of costfunctions
arenot only betterthanthe othertwo familiesof stratgy-assignmeninethodsbut actually provide
truly optimalarrangement€Onthe otherhand,notall optimalarrangementareprovided by the cost
functions.

4.3.4 Stability of Optimal Arrangements

Isit possibleto rely on pastaccesgatterngo predictagoodarrangemertor thefuture?If theaccess
patternof a documentthangesery fast,an arrangemenobtainedfrom pastdatawould mostlikely
notbeoptimalary moreatthetimeit is beingused.

To answerthis question,we split our tracefile in two partsof equalduration(2.5 weekseach).
We choseoneparticularcostfunction,anddeterminedhe arrangemeni provides,basedn thefirst
trace.We thenusedthis arrangemeniith thetracefrom the secondoart.

Table 3 compareghis arrangemerd’ performanceconfiguration‘Obtained”) with all one-size-
fits-all configurationsas well aswith the arrangementesultingfrom the costfunction during the
secondoeriod.We canseethatthe obtainedoerformances worsethanthecostfunctionarrangement,
but still betterthanary of the one-size-fits-altonfigurations.

In particular the numberof outdateddocumentsdeliveredto the clients by the “obtained” ar
rangemenis high (490). Thisis dueto thefactthatour Web sitewasredesignedrom scratchduring
the secondperiod. Therefore mary documentsvhich hadnot beenmodifiedduring thefirst period
weremodifiedduringthesecondne. The “optimal” policiesfor stabledocumentgailedto maintain
consisteng whenthesedocumentsvereupdated.

Betweenthetwo periodstheoptimalstratgy assignmenhaschangedor 3,297documentgover
atotalof 17,401documents)ln fact,mostassignmenthangesverefrom oneRepl stratgy to another
(including Repl50+Alexand Repl50+AlexChecR. This meanghatwhatdid actuallychangewere
not the optimal replicationprotocolshbut ratherthe optimal numberand placemenbf replicas. We
canthenexpectreplicationstratgiesableto dynamicallyadapthe numberandplacemenof replicas,
suchaspushcacheg10], to begoodalternatvesto our staticreplicationpolicies.
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Table3: Usingthearrangementbasedon thefirst periodduring the secondperiod

Configuration Delay Incons. Traffic

(hours) (nb) (GB)
NoRepl 104.4 2 21.33
Alex 429 3885 10.13
Cacheln 42.1 2 10.03
Check 109.2 2 10.32
AlexCheck 43.0 3730 10.05
Repl10 89.3 3 19.87
Repl25 70.6 3 19.76
Repl50 59.0 3 19.28
Repl50+Ale 31.8 1068 14.88
Repl50+AlxCheck 31.8 1034 14.85
Costfunction 32.0 2 10.60
Obtained 33.2 490 10.88

5 Relatedwork

A numberof proposalfave beenmadein the pastto helpimprove the quality of serviceof the Web
by meansof bettercachingpolicies. Particularly relevantis the designof scalablecacheconsisteng
policies. As analternatve to thetraditionalAlex [7] andTTL policies,it hasbeenshavn thatinvali-
dationpoliciescanleadto significantimprovementof maintainingconsisteng at relatively low cost
in termsof delaysandtraffic [13]. Severalvariantshave beenproposed.It is possibleto propagate
invalidationsvia thethe hierarchyof Webcacheg21] or by usingmulticast[22]. Anotherpossibility
is for thesenerto piggybackinformationaboutrecentdocumentsupdatesvhencachesontacthem
for areques{12].

Cachesareanessentiapartof theWebinfrastructure However, their efficiengy haslimits. More-
over, it seemghatthis efficiency decreasedueto thelong-termevolution of accespatterngd3]. One
solutionto this problemis to systematicall\createdocumenteplicas.Basedon a goodknowledgeof
theaccespatternsit is possibleto placereplicascloseto theclients,thereforereducingdelays2, 5].
Suchdocumendistribution canbe doneby the sener itself, aspushcachesdo [10], or by external
servicessuchasAkamai[l] andSandpipef17].

All the policiescited herearegoodcandidatedor beingincorporatedn the setof differentiated
strat@iesthis paperadwocates. However, mostof themrequireto implementspecificmechanisms.
Invalidation protocolsneedvarioustypesof callbackinterfaces,replica distribution systemsneed
to pushdocumentcopiesto the replicaseners,andso on. One could think of incorporatingsuch
mechanismsn existing protocols. For example,mary primitivesfor cachemanagemenhave been
incorporatedn HTTP during the designof version1.1[11]. However, suchprotocolmodifications
take time to bewidely used.In addition,they oftenincreasehe protocols compleity.

This paperadwcatesthe simultaneousiseof a large numberof replicationpolicies. In some
casesanauthorshouldevenbeallowedto developapolicy speciallydesignedor aspecificdocument.
Thereforewe needaway to implementpolicieswithouthaving to modify HTTP or to build a specific
infrastructureeachtime.

The solutionconsistof separatingransportandreplicationissueshy associatingodeto adoc-
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umentthat can manageits replication. Suchan approachhasbeentaken in a numberof projects.
Theactive cachesssociateodewith adocumento enablecachingof dynamicdocumentg$6]. This
proposalcanbe usedto allow cacheddocumentgdynamicor not) to manageheir own consisteng

In the W30Objectsystem,highly visible cachingmechanismsre proposedhat canbe modified by
enduserg8].

6 Conclusion

Our experimentdemonstratethatno singlereplicationpolicy canbe successfullyappliedto all Web
documents.Instead,associatinghe mostsuitedreplicationpolicy on a perdocumentasisleadsto
significantperformancemprovement. In additionto this, onedocumentauthorcanweightthe cost
functionasto reflectthetradeofs that(s)heconsidergpreferabldor theseparticulardocumentsThis
costfunctionprovidesanoptimalmappingwhich implementghedesiredradeof.

The experimentpresentedvasconductedver alarge setof cachingreplicaandhybrid configu-
rations.However, this setmustbeviewedonly asafirst example:alot of othercachingor replication
policiescould be addedaswell. We expectthatincreasinghe numberanddiversity of policieswill
improve theresultingperformance.

In the future, we planto deply a setof GlobeDocsenersandusethe methodpresentedn this
articleto decideon optimalreplicationpolicies. In particular we would like to studythetraffic from
otherWeb senersto seehow the specificsof eachsener influencesthe optimal arrangementsA
university Web sener suchasourswill likely notleadto the samestratgiesasa commerciakener,
for example.

Finally, this work is to be extendedto the replicationof othertypesof objects. We planto in-
vestigatehow the methodgpresentedn this article canbe appliedto the replicationof dynamicWeb
documentsSuchresultswouldleadusto amoregenerakolutionfor choosinghereplicationpolicies
of distributedobjects.

References

[1] AKAMAL http://ww. akanai . cond .

[2] BAENTSCH, M., BAUM, L., MOLTER, G., ROTHKUGEL, S., AND STURM, P. Enhancingthe Web
infrastructure- from cachingto replication.IEEE InternetComputingl, 2 (Mar. 1997).

[3] BARFORD, P.,, BESTAVROS, A., BRADLEY, A., AND CROVELLA, M. E. Changesn Webclientaccess
patterns:Characteristicand cachingimplications. World Wde Web (specialissueon Characterization
and PerformanceEvaluation)(1999).

[4] BATES, T., GERICH, E., JONCHERAY, L., JOUANIGOT, J.-M., KARRENBERG, D., TERPSTRA, M.,
AND YU, J. Representatioof IP routingpoliciesin aroutingregistry. RFC1786,Mar. 1995.

[5] BESTAVROS, A., AND CUNHA, C. Senerinitiateddocumentdisseminatiorfor the WWW. IEEE Data
EngineeringBulletin 19, 3-11(Sept.1996).

[6] CAao, P., ZHANG, J., AND BEACH, K. Active cache:Cachingdynamiccontentson the Weh In Pro-
ceeding®f the 1998Middleware confeence(Sept.1998),pp. 373-388.

[7] CATE, V. Alex —aglobalfile system.In Proceeding®f the USENIXFile SystemWorkshop(Ann Arbor,
Michigan,May 1992),pp. 1-11.

[8] CAUGHEY, S. J., INGHAM, D. B., AND LITTLE, M. C. Flexible opencachingfor theWeh Computer
Networksand ISDN Systemg&9, 8-13(1997),1007-1017.

15



9]

(10]

(11]

(12]

(13]

(14]
(15]

(16]

(17]
(18]

(19]

(20]

(21]

(22]

CHANKHUNTHOD, A., DANZIG, P., NEERDAELS, C., SCHWARTZ, M. F., AND WORRELL, K. J. A
hierarchicallinternetobjectcache.Iln Proceeding®of the 1996 UsenixTednical Confeence(SanDiego,
CA, Jan.1996).

GWERTZMAN, J., AND SELTZER, M. The casefor geographicapush-caching.In Proceedingof the
HotOS'95 Workshop(May 1995).

KRISHNAMURTHY, B., MOGUL, J. C., AND KRISTOL, D. M. Key differencedetweerHTTP/1.0and
HTTP/1.1.ComputeMNetworksand ISDNsystem$1, 11-16(May 1999),1737-1751.

KRISHNAMURTHY, B., AND WILLS, C. E. Piggybacksener invalidationfor proxy cachecohereng.
ComputeMNetworksandISDN System80, 1-7(1998),185-193.

Liu, C., AND Ca0, P. Maintainingstrongcacheconsisteng in theWorld-WideWeh IEEE Transactions
on Computes 47, 4 (Apr. 1998),445-457.

NLANR cachesvital statistics”.htt p: //wwv. i rcache. net/ Cache/ Statistics/Vitals/.

PIERRE, G., AND MAKPANGOU, M. SaperlipopetteladistributedWebcachingsystemsvaluationtool.
In Proceeding®f the 1998Middleware confeence(Sept.1998),pp. 389—405.

PITkow, J. E. Summaryof WWW characterizationsComputerNetworksAnd ISDN Systems0, 1-7
(Apr. 1998),551-558.

SANDPIPER. htt p: // www. sandpi per. coni .

SATYANARAYANAN, M. Scalablesecureandhighly availabledistributedfile access.|EEE Computer
23,5 (May 1990).

VAN STEEN, M., HOMBURG, P., AND TANENBAUM, A. S. Globe: A wide-areadistributed system.
IEEE Concurency(January-Marci999),70-78.

VAN STEEN, M., TANENBAUM, A. S., Kuz, |., AND SIPs, H. J. A scalablemiddlewvaresolutionfor
adwancedvide-areaWebservices DistributedSystem&ngineerings, 1 (Mar. 1999),34-42.

YIN, J., ALvisl, L., DAHLIN, M., AND LIN, C. Hierarchicalcacheconsisteng in aWAN. In Proceed-
ingsof the 1999UsenixSymposiunen InternetTechnolagiesand Systemg$USITS’99)(Oct. 1999).

Yu, H., BRESLAU, L., AND SHENKER, S. A scalabléNebcacheconsisteng architectureln Proceed-
ingsof the ACM SIGCOMM’'99Confeence(Sept.1999).

16



