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Abstract

Thiswork studiegheinteractionof Web proxy cache co-
herencyand replacemenpoliciesusingtrace-drivensimu-
lations. We specificallyexaminethe relativeimportanceof
ead typeof policy in affectingthe overall coststhe poten-
tial ofincorporatingcoheencyissuesn cachereplacement
andtheinclusionof additionalfactors suc asfrequencyof
resouceusein replacemenandcoheencypolicies.

The resultsshowthat the cache replacemenpolicy in
useis the primary cost determinantfor relatively small
cacheswhilethecacecoheencypolicyis thedeterminant
for larger cadhes. Incorporating cache coheencyissues
in cache replacemenpoliciesyieldslittle improvementin
overall performance Theuseof accesdrequencyin cache
replacementlongwith tempoal locality andsizeinforma-
tion, resultsin a simpleand betterperformingpolicy than
foundin previouslypublishedvork. Combiningthisnewre-
placemenpolicy with the bestpiggybadk-basedcace co-
herencypolicy resultsin a 4.5%decreasen costsand89%
reductionin stalenessatio whencompaedto policy com-
binationsin currentuse Preliminary work indicatesthat
cadhe replacementand coheencypolicies continueto af-

fectcostsin the presenceof HTTP protocol enhancements

sud aspersistentconnections.

1. Intr oduction

The performanceof Web proxy cachingmechanismss
an active areaof research. Many studieshave examined
policiesfor cachereplacemenandcachecohereng of Web
resourcesHowever, thesestudieshave primarily examined
themindividually andhave not takeninto accounthecom-
binedeffectsof policiesfor eachissue.In this paperwe ex-
aminea morecompletepictureof Web proxy performance
thatexploreswhethercohereng andreplacementlecisions
shouldaffect eachotherandthe impactof thesedecisions
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on the overall performancecosts(sener requestsnetwork
lateng/, bandwidth).

This work builds on previous work we have done on
cachecohereng. We studiedpiggybackcachevalidation
(PCV)[1Q], atechniqueo improve cachecohereng andre-
ducethe cachevalidationtraffic betweerproxy cachesand
seners. We focusedon usingthe informationavailablein
the cacheand partitionedresource®n the basisof the ori-
gin sener. Whena sener is contactedagainto obtaina
resourcethe proxy client piggybacksa list of cached put
potentiallystale resourcesbtainedrom thatsenerfor val-
idation. The senerreplieswith therequestedesourceand
thelist of cachedesourceshatarenolongervalid.

Laterwe studiedanalternateapproachcalledpiggyback
senerinvalidation(PSI1)[11], wheresenerspartitiontheset
of resourcest a siteinto volumes eithera singlesite-wide
volume or relatedsubsetof resources.Eachvolume has
its own identifier and currentversion. Whena sener re-
ceivesarequestrom a proxy client containingthe client’s
lastknown versionof thevolume, it piggybacksalist of vol-
ume resourcegnodified sincethe client-suppliedversion.
The proxy client invalidatescachedentrieson the list and
canextendthe lifetime of entriesnot on the list. Seners
maintainvolumes but no proxy-specifianformation.

Comparedto existing policies, both the PCV and PSI
mechanismsyielded stronger cache cohereng and re-
ducedperformanceosts by usingthe piggybacledvalida-
tion/invalidationinformationto extendthe expirationtime
for cachedresourcesand reducingthe needfor GET If-
Modified-Since(IMS) validationrequests.The bestover-
all performancevasobtainedwvhenthe PSlandPCV tech-
niguesarecombinedo createa hybrid approactwherethe
choice of the mechanismdependson the time since the
proxy last requestednvalidationsfor the volume[11]. If
thetime is small (e.g.an hour) thenthe PSI mechanisnis
used,while for longergapsthe PCV mechanisnis usedto
explicitly validatecachecontents.Therationaleis thatfor
shortgaps the numberof invalidationssentwith PSlis rel-



atively small, but asthe gapgrows larger, the overheador
sendinginvalidationswill be larger thanthe overheadfor
requestingalidations.

Our prior work on cachecohereng assumedhe useof
a leastrecentlyused(LRU) policy for cachereplacement.
In this work, we build on the cachereplacemenpolicy ap-
proachof Caoandlrani[4]. Theirwork proposes new al-
gorithmcalledGreedyDual-Sizeyhich combinegemporal
locality, size,and othercostinformation. Their algorithm
assignsa cost/sizevalue to eachcachedresource. In the
simplestcasethe costis setto 1 to maximizethe hit ratio,
but othercostssuchaslateng, network hopsand paclets
areexplored. The algorithmtakesinto accountreceng for
aresourcdy inflatingthecost/sizezaluefor anaccessece-
sourceby theleastvalueof currentlycachedesourcesThe
algorithmis bothsimpleto implementwith apriority queue
andyields superiorperformanceelative to previously pro-
posedreplacemenpolicies.

In this work, we usetheseseparateesearchesultsasa
baseto studythe joint impactof cachecohereng andre-
placementsingtrace-drvensimulations.Our approachs
to not usesimple performanceneasuresuchascachehit
ratio, but to usea costmodel[10, 11] that takesinto ac-
countsener requestsresponséateng, andnetwork band-
width for combinationsf cohereng andreplacemenpoli-
cies.By alsoconsideringheratio of staleresourcesened
from cache(stalenessatio) we canfind policy combina-
tionsthatprovide the mostup-to-dateesource$rom cache
attheleastcost.

The ability of proxy cachego reduceuserlateng, net-
work bandwidthand sener load hasbeenwidely studied.
Recentresultshave questionedhe effectivenesf caching
due to dynamiccontent,the increasedpresenceof cook-
iesandtheimpactof persistentonnectiong2]. However,
theseresultsstill shov cachehit ratesof around35% and
recentresultsshav that mostresponsed®asedon cookies
canbereused19]. In addition,techniquesuchasdelta-
encoding14] andactive cacheg3] shav promisein allow-
ing resourceshat changefrequently but predictably to be
cachedbn a cost-efective basis.

The rest of this paperbegins with a discussionof re-
latedwork in cachereplacemeréndcohereng in Sectiorn?.
Section3 describeshe policieswe investigaten this work
basedon differentissues. Section4 presentghe erviron-
mentandevaluationcriteriafor studyingthe combinedco-
hereny andreplacemenpolicies. Section5 discusseshe
resultsof our study Sections6 and7 discussuture direc-
tionsof thework andsummarizeour findingsto date.

2. RelatedWork

Much researchhas beendone on cachereplacement
and cachecohereny policies for proxy caches. Caoand

Irani [4], aswell asotherwork [1, 15, 18], have studiedthe
effect of cachereplacemenpoliciesindependenbf cache
cohereng. Likewise, prior work on cachecohereny, in-
cluding our own work [10, 11], hasnot takeninto account
how thesepolicies interactwith cachereplacemenpoli-
cies[8, 12, 20Q].

Theinteractiorbetweerthesawo issuesdasbeenexam-
inedin [16], which builds on [15], to accountfor delaysin
retrieving a resourceandthe delayto validateit. The en-
hancedalgorithmis betterthanLRU andLRU-MIN [1] in
termsof savingsin delayandin stalenessatio. Theresults,
while encouragingarenot comparedvith bettercachere-
placemenalgorithmsin [4], arebasedn arelatively small
trace,andthe algorithmrequiresbookkeepinginformation
for eachresourceandfor metadataboutresourcegvicted
from the cache.

3.Issues

We examinethe interactionof cachereplacementand
cachecohereng policies from a numberof perspecties.
We usea LRU cachereplacemenpolicy and an adaptve
TTL (ttladap® cachecohereng policy asbaselinepolicies
for our work. LRU is commonlyusedfor comparisonn
prior work on cachereplacementThettladaptpolicy uses
an adaptve TTL basedon a fraction of the resourceage.
Cachedresourceghat exceedthis TTL in cachemustbe
validatedusinga GET IMS request.LRU andttladaptare
both usedin the popularSquidproxy cache[17]. We can
examinea variety of policiesusinga uniformandcompre-
hensve evaluationmodel,which takesinto accountsener
requeststesponsdateny andbandwidthalongwith thera-
tio of staleresourcesenedfrom cache.

3.1 Relative Costs of Cache Coherency and Re-
placement

We begin by looking at the relative importanceof co-
hereng and replacemenfor overall costs. Caoand Irani
shav thatthe GreedyDual-Size-basgmbliciesincreaseahe
hit ratio relative to LRU andotherpreviously proposede-
placemenpoliciesandresultin lower costs(asshavn later
in Section4.2). Our previouswork usingpiggybackingfor
cachecohereng not only improved stalenessesultscom-
paredto the ttladapt policy, but alsoloweredcostsby re-
ducingthe numberof validationmessagesentby a proxy
cache By studyingthe combinatiorof replacemenandco-
hereny policiesin a single model, we cananswerwhich
of these"better” policieshasa greaterimpacton reducing
overallcosts.

We considerntwo cachereplacemenpolicies,Iru anda
betterpolicy gd1 (GreedyDual-Sizalgorithmwith a base
valueof 1/sizg, andtwo cachecohereng policies,ttladapt



and a betterpolicy hybrid (combinationof PCV and PSI

policies). Thefour combination®f thesepoliciesaretested
underarangeof cachesizes. While we expectthatthebetter
replacemenpolicy pairedwith the bettercoherenyg policy

to yield the bestperformanceijt is interestingto compare
thecombinationsvith only oneof the betterpoliciesto see
if costsareloweredacrossthe entirerangeof cachesizes.
Thiscomparisorwill identify which,if ary, of theimprove-
mentsis the primaryfactorin determiningcosts.

3.2 Influence of Cache Coherency on Cache Re-
placement

Ratherthantreatingtheseissuesseparatelywe now ex-
amineif overallperformanceanbeimprovedby consider
ing cohereng issuesaspartof the cachereplacemendeci-
sion. Normally, useraccesgatterngprimarily affect cache
replacementlecisionswhile resourcecharacteristicsiffect
cachecohereny decisions. However, it is reasonabldo
considerreplacingcachedresourceghat have expired or
are closeto expiring becauseheir next accesswill result
in a validationmessage.To improve the stalenessatio, a
cachereplacemenpolicy could be designedo accountfor
thefrequeny of changdor differenttypesof resources.

Incorporating rate and cost of cohereng validation
checkswas studiedin [16]. The Harvestproxy cache[5],
which doesnot have the capabilityto make GET IMS re-
guestdor expiredresourcedijrst remosescachedesources
that have exceededtheir expiration time and then usesa
LRU policy for unexpiredresourcesOnestudyusingHar
vestfoundthatthis policy yieldedundesirableffectsonthe
cachehit ratio by replacingresourcedhat were accessed
againsoonin thefuture[12]. In fact, Squid,a successoof
Harvest,doesnot considerthe expirationtime in its LRU
cachereplacemenpolicy [17].

We investigatedthis issuewith two variationsof the
GreedyDual-Sizealgorithm that eachtakes into account
cohereng information. We broadenthe use of costin
the GreedyDual-Sizealescriptionto one of importanceto
the cache. Our first policy, gdlifetime usesthe remain-
ing lifetime of a cachedobjectin cacheas part of the
basevalue (lifetime/siz¢ to lower the priority of cachede-
sourcesaboutto expire. The secondvariationusesthe ob-
senationthat differenttypesof resourcegshangeat differ-
entrateg[7]. Specifically HTML andtext resourceshange
morefrequentlythanimageresourcesThegdtypecachere-
placemenpolicy teststhis differenceby usingthe standard
value of 1/sizefor HTML (text) resourcesvhile doubling
the value (2/siz¢ for otherresourcetypesthusincreasing
thepriority for resourceshatarelesslikely to change.

3.3 Consideration of Resource Accesg-requency

The frequeng with which a resourceis accessedas
beeninvestigatedn cachereplacemenpolicies. Williams,
et al. investigateda LeastFrequentlyUsed(LFU) policy
basedon frequeng countfor cachedresource$18], while
Scheuermanret al. calculatedthe frequeng of accessas
part of a costmodel [15]. Consideringfrequeny count
aloneresultedin mixed performancebut consideratioras
part of the GreedyDual-Sizalgorithm may be beneficial;
the gdIfu policy with accesscount/sizeas its basevalue,
doesthis.

We alsoconsideraccesgrequeng countsfor cachede-
sourcesn cachecohereng policies. Using the piggyback
cachevalidationpolicy asabasewe considetwo variations
to reducethe frequeng at which lessused,but cachedre-
sourcesare validated. The basepcvadaptpolicy usesan
adaptve TTL with arelatvely smallmaximumTTL of one
hour becausehe validationsareoften piggybacled. To re-
ducethe needfor validationsof new resourceswe inves-
tigatethe pcvfreq policy, which usesanadaptve TTL, but
initially setsthemaximumTTL to onedayfor all resources.
Onceacachedesourcas re-usedjts maximumTTL is re-
ducedo onehour. Thegoalisto reducecostswhile notsub-
stantially increasingstaleness.The secondvariation pcv-
count hasthe samegoal of reducingcosts,but limits the
numberof piggybackvalidation checksfor a resourceto
its accesount; thusstoppingvalidationcheckswhenthe
cachedesources notbeingused.

3.4. Coherencyand ReplacementPolicies

The coherenyg andreplacemenpolicies studiedin our
work are summarizedbelonv along with the parameters
used.Cohereng policies:

¢ pcvadapt—piggybackachevalidation with an adap-
tive thresholdmultiplied by the ageof the resourceo
determindreshnessA thresholdof 0.1is usedwith a
maximumTTL of onehour.

o ttladapt—adaptie TTL policy usingathresholdof 0.1
andamaximumTTL of oneday.

e hybrid—combination of pcvadapt and piggyback
sener invalidationwherethe proxy requestsnvalida-
tionsif the elapsedime sincethe last requestto the
sener is lessthan one hour and usespcvadaptfor
largerelapsedimes.

e pcvfreq—sameaspcvadaptbut initially setthe maxi-
mumTTL to onedayfor all resourcesOncea cached
resources re-usedreduceits maximumTTL to one
hour.



e pcvcount—samaspcvadapt but limit the numberof
piggybackvalidationcheckdor aresourceoits access
count.

Cachereplacemenpoliciesstudied:
¢ Iru—replacetheleastrecentlyusedresourcen cache.

e gd1—GreedyDual-Sizalgorithm using a basevalue
for aresourceof 1/size

¢ gdlateng—GreedyDual-Sizalgorithm using a base
valuefor aresourcef latency/sizavherelateng is the
measuredlelayfor thelastretrieval of theresource.

¢ gdlifetime—GreedyDual-Sizalgorithmusing a base
valuefor a resourceof lifetime/sizewherelifetime is
theremainingcachdifetime for aresource.

e gdtype—samasgdl, but usea numeratorof two for
non-HTML resourcesyhichtypically changdessfre-
quently

¢ gdlfu—GreedyDual-Sizalgorithmusinga basevalue
for aresourcef accesscount/sizevhereaccesscount
is thenumberof cachehits for thisresource.

4. Study

We constructeda trace-drven simulation to study
these policies using two client tracesto test all cache
cohereng/cachereplacementpolicy combinations. We
usedtwo setsof client traces—onefrom AT&T Labs—
Research14] and one from Digital EquipmentCorpora-
tion [6]. More details about thesetracesare available
in [10]. Both of thesetracesaredistinguishedrom mary
proxy logs in the public domainin that they containlast
modificationtime (Imodtime)informationsowe candeter
mineif senerresourcesctuallychange.This information
is neededo accuratelydeterminecostandstalenesgerfor
mance.

In our earlierwork [10, 11], resourceghat were either
generatedlynamicallythroughthe CommonGatevay In-
terface(CGl) or did not includean Imodtimeweretreated
ascachablawvith a default expirationtime. However, if the
lastmodificationtime is unknown thena proxy cachesuch
as Squidsetsit to the time of the requestfor purposesof
calculatingan expirationtime. Thus,the cachedcopy will
expire on the next access.If the proxy cacheusesa GET
IMS for this cachedcopy with the assumedmodtimethen
it is unlikely thatthe origin sener would ever returna 304
responseneaningthe cachedcopy is valid. Consequently
in thiswork we treatsuchresourcessuncachableThere-
sourcesaccounfor 23%of therequests$n theDigital traces
and27%of therequestsn AT&T traces.

4.1 Evaluation Criteria

All combinationsof cachecohereng and replacement
policiesare comparedusing the costsfor threeevaluation
criteria: responsdateng, bandwidthand numberof re-
guestsConsideratiomf thesecriteriagivesusamorecom-
pleteevaluationmodelthanpreviousstudieswhichusechit
ratesor weightedhit rates.We useanormalizedcostmodel
for eachof thethreeevaluationcriteriawhereeachof these
costsis definedto be 0.0if a GET requesttanbe retrieved
from the proxy cache;1.0 for an averageGET requestto
a sener with full resourcereply (status200). In the Digi-
tal tracesthe averagevaluesare 12279bytesof bandwidth
usage(includescontentsand headers) 3.5 secondsf la-
teng/ andonerequestor anaverageretrieval. In the AT&T
tracesthe averagevaluesare8822bytesof bandwidth,2.5
secondf lateny andonerequest.See[10] for morede-
tails.

Thecostof aValidate(GET IMS) requestwhichreturns
avalidationof the currentlycachedcopy (304response)is
computedrelative to the costof a full GET requestfor the
trace.Thisrequests justasexpensveasafull GETrequest
in termsof requestsef intermediatecost(0.36Digital, 0.12
AT&T) in termsof responsdateng andof little cost(0.03
Digital, 0.04AT&T) in termsof bandwidth. Thesevalida-
tion costsare computedbaseduponthe costof an average
resourceetrieval andvalidationin eachtrace.

Thetotal costfor eachcriterionfor asimulationruncom-
bining a cachecoherenyg and replacementombinationis
computedby multiplying eachnormalizedcostby therel-
ative proportionof requestgequiring GET, Validate,and
cacheretrieval actions. Eachof thesecostsis importantin
evaluatingvariouspolicy combinations As meango sum-
marizethesecostswe usetheaverageof the costsasa com-
positecriterionin comparingthe variouspolicy combina-
tions.

In additionto coststhestalenessatiois evaluatedasthe
ratio of theknown stalecachehits dividedby thenumberof
total requestgbothservicedrom cacheandretrievedfrom
the sener). This definition deflatesratios in comparison
to the traditionalmeasureof stalein-cachehits, but allows
fairer comparisorof the policies, which differ in their in-
cacheratios.

4.2 BaselinePolicies

As backgroundo our studywe presentheresultsof us-
ing this cost modelwith cachereplacemenpolicies pre-
viously proposed.Figure 1 shavs the averagecostof the
Iru.ta (combinationof Iru andttladapf combinationpolicy
alongwith two cacheeplacemenpoliciesproposedy Cao
andlrani pairedwith thettladaptcoherenyg policy. Results
arefor the Digital traces,which are primarily usedin our



studywith resultsfrom the AT&T tracesgivenasappropri-
ate.
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Figure 1. Average Cost versus Cache Size for

Digital Traces for Baseline Cache Replace-
ment Policies

Thegdl.tacombinationusesthe GreedyDual-Sizalgo-
rithm with 1/sizeasthe basevalueof a resource.The gd-
latencytacombinatioruseghe GreedyDual-Sizalgorithm
with latency/sizesthebaseresourcevalue. Thecostresults
shavn aresimilarto the hit ratio resultsfoundin [4] where
thegdl.tacombinatiorresultsin theleastaveragecosts.In
termsof specificcoststhegdl.tacombinatiorhastheleast
costfor all threecriteria,rangingfrom themostreductionin
costfor senerrequests$o only asmallreductionin costfor
bandwidth.As a by-productof keepingmorerequestede-
sourcesn thecachethegdl.tacombinatiorhasthe highest
stalenessatio. The gdlatencyta combinationhasthe low-
eststalenessatio, but asshawn in Figure1, resultsin the
highestcosts(althoughit is betterthanlru.ta, but notgdl.ta
for responsecosts). Cao and Irani found much variation
in thelateng timesfor the sameresourcandicatingthatit
may not be a consistenpredictor Their resultsdid notim-
prove whenthey usedthe averagelateng over successie
retrievals. We did not testthis policy in our work. Results
obtainedrom the AT&T tracesshaw lessdifferencesn the
costs but thesameorderingfor the policies.

5. Results

Usingthecostmodelintroducedn Sectiord, thefollow-
ing discussionpresentgesultsfrom studyingthe policies
describedn Section3. The primaryfocusis on how vari-
ouscombination®f cohereng andreplacemenpoliciesaf-
fectcosts particularlyaveragecosts.Stalenessatio is also
presentedvhensignificantin comparingdifferentpolicies.

5.1 Relative Costs of Cache Coherency and Re-
placement

Figure2 shavstheaveragecostof eachof thefour com-
binationsusingthe lru andgd1 cachereplacemenpolicies
combinedwith thettladapt(ta) andhybrid cohereng poli-
cies. Theresultsshav thatthelru.ta combinatiorresultsin
the highestcostwhile the gd1.hybridcombinationhasthe
lowest costs. For an 8 GB cachewith the Digital traces,
thecostsavingsis 4.0%with an89% reductionin staleness
ratio (ratio is 0.0053for Iru.ta and0.0006for gd1.hybrid
indicatingthatbetterreplacemenandcohereng policiesin
combinationcanresultin both costandstalenesgmprove-
ments.
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Figure 2. Average Cost versus Cache Size for
Digital Traces for Four Policy Combinations

Also of interestare the comparisonsetweencombi-
nation policies with a single better policy. Comparing
Iru.hybrid (where the better cohereng policy hybrid is
used)with gd1.ta(wherethe betterreplacemenpolicy gd1
is used)we seethat for smaller cachesthe combination
with the bettercachereplacemenpolicy performsbest,but
for larger cacheghe combinationwith the bettercacheco-
hereng policy yieldsthe leastcosts. The cross-@er point
occursat 3.6 GB in the Digital traces,which is 19% of
the maximumcachesize needed19.0 GB). In the AT&T
traces,similar resultsoccurwith a cross-@er point at 0.7
GB, whichis 24% of the maximumcachesizeneeded3.0
GB). Theseresultsare reasonablyconsistentand indicate
thatfor cachesvherethe cachespaceis lessthan15-25%
of thetotal cacheneededthe cachereplacemenpolicy pri-
marily determineghe costs. For cachesoperatingin con-
figurationswith larger amountsof cachespace the cache
coherenyg policy in effectis the primarydeterminantn re-
ducingoverall costs.



Theseresults shaving lessdifferencefor cachereplace-
ment policies for larger cachesizes, are consistentwith
prior work thatshows little differencebetweerpoliciesbe-
yond 5-10%of the total cacheneeded4, 18]. Theresults
shav that as the cachegrows larger, beyond the 15-25%
crosswerpointof thetotal cacheneededthenumberof val-
idation requestgyeneratedor the large numberof cached
resourcepecomeshe mostsignificantdifferentiatingcost.

5.2 Influence of Cache Coherency on Cache Re-
placement

The secondissuewe investigatedwas to seeif better
overall resultscould be obtainedby taking cohereng into
considerationvhen making replacementecisions. Two
policies were tested—gdlifetime which usesthe lifetime
of the cachedresourcen the GreedyDual-Sizgolicy; and
gdtype which usesknowledge that HTML and text re-
sourcechangemorefrequentlythanotherresources.The
averagecostresultsfor thesetwo policiesandtwo baseline
policiesareshavn in Figure3 usingthettladaptcohereng
policy for all.

Average Cost dec
1 T T
09 Iruta —-— B
gdl.ta —+—
gdlifetime.ta -
! dtype.ta -
0.8 [ gdtyp

0.5 L L L L L L L

0 1 2 3 4 5 6 7 8
Cache Size (GB)

Figure 3. Average Cost versus Cache Size for
Digital Traces for Replacement Policies Incor-
porating Coherency Issues

The resultsindicatethat the gdlifetimepolicy overem-
phasizesheinfluenceof theremainingexpirationtime and
increasesoverall coststhrough more cachemisses. The
gdtypepolicy performsslightly betterthanthe gd1 policy
on costsandstalenessatio (not shavn). Theimprovement
is lessthan 1% for both measureshut indicatesthat ap-
propriateinclusionof cohereng characteristiceanhave a
smallpositive effect on performance.

5.3 Consideration of Resource Accesg-requency

The next issuewe investigatedvasthe potentialof us-
ing resourceaccesdrequeny in thecachereplacemenand
cohereng decisionsWe first examinedits impacton cache
coherenyg by including resourcecountinformationin the
pcvadaptpolicy. The resultsdid not yield improvements.
The pcvcountpolicy, which did not piggybacka valida-
tion checkmore timesthanthe accesscount, was a little
betterthan pcvadaptin stalenessatio and muchworsein
costs(mary morenon-piggybackdvalidationcheckswere
needed)Thepcvfreqpolicy, whichusesahighermaximum
TTL for new resourcesn the cache,shaved slightly de-
creaseatostswith acomparabléncreasen stalenessatio.

We next examinedthe impact of accessrequeng on
cachereplacemenby usingthe GreedyDual-Sizalgorithm
with accesscount/sizeasthe basevalueto createthe gdIifu
policy. Figure4 shaws the resultsof this policy, combined
with boththettladaptandhybrid cohereng policies,along
with two baselineeplacemenpoliciespairedwith ttladapt
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Figure 4. Average Cost versus Cache Size

for Digital Traces Using Frequency of Use in
Cache Replacement

The gdlfu.ta combinationresultsin lower costs than
gdl.ta For example,for a 1 GB cache(5% of cache
needed)the gdlifu.tacombinationresultsin 1.7% reduced
costscomparedo gd1.taand5.3%sas/ingswhencompared
toIru.ta. Comparingcachehit rate,atraditionalmeasuref
performancelru.ta hasa 35.8%hit rate,gd1.taa 42.6%hit
rateandgdlfu.taa44.1%hit rate. Whencombinedwith the
hybrid cohereng policy, the gdIfu.hybrid combinationre-
ducescostsby 4.5%andstalenessatio by 89%whencom-
paredto the basecombinatiorof Iru.ta for an8 GB cache.

Theeffectis thesameput lesspronouncedn the AT&T
traces.Usinga 0.25GB cache(10% of cacheneeded)the



gdlfu.ta combinationresultsin 0.7% reducedcostscom-
paredto gd1.taand2.0%savingswhencomparedo Iru.ta.
Cachehit ratesfor this cachesize are 31.5% for Iru.ta,
36.0%for gd1.taand36.7%for gdlfu.ta Whencombined
with the hybrid coherenyg policy, the gdIfu.hybrid combi-
nation reducescostsby 2.8% and stalenessatio by 86%
when comparedo the basecombinationof Iru.ta for a 2
GB cache. Theseimprovementsindicate that considera-
tion of the frequeng of usein a simple mannerusingthe
GreedyDual-Sizealgorithm resultsin better performance
thanpreviously proposedtachereplacemenpolicies.

6. Future Work

The primary directionsfor future work areto examine
the impactof new developmentsn the Web on cacheco-
hereng andreplacement.The useof multi-layeredproxy
hierarchieg[5] have potentialimplicationsfor the piggy-
bacled approacho cachecoherenyg; we needto examine
how piggybacled informationis propagatedip and down
thehierarchy

The availability of trailer andpipeliningmechanism#n
HTTP/1.1]9] alsoallows usto explorereductionsn thela-
teng/ andbandwidthoverheadf piggybackingn servicing
arequest.In addition,the persistentonnectiorfeatureof
HTTP/1.1is expectedo have amajorimpacton the perfor
manceof the World Wide Web by reducingnetwork over-
headandlateng. Theimportanceof cachereplacemenand
coherenyg, even contentcachingitself [2], needto be con-
sideredin light of this new development.We have madea
preliminary study on the performanceof replacemenand
cohereny policiesin light of persistentonnectionsUsing
anapproactsimilarto Manley andSeltzer13], we assume
that a network connectionbetweena proxy cacheand a
sener persistfor awindow of time beyondthelastrequest
fromtheproxytothesener. While thisassumptiomaynot
hold for all client/serer combinationsjt senesasa base-
line to measuréconnectioncost; theratio of requestshat
requirea new network connectionto be created. Using a
short5 secondime out window for the Digital tracesthe
maximumnumberof connection®penat onetime for an8
GB caches 91.

Theresultsshav thatapproximately?0%of requestgan
be retrieved on a persisteniconnectioneven with a small
cacheand the ratio staysrelatively constanteven with a
muchlargercache.However, the resultsshav thatthe pol-
icy combinationdoeshave someeffect on the numberof
connectionsFor an8GB cache the gdIfu.hybridcombina-
tion resultsin a new connectionfor 24.5%of the requests
in comparisorot 26.4%for Iru.ta. Theseinitial resultsin-
dicatethatpersistentonnectionhave animpacton overall
performancebut that cohereng andreplacemenpolicies
arestill importantto considetin this ervironment.

7.Summary

The outcomeof this work is a betterunderstandingf
how cacheeplacemen&ndcoherenyg policiesinteractwith
eachother Throughthe useof a trace-drven simulation
thatallows differentreplacemenandcohereng policiesto
be combinedin the contet of a uniform cost model, we
have beenableto evaluatethe relative costimprovements
dueto eachtype of policy, theimpactof incorporatingco-
hereng issuesin cachereplacementand the inclusion of
otherfactorsin thesepolicies.

Themajorresultsof this studyare:

e Cachereplacemenandcoherenyg areboth important
in reducingthe costsfor a proxy cache.Bettercache
replacemenpolicies, basedon the GreedyDual-Size
algorithm,wereshawn to have the primaryimpacton
costsfor cachesizesof lessthan 15-25% of the to-
tal cacheneeded. Better cachecoherenyg policies,
basednthepiggybacledvalidationmechanismyere
shavn to have the primary impact for larger cache
sizes.

e Directinclusionof cachecoherengissuesn cachere-
placementoliciesyields little improvementin over-
all performancen our study While the consideration
of cachelifetime for a resourceappeardesirableto
eliminatevalidationrequestsenoughof this resources
mustbe retrievedagainfor futurerequestgo raisethe
overall costs. Using the obsenation that HTML/text
resourceshangemoreoftenresultsin smallimprove-
mentsin performance.

e Considerationof the frequeng of usein cacheco-
herenyg policies doesnot yield better performance,
but its inclusionin the GreedyDual-Sizalgorithmre-
sultsin a bettercachereplacemenpolicy thanfound
in previously publishedwork. Combinedwith thebest
piggyback-baseachecohereng policy resultsin a
4.5%decreasén costsand89%reductionin staleness
ratio whencomparedo existing policy combinations
in currentuse.

Futurework needso examinetheimpactof new devel-
opmentsin the Web on cachecohereng andreplacement.
Preliminarywork suggestshat betterreplacemenandco-
hereng policiescontinueto provide lower costsin light of
new featuressuchaspersistentonnections.
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