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ABSTRACT

Despitetraditionalweb cachingtechniquesredundantatais of-
tentransferrecbver HTTP links. Theseredundantransfersresult
from bothresouce modi cation andaliasing Resourcemodi ca-
tion causeshedatarepresentetly asingleURI to changepften,in
transferringthe new data,someold datais retransmittedAliasing,
in contrastpccurswhenthe samedatais namedby multiple URIs,
oftenin the context of dynamicor adwertisingcontent. Traditional
web cachingtechniquesndex databy its nameandthusoftenfail
to recognizeandtake advantageof aliasing.

In this work we presentValue-BasedVeb Caching,a technique
thateliminatesredundantatatransfersdueto both resourcemod-
i cation and aliasing using the samealgorithm. This algorithm
cachedlatabasedon its value ratherthanits name It is designed
for usebetweera parentandchild proxy overalow bandwidthlink,
andin the commoncaseit requiresno additionalmessageound
trips. Theparentproxy storesasmallamountf soft-stateperclient
thatit usesto eliminateredundantransfers Theadditionalcompu-
tationalrequirement®n the parentproxy aresmall, andthereare
virtually no additionalcomputationalor storagerequirementson
the child proxy. Finally, our algorithmallows the parentproxy to
sene simultaneouslyasatraditionalwebcacheandis orthogonato
otherbandwidth-saing measuresuchasdatacompressionln our
experiments this algorithmyields a signi cant reductionin both
bandwidthusageand userperceved time-to-displayversustradi-
tionalwebcaching.

Categoriesand Subject Descriptors

C.2.2[Computer-Communications Networks]: Network Proto-
cols—Applications C.2.4[Computer-CommunicationsNetworks]:
DistributedSystems—€lient/server
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Keywords
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1. INTRODUCTION

With the widespreaddeployment of broadbandit is often as-
sumedthatbandwidthis becomingcheapfor the commoninternet
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Figurel: Ourtargetpopulation.In this paper welook at reducingthe
user perceived time-to-display (TTD) of web pagessewved over a low
bandwidth link, suchasa telephonemodem. Our techniquesmake use
of computational and storageresouicesat the Inter net sewvice provider
(ISP) to which aclient is connected.

user Althoughthis notionis trueto anextent,a surprisingnumber
of usersstill connecto thelnternetover 56 kbpsmodems America
Online, for example,has33 million userswho connectprimarily

via modemsandmary otherinternetserviceproviders(ISPs)pri-

marily supportmodemusers.Moreover, the emeging deployment
of universalwirelessconnectity ushersin a new wave of users
connectingover low-bandwidthlinks. In this paperwe presenta
techniquecalledValue-BasedVeb Caching(VBWC) thataimsto

mitigatethelimitations of suchconnections.

We begin by assuminghat our userhasa very low-bandwidth
(lessthan80 kb/s)connectiorover atelephoneor wirelessnetwork
to anISP, asillustratedin Figurel. This serviceprovider mayrun
aweb-proxyand/orcacheon behalfof the userandis in turn con-
nectedto the Internetat large. In sucha situation,the bandwidth
throughthetelephoneor wirelessnetwork is a fundamentalimita-
tion of the system;it is the largestcontrikutor to client-percered
lateny for mary les. For example,in 1996 Mogul et al. [14]
foundthattheaverageresponseizefor asuccessfuHTTP request
was7,882bytes which takesallittle over a secondo transmitover
a modem;in contrast,the round-triptime betweernthe client and
sener moreoftenfallsin the 100-300msrange.Othertracesshav
meanresponsaizesof over 21 kB [10].

In the Mogul et al. study the authorsalsoshaved that muchof
thelimited bandwidthavailableto clientswasbeingwasted.Some
of thiswasteis easyto eliminate:asmary as76.7%of thefull-body
responsef the studiedtracewereshortenedy simplegzip com-
pressionresultingin a total savings of 39.4%of the bytestrans-
ferred. Otherbandwidthwasteis moredif cult to correct.

One example of bandwidthwastethat is dif cult to eliminate
occurswhenthe datarepresentedby a single Uniform Resource
Identi er (URI) changesby small amountsover time. This phe-
nomenonis calledresouce modi cation; it it tendsto occuroften
with news sitessuchascnn.com Mogul etal. shavedthat25-30%
of successfultext-basedesponseserecausedy resourcanodi-
cation, andthey foundthatusingdeltaencodingovertheresponse



bodieseliminatedaround50% of the datatransferred.Our results
con rm thatwhenusedbetweertherequestinglientandtheorigin
sener, deltaencodingproducessigni cant reductionsn bandwidth
consumed.

When an origin sener doesnot computedeltasitself, a proxy
may computethemon behalfof clients.Banga,Douglis,andRabi-
novich proposedptimisticdeltas[2], in which a web cachesends
anold versionof a givenresourcedo a clientover alow bandwidth
link immediatelyafterreceving arequesfor it. Thecachethenre-
queststhe currentversionof the resourcefrom the origin sener,
and sendsa deltato the client if necessary To provide for the
largestnumberof possibleoptimistic responsegor dynamicweb
pagecontent,it is desirablethatthe cachebe ableto transmitthe
responsesentby the origin sener for one client asthe optimistic
responséo another Unfortunately sincethe cachedoesnot know
the semanticmeaningof the page,this techniquehasthe poten-
tial to introduceprivacy concerns Ensuringthatno singleclient's
personalinformation leaksinto the responsesentto anotheris a
non-trivial task.

A secondtype of bandwidthwaste occurswhen two distinct
URIsreferencehe sameor similardata. This phenomenois com-
monly termedaliasing andcanoccurdueto dynamiccontent,ad-
vertising,or web authoringtools. It wasstudiedin 2002by Kelly
andMogul [10], who studiedthe casein which oneor moreURIs
represenexactly the samedata. They found that 54% of all web
transactionsnvolved aliasedpayloads,and that aliaseddata ac-
countedor 36%o0f all bytestransferredThestandardvebcaching
modelidenti es cacheableinits of databy the URIs thatreference
them;assuch,it doesnotaddresshephenomenonf aliasingatall.
Evenif it is known in advancethattwo or moreURIs sharesome
data,thereis noway to expressthatknowledgeunderthe standard
model.

In this paper we preseniValue-Base®Veb Cachingatechnique
by which cachedlatais indexed by its value,ratherthanits name.
Our algorithmhasthefollowing interestingproperties.

It detectsand correctsexcessbandwidthusagedueto both
resourcanodi cation andaliasingwith the samealgorithm.

It is obliviousto dataformat; it requiresno understandin@f
HTML syntax.

It eliminatessomeof the privagy concernsassociatedvith
delta-encodingproxies;the client in our algorithmonly re-
ceives datathat was originally intendedfor it by an origin
sener.

Althoughit is not strictly a statelesprotocol, proxiesstore
only soft-statejossor inconsisteng of this stateresultsonly
in performancedegradation,not a compromiseof semantic
transparenc Furthermorejt requiresordersof magnitude
lessstoragaesource®n the proxy thanontheclient, allow-
ing asingleproxy to supportmary clients.

In the commoncase,it addsno roundtrips to the standard
HTTP protocol,achieving performancecomparableo con-

ventional cachingeven in the absenceof aliasing and re-

sourcemodi cation.

The remainderof this paperis organizedas follows: Section2
presentsheValue-BasedVebCachingalgorithm;it is followedby
a performancesvaluationin Section3. Section4 presentgelated
work, andSection5 concludes.
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Figure?2: Value-Based/\eb Caching. As the proxy receveseachblock
from the origin sewer, it hashesit, storesthe resultin its cache,and
forwards the block on to the client (upper gur e). When a block is sent
again aspart of a different responsepnly the hashis retransmitted to
the client (lower gur e).

2. THE VBWC ALGORITHM

In this sectionwe presenthe Value-BasedVeb Cachingalgo-
rithm; we begin with anoverview beforediscussinghe details.

2.1 Overview

Considera web resourcesuchasthe main pageof a newvs web
site. This pagechangesover time, andit containsreferenceso
otherresourcesuchasimagesand adwertising content. In a tra-
ditional web cache the datafor eachof theseresourcesvould be
storedalong with somefreshnessnformation and indexed under
theURI by whichit is named.ThefundamentaideabehindVBWC
istoindex cachedlatanotonly by its name but by its valueaswell.
To achieve thisgoalef ciently , we breakthedatafor aresourcento
blocksof approximately2 kB eachandnameeachblock by its im-
ageundera securehashfunction,suchasMD5 [19]. Thisimageis
calledtheblock's digest by the propertiesof the hashiit is highly
unlikely thattwo differentblocksmapto the samedigestunderthe
securehash. A web cacheusingVBWC storestheseblocksasits

rst-class objects.In orderto alsobeableto nd databy its name,
asecondablemaybeusedio mapresourceso theblocksof which
they arecomposed.

Indexing web resourcedatain this mannercanresultin better
utilization of storageresource$l, 12]. For example whenaliasing
occursthealiaseddatais storedonly once.However, therealben-
et of value-baseatachingcomeswhenresourcesretransferred
betweencaches. Figure 2 shavs the basicalgorithm. The rst
time aresources requestedby theclient, the proxy fetchests con-
tentsfrom anorigin sener. Thesecontentsarebrokeninto blocks
and hashed. The proxy storeseachblock’s digest,thenit trans-
mits boththedigestsandthe blocksto theclient. Theclientcaches
the blocksindexed by their digestsand associatedJRIs. Later,
the proxy candetectthata subsequentequestontainsan already
transmittedblock by checkingfor that block's digestin its cache.
In suchcasespnly the digestis retransmittedo the client, which
reassemblethe original responseisingthedatain its block cache.

Beforedelving into the detailsof this algorithm,let us consider
its bene ts. First,asshavn in Figure2, it doesnot matterwhether



Beforinsert:

block 4
74 3F 53 DO FO 57 F8 78 F5 42

block 5 block 6

88 46 CC 1C 0C 97 40 DO DB 58 S

Afterinsert:

changed by unnecessary
necessity changes
— block 4 block 5 block 6

74 3F 53 DO FO 57 F8 78 F5 42 4A 88 46 CC 1C 0C 97 40 DO DB 58 S

4A inserted

Figure 3: Theproblemwith x ed-sizedlodks. After an insertion, not
only is the block into which the newvalue wasinserted changed,but all
subsequentblocks are changedaswell.

the secondrequesis for the sameURI asthe rst requestall that
is importantis thatthe two responsesontainidenticalregions. By
namingblocksby theirvalue,ratherthantheresourceshey arepart
of, werecognizeandeliminateredundantatatransferdueto both
resourcanodi cation andaliasingwith the sametechnique.

A secondbene t of VBWC is the way in which it distributes
load amongthe partiesinvolved. As mentionedabove, while the
proxy may storethe contentsof blocks (asit would if it werealso
actingasawebcachefor instance)it is only requiredto storetheir
digests.As such,the proxy only storesa few bytes(16 for MD5)
for eachblock of several kilobytes storedby the client. A proxy
may possessonsiderablestorageresourceshowever, assumingt
hasonly asmuchstorageasasingleclient, this storageratio allows
asingleproxy to supporthundredf clients.

A third bene t of our algorithmis thatthe digestsonly needto
be computedat the sener; the client simply readsthem from the
datatransmittedto it. In the casewherethe clientis a low-power
device suchasa cellularphoneor PDA, this computationasavings
couldresultin asigni cant reductionin lateng. Ontheotherhand,
the Java implementatiorof our algorithmcanprocesshlocksat a
rate of 7.25MB/s on a 1 GHz Pentiumlll, a rate equivalentto
the download bandwidthof over 1,000modernmodems;we thus
expecttheadditionalperclient computationaloadonthesenerto
be smallenoughto allow it to scaleto large numbersof clients.

A nal bene tof Value-BasedVebCachingis thatit requiresno
understandingf the contentsf a resource For example,a delta-
encodingproxy (suchasthatin usedin theWebExpresgroject[8])
will generallymale useof theresponsethatanorigin senersends
to mary differentclientsin orderto choosea basepagefor future
usein deltacompressionlf this processs performedincorrectly
thereis the possibility that one client's personainformation may
becomepart of the basepagetransmittedto otherclients. Specif-
ically, this information leakageis a resulttwo interactingperfor
manceoptimizations:usinga singlebasepagefor multiple clients
to save storageresourcesand using delta-encodingn responses
markeduncacheablby the origin sener. In contrastaclientusing
VBWC only receveseithertheblockssentto it by anorigin sener
or thedigestsof thoseblocks.

2.2 ChoosingBlock Boundaries

Above we mentionedhatwe breakeachresponsénto blocks;in
thissectionwedescribehow we chooseblockboundariesNa'vely,
we could usea x ed block size, 2 kB for example. Figure 3 il-
lustratesone problemwith this approach:an insertionof a byte

Beforinsert:

f(74,3F,53)=0 f(0C,97,40)=0

'~ 74 3F 53 D0 FO 57 F8 78 F5 42 40 46 CC 1C 0C 97 40 DO DB 58 ~

block

Afterinsert:

f(74,3F,53)=0 f(42,40,1A)=0  f(0C,97,40)=0

¢ 1A inserted\/\¢ ¢

74 3F 53 DO FO 57 F8 78 F5 42 40 1A 46 CC 1C 0C 97 40 DO DB S

block L pock ! d/'
all further blocks unchange

Figure 4: Picking bloc boundariesusing Rabin functions. An insert
may changethe block in which it occurs, split an existing block into
two (shown here), or causetwo existing blocks to be combined; the
remainder of the blocksin a streamremainthe same.

into a block earlyin the le (into block 5 in the gure) offsetsthe
boundarie®f every block thatfollows. As a consequenceyur al-
gorithmwould only noticecommonsegmentsin two resourcesip
totheir rst differencecommonsegmentghatoccurredaterin the
resourcesvould notbeidenti ed.

One solutionto this problemwas discoreredby Manberin an
earlierwork [11]: chooseblock boundarieshasedon the value of
theblocksratherthantheir position.Let f beafunctionmappingn
one-byteinputsuniformly andrandomlyto the setf O, . . ., 204 7.
In otherwords,

ntimes

——Y—
B B Bl f0,...,204Ty

where B is the setof possiblebyte values. We canplacea block
boundanbeforebytesi in aresourcef thevalueof f onthen bytes
proceedingoyte: is 0. Sincef is uniform andrandom,we expect
to evaluateit on average2048timesbefore nding a zero;thusthe
expectedblock sizefrom thistechniquds 2 kB. In addition,we set
aminimumandmaximumblock sizeto avoid choosingblocksthat
aretoosmallor large. Thesdimits arenecessarprimarily because
in practicethefunction f is computationallyeasyto invert; without
the limits, a maliciousparty could createdocumentsonsistingof
mary smallor large blocksandtherebysigni cantly skew the ex-
pectedblock size. Figure4 shawvs anexampleof computingblock
boundariesn thismanneffor n = 3. There,f(0C, 97,40) = 0, so
theblockin theupper gure endson byte40.

Thebene t in picking block boundariesy the value of the un-
derlying datais illustratedin the lower half of Figure 4, where
the byte 1A hasbeeninsertedinto the stream. In this example,
f(42,40,1A) = 0, so this changeintroducesa nev boundary
splitting the original block in two. However, sincen = 3, the
boundariesof all blocksthreeor more positionsafter the change
areunafected;in particular thenext block still startswith thebyte
valueDO. In generaltheinsertion,modi cation, or deletionof ary
byte either changesonly the block in which it occurs,splits that
block into two, or combinesthat block with one of its neighbors.
All otherblocksin the streamareunafected.

To implementf, ManberusedRabinfunctions[18], a decision
we follow. Let b; represenbyte: in astreamandlet p beaprime.



A Rabinfunction f is afunction

fi = fi ne1,...,bi)
bi n+1p(rI l)"'bi n+2p(

n

2+  +b (mod M)

for somemodulus}M . Suchfunctionsare attractve becausehey
canbecomputedteratively:

fisr = f(bi n+2,...,bie1)
(fi b aap™ )

Using this knowledge,we cancomputefi+1 from fi with only a
subtractiontwo multiplications,a division, andanadd. Moreover,
sincethereareonly 256 possiblevaluesof b n+1 , the rst multi-
plicationcanbe computecef ciently via tablelookup. As aresult,
we cancomputef; veryefciently for all 4.

p+ bi+1  (mod M)

2.3 An Enhancement

Consideran HTTP client loadinga web pagethrougha proxy.
Themainpageis storedon asener A, andit includestwo embed-
dedimagesponestoredon sener B andtheotheronsener C. The
clientopensaconnectiorto theproxy andenqueuesherequesfor
the resourceon A. Onceit recevesthe responsebody; it parses
it anddiscoversit mustalsoretrieve the resource®n B andC' in
orderto displaythe page. To performtheseretrievals, the client
could enqueuehe requestfor the resourceon B followed by the
requesfor theresourceon C' onthe connectiorit alreadyhasopen
to the proxy, oneafterthe other However, becausef therequest-
responsesemanticof the HTTP protocol,doing sowould require
theproxy to transmittheresponsdor B beforetheresponséor C,
regardlessof which of themwas available rst. If sener B was
underheavy load or simply far away in lateng from the proxy, a
signi cant delaycould resultin which the datafrom C' wasavail-
ablebut couldnotbe sentto theclient, resultingin idle time onthe
low bandwidthlink. This situationis commonlytermedhead-of-
line blocking.

2.3.1 Allowing Multiple Connections

To reducethe occurrencef performanceroblemsdueto head-
of-line blocking, mostHTTP clientsopenseveral connectiongo a
proxy atagiventime. The Mozilla webbrowser, for instancewill
openup to four connectiongo its parentproxy. For the samerea-
son,wewouldlike ourchild proxyrunningtheVBWC algorithmto
beableto openmultiple connectiongo its parent.This decisionin-
troducescomplicationsnto thealgorithmasfollows. As discussed
in the algorithmoverview, the child proxy in our algorithmmain-
tainsacacheof previouslytransmittecblocks,andthe parentproxy
maintainsa list of the digestsof the blocksthe child hasalready
seen.Becausehechild only has nite storageresourceswvailable,
it musteventuallyevict someblocksfrom its cache.Werethe par
entto latertransmita digestfor a block the child hadevicted, the
child would have no way to reproduceheblock’s data. Thusthere
mustbesomeway to keepthelist of blocksontheparentconsistent
with the blocksactuallycachedy the child.

In the casewherethereis only oneconnectiorbetweerthe par
entandthechild, keepingthe parentslist of blocksconsistentvith
the child's block cacheis simple. Both sidessimply usesomede-
terministicalgorithmfor choosingblocksto discard.For example,
SpringandWetherall[23] useda nite queueon eitherend. When
the parenttransmitteda block, it placedits digeston the headof
the queueandthe child did the sameon receving a block. When
the queuebecaméull, the parentwould remove a digestfrom its
tail; the child would againdo the same but would alsodiscardthe
block correspondindo the received digest. To decidewhetherto

Client
Mozilla [ Child Proxy [Parent Proxy [Origin Servel
GET
-@®  GET e
block A
block A block A @ _
~ 3
castout(hash (block B))= block B ®
hash (block B) (@)
resend(hash (block B)]
- block B block B @

Figure5: Thefull algorithm. The web browserissuesa GET request
(1) that is forwarded all the way to the origin sewver. The sewer begins
sendingthe responseback, and it is broken up into blocks (2) at the
parent proxy. On receiptof block A, the child proxy executeghe LRU
algorithm and choosesblock B to discard. However, asit sendsthe
castout messagg(3) to the parent proxy, the parent proxy is sending
acrossonly the digestof block B, assumingthe child still hasit cached
(4). When the child recevesthe digestfor B, it hasalready sentblock
A to the browser, soit cannotsimply repeatthe entirerequest.Instead,
it requestshblock B by namefrom the parent proxy (5). Sincethe digest
for block B wasrecentlytransmitted, it is still in the sewer's transmit
buffer, soit is forwarded on to the child proxy, and in turn, to the client.

transmita whole block or only its digest,the parentneedonly ex-

aminethe queue;if the digestof the block in questionis already
there,theblockis cachedon the child andonly the digestmustbe
transmitted Unfortunately with multiple connectiondbetweerthe
parentand child, the orderin which blocks are sentis no longer
necessarilfthe sameasthe orderin which they arereceved, soa
moresophisticated@lgorithmmustbe used.

To allow for multiple connectiondetweerthe child andparent
proxies,we abandortheideaof usinga deterministicfunctionon
eitherend of the link betweenthem, and insteadusethe follow-
ing optimistic algorithm. First, the sener recordsthe digestsof
the blocksthatit hastransmittedn the past,andassumeshatun-
lessit is told otherwise the child still hasthe datafor thoseblocks
cached.Thechild, in turn, usesa clock algorithmto approximate
LRU informationaboutthe blocks,discardingthoseleast-recently
usedwhenstoragebecomesscarce.After discardinga block, the
clientincludesits digestin theheadeof its next requesto the par
ent,usinga new “X-VBWC-Castout” headereld. Solong asthe
list of referenceso to the blockscontainssometemporallocality,
it is very unlikely thatthe parentwill transmitthe digestof a block
that the child hasjust castout—rather the castoutmessagewill
reachthesenerin time. If, however, this unfortunatecasedoesoc-
cur, thechild usesarequestvith adummyURI to retrieve the data
for themissingblock. This entireprocesss illustratedin Figure5.

A nal modi cation is necessaryo nish the optimistic algo-
rithm. Before,the sener only cachedhe digestsof blocksit trans-
mitted, not their values. If the child wereto re-request block as
describedabore, thesenerwould notbeableto reproducehedata
for it. To preventthis problem,we addto the sener a queueof the
lastfew blockstransmittedwhich we call the transmitbuffer. The
size of this queueis determinedby the bandwidth-delayproduct
of the link betweenthe parentandits child, plus someadditional
spaceo handleunexpecteddelays.For example,if theparentis on



alink with a one-way lateng of [ secondsanda bandwidths, a
queuesizeof s3 will allow thechild s [ secondgrom thetime
it recevesa unrecognizedligestto senda retrieval requestbefore
thatblockis discardedrom thetransmitbuffer. If the parentproxy
is alsoactingasawebcachewith anLRU eviction policy, thestor
ageusedfor the transmitbuffer canbe sharedwith that usedfor
generalwebcaching.

2.3.2 Discussion

The transmitbuffer in our algorithm might seemunnecessary;
afterall, the sener canalwaysretrieve aresourcdrom therelevant
origin sener in orderto re-acquirethe datafor a particularblock.
This is not the case,however, andthe reasoningwhy it is not is
somevhatnon-olvious, sowe presentt here.

In building awebproxy; onepossiblesourceof lostperformance
is called a store-and-forwad delay Sucha delay occurswhen
a web proxy muststorean entire responsdrom an origin sener
(or anotherproxy) beforeforwarding that responseon to its own
clients. Our algorithmdoesnot suffer from suchdelays(exceptas
necessaryo gatherall of the datafrom a given block), and this
featureis animportantonefor its performance Considera single
HTML pagewith areferenceo a singleimageearlyin the page.
If the pageis transmittedwvithout store-and-fonard delays there-
questingclient seesthe referenceearly in the pages transmission
and can begin fetchingthe correspondingmagethroughanother
connection: Otherwise,it mustwait until the entire le is avail-
ablebeforeit hastheopportunityto seethereferencesotheimage
retrieval begins muchlater. Sincethe bandwidthof the modemis
low andits lateng is long, it is crucialthatthechild proxy forward
eachblock of aresponseo the client asquickly aspossiblejn or-
derto minimizethetime until the client sendssubsequentequests
for embeddeabjects.

Unfortunately eliminating store-and-fonard delays con icts
with thenotionof anoptimisticalgorithmasfollows. First, modern
web sitesarerich with dynamic content,both dueto adertising
anddueto extensve peruserandtime-dependentustomization.
Two requestdor the sameresource gven when issuedat almost
the sametime, often returnslightly differentresults. If the child
proxy in our algorithmwereto receve a digestfor a block thatit
did not have cachedthe parentproxy might not be ableto retrieve
the contentsof that block via a subsequentequestto the associ-
atedorigin sener. If the child proxy hasalreadyforwardedsome
of theresponséo theclientprogram,it cannotbegin transmittinga
differentresponsénstead.

We would like our algorithmto provide semantidranspaency
thatis, ary response client recevesthroughour pair of proxies
shouldbeidenticalto someresponsé couldhave receveddirectly
from an origin sener. Under normal circumstancesthis notion
meansthat the responseaeceved is one that the sener sentat a
givenpointin time, notthemix of severaldifferentresponseg has
sentin the past.Of course,|it is alwayspossiblefor a sener to fail
during the transmissiorof a responsein which casea client must
by necessityseea truncatedesponseBy increasinghesizeof the
transmitbuffer in our algorithm, we canprovide the sameappar
ent consisteng. Underalmostall circumstancesthe child proxy
is ableto re-request missingblock beforeit leavesthe transmit
buffer. In the extremelyrare casethatit doesnot, andthe block
cannotbe recosered,the connectiorto the client may be purpose-
fully severed. By always usingeithera “Content-Length’header
or chunled transferencoding(ratherthanindicatingthe end of a
responseahrougha “Connection: close” header) we canalsoen-

1The importanceof startingthe retrieval of embeddedbjectsas
earlyaspossiblewas rst pointedoutby Nielsonetal. [16].

surethatin this rare casethe client programis ableto detectthe
error and display a messageo the user The usercanthenman-
ually reloadthe page. In summary connectionamay be dropped
even without our pair of proxies,and by manipulatingthe size of

thetransmitbuffer, we candrive the probability of additionaldrops
dueto unavailableblocksarbitrarily low.

2.3.3 On Statelessnesmsd Soft-State

An importantdifferencebetweerouralgorithmandconventional
web cachingis thatconventionalweb cachesarestatelessvith re-
spectto their clients. As pointedout by Sandbey etal. [21], state-
lessprotocolsgreatlysimplify crashrecoveryin network protocols;
in statelesgprotocols,a sener thathascrashedandrecoseredap-
pearsidenticalto a slow sener from a client's point of view. Fur-
thermore a statelesgprotocol preventsa sener from keepingper
clientstate eliminatinga potentialstorageandconsisteng burden.
For thesereasons statelesprotocolis generallypreferredover a
statefulone. We justify our useof a statefulprotocolasfollows: it
outperformsa stateles®ne,especiallyover high-lateng links, and
thestateit storeds usedonly for performancenot correctnesswWe
discusghesetwo pointsin detailbelow.

In adelta-encodingrotocolsuchasRFC3229[13], aclientsub-
mits informationaboutearlierresponsesf which it is awarewith
eachsubsequentequesfor thesameresourcelf theproxy serving
theclientis alsoawareof oneof thoseresponsedt cancomputea
deltaandsendit to theclient. However, thistechniquecannotelim-
inateredundantransfersdueto aliasing;by de nition, analiased
responseontaingedundantlatafrom resourcestherthanthatre-
questedUnlessa client wereto transmitinformationaboutearlier
responsedor all resourcego the proxy, somealiasingcould be
missed.Kelly and Mogul presentedn algorithmthat usesan ex-
tra roundtrip to catchaliasing[10], but over high-lateng modem
lines this additionalroundtrip could introducesigni cant perfor
mancereductions By storinga smallamountof stateperclienton
the proxy, our algorithm avoids extra roundtrips in the common
case.

Moreover, while our protocolis not statelesst utilizesonly soft
stateto achieve its performancegains. A protocolis termedsoft-
stateif the statestoredis usedonly for performancenot correct-
ness.If the proxy in our algorithmlosesinformationaboutwhich
blocks the child hascached,it will resultonly in the redundant
transferof data. If the parentthinksthe child is cachingdatathat
it is not (eitherdueto corruptionon the parentor datalosson the
child), thechild will requesthedataberesentasdescribedn Sec-
tion 2.3.1. If a sufcient numberof suchresendsccur the child
proxy could proactiely instructits parentto throw out all infor-
mation aboutthe contentsof the child's cachethrougha simple
extensionto our protocol. Suchanextensionwould be particularly
valuableif a child wereperiodicallyto switch proxies. In conclu-
sion,we believe theuseof perclientstatein our protocolis justi ed
by the combinationof its performancebene ts andits absencef
aneffecton correctness.

3. PERFORMANCE EVALUATION

In this sectionwe describea detailedevaluationof the ability
of VBWC to reducebandwidthconsumedand—morecrucially—
reduceuserpercevedtime-to-display(TTD). In this evaluationwe
concentrateon the domainin which the elimination of redundant
transferds likely to befruitful. An evaluationbasedon full traces
of useractvity is left for future work. We startby describingour
methodologyandexperimentaketup thenpresenbur results.



Bandwidth Reduction with VBWC

140

m Control

m Gzip

= VBWC

0 Hybrid

Avg. Data Transfered (kB)
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Figure 6:  Our experimentalsetup. Our instrumented version of

Mozilla and our Java implementation of the child proxy run on the
client machine, which talks to all other machines on the Internet
through a FreeBSDmachine using DummyNet to simulate a modem.
The parent proxy (running either the Gzip, VBWC, or Hybrid algo-
rithm) runs on the Inter net side of this fake modem.

3.1 Experimental Methodology and Setup

In orderto testthe ability of our algorithmto reducedhe user
perceved TTD of commonweb pageswe built the following test
suite. First, we instrumentedMozilla version1.0.1to readURIs
from alocal TCP port. After readingeachURI, our instrumented
browserloadsthe resourceandsendshetotal loadtime backover
the soclet. This time correspondgo the time from whena user
of anuninstrumentedersionof the programtypesa URI into the
URI eld onthetoolbaruntil the Mozilla icon stopsspinningand
the statusbardisplaysthe message'Done. (x seconds)”.

To this web browser we addeda Perl script that takes as in-
put a list of URIs, thenloadseachone throughan instrumented
browserrunningwithouta proxy andasecondnerunningthrough
a proxy usingthe VBWC algorithm. We simulatea modemusing
a FreeBSDmachinerunningDummyNet[20], which addslateng
andbandwidthdelaysto all traf c passinghroughit. In our exper

iments,we con gured DummyNetto provide 56 kb/s downstream
and 33 kb/s upstreambandwidth,with a 75 msdelayin eitherdi-
rection. Theseparametersnimic the obsened behaior of modern
modems.Theuseof DummyNetalsoallows usto monitorthetotal
numberof bytestransferrecicrosghesimulatednodemin eachdi-
rection,andthePerlscriptrecordshis numberaftereachload. Af-
ter eachiterationthroughthelist, the scriptsleepsfor twenty min-
utesbeforerepeatingthe test, resultingin eachURI beingloaded
throughthe algorithmandcontrolapproximatelyevery thirty min-
utes.This experimentalkon gurationis illustratedin Figure6.

In our experiments, Mozilla and the child proxy run on a
750 MHz Pentiumlll with 1 GB of RAM, while the parentproxy
runsonal GHz Pentiumlll with 1.5GB of RAM (asnotedbelow,
however, we limit our cachedo a smallfraction of the total avail-
able memory). The machinerunningDummyNetis an 866 MHz
Pentiumlil with 1 GB of RAM. Both the child and parentma-
chineswere otherwiseunloadedduring our tests;the DummyNet
machinewasnot completelyisolated but sav only light loads.

Mozilla consistsof over 1.8 million lines of C++ sourcecode.
Ratherthanfamiliarize ourseheswith the full extentof this code
basenecessaryo addthe VBWC algorithmto it, we implemented
our algorithmin Java atopthe StagedEvent-Driven Architecture
(SEDA) [26]. Implementingthe algorithmin a separatgroxy has
the adwantageof makingit browser neutral (we have alsorun it
with InternetExplorer),but addssomelateng to localinteractions.
Worse, it forcesusto utilize two separateveb caches;oneinter-
nal to Mozilla andonein the proxy itself. As such,in the control
experimentsMozilla runswith a 10 MB memorycache,while in
the VBWC experimentsMozilla andthe proxy eachhave a5 MB
cache Weleave quantifyingtheadwantage®f integratingthesewo
cachesasfuturework, butit is clearthatthe cachewill have some
overlappingdata,putting our algorithmat somedisadantage Our
resultsare someavhat pessimisticin this sense. The parentproxy
in our testsis alsoimplementedn Java atop SEDA. Altogether
theparentandchild proxy aremadeup of about6,000linesof Java
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Figure 8: TTD of Hybrid vs. Gzip. This graph shaws the median

time-to-display (TTD) of Value-BasedWeb Caching with compression
(called the “Hybrid” algorithm), versuscompressionalone (called the
“Gzip” algorithm). For most web sites,the Hybrid algorithm givesa
signi cant improvement.

code,includinganHTTP parserandaspecializedtring-processing
library.

To compareVBWC againstsomethingotherthan just Mozilla
itself, we implementedh secondparent-childproxy pair that sim-
ply compresse@achresponsdrom ary web sener usinggzip be-
fore sendingt overthe modem.We do notcompressry response
thatcontainsa “Content-Type” headesstartingwith “image”, since
in our workloadtheseareall GIF andJPEG les thatarealready
compressedAlso, Mozilla includesan “Accept-Encoding:gzip”
headein all its requestsandsomeorigin senerstake advantageof
this, respondingwith “Content-Encoding:gzip” in their response
headersWe do nottry to furthercompressuchresponses.

Finally, weimplemented hybrid algorithmthatusesvBWC but
compressegachnew block beforesendingit to the client. Non-
imageresponseshat are compressedby the origin sener are un-
compressedy the hybrid algorithm beforethey are broken into
blocks; the resultingblocks are recompressetieforebeingtrans-
mittedto theclient.

Marny previous studiesin this eld have measuredandwidth
saved asa performancemetric for algorithmssimilar to our own.
Instead,we choseto instrumenta full web brovser As we will
shav belaw, simplebandwidthsasings do not necessarilyguaran-
teeanequialentimprovementin TTD, the maincomponenbf the
quality of a users experience.

3.2 Experimental Results

In this sectionwe examinethe resultsof our experimentswhich
ranfrom approximately? PM on Novemberl2,2002until approx-
imately5:30PM on Novemberl4,2002.

3.2.1 TheCostsof Optimism

Forour rst result,we analyzethe costsof the parentproxy's di-
gestcachebeingonly looselysynchronizedvith the child proxy's
block cache.In all of our experimentsthe transmitbuffer on the
parentwas limited to 100 kB of block data. During our experi-
ments the parentin our algorithmtransmitteda total of 17,768di-
gestswithouttheir correspondinglatato theclient; for 42 of these,

TTD (s) Percent
Website Gzip | Hybrid | Improvement
amazon.com 6.65 5.02 245
aol.com 4.31 4.30 0.2
cnn.com 7.28 571 216
evite.com 3.13 2.36 24.6
fool.com 7.28 5.77 20.7
google.com 0.70 0.68 2.2
mapquest.com 6.27 5.26 16.1
msn.com 2.89 2.16 25.3
msnbc.com 6.89 6.07 11.9
netscape.com 12.33| 11.36 7.9
news.com 6.02 6.80 -13.0
nytimes.com 6.32 4.70 25.6
salon.com 7.63 3.29 56.8
sjmercurycom 9.28 6.37 314
slashdot.ag 4.61 4.80 -4.1
washingtonpost.com 10.32 7.22 30.0
yahoo.com 2.60 1.71 34.2

Table 1: TTD of Hybrid vs. Gzip. This table shavs the median TTD
of the Hybrid and Gzip algorithms asrepresentedin Figure 8, aswell
asthe percentimprovementthe Hybrid algorithm achievesover Gzip.

the child had alreadycastout the blocks' datafrom its cache,a
0.24% missrate. Sincethe costof a missis only an additional
round-trip time over the modem,we feel that this low missrate
clearlyjusti es our useof anoptimisticalgorithm.

3.2.2 BandwidthSavingswith VBWC

Next, we examinethe bandwidthsavings provided by our algo-
rithm. Figure 7 shavs the averagekilobytes transferredoer web
pageasa function of the algorithmused. In mostcasesthe com-
bination of VBWC and gzip (called the Hybrid algorithmin our

gures) outperformsall threeotheralgorithms.However, the sim-

ple Gzip algorithm performsquite well. The HTTP 1.1 standard
allows for suchcompressiorio startat the origin sener whenre-

questedy aclient (usingthe“Accept-Encodingheadereld), but

in ourexperienceyeryfew senerstake advantageof thisportionof

thestandardln the casesvherethey do (suchasslashdot.aog), the

controlcaseis muchcloserin bandwidthusageto the Gzip case.

In caseswherethe Hybrid algorithmunderperformszzip, it is
oftendueto the granularityof resourcemodi cation onthosesites.
For example, the spacingbetweendifferenceson successie ver-
sionsof slashdot.og is under2 kB, andtherearemary small dif-
ferencesBecausef this, over the courseof our experimentspnly
24%of themainslashdot.og pagesentfrom the parento thechild
was sentasthe digestsof previously transmittedblocks. In con-
trast, 64% of the main nytimes.conpagewas sentasthe digests
of previously transmittedblocks. Using a smalleraverageblock
sizewould presumablymitigatethe effectsof smallchangesatthe
costof moreoverhead.In theory onecould alsochoosethe aver-
ageblock sizedynamicallyin responséo pastperformancebut we
have notyetinvestigatedhis technique.

3.2.3 TTDReductiorwith VBWC

Figure 8 shavs the medianTTD of the Hybrid algorithm for
variousweb sites,normalizedagainstthe TTD of the Gzip algo-
rithm. We use mediansinsteadof meanswhen reporting TTD
numbershecausaevebsenerresponsdime distributionsshaw very
long tails, especiallyon loadedweb senerslike thoseusedin our
experimentslIn contrastsenerloaddoesnot affectthesizesof re-
sponsesTherelative performanceof the control caseandVBWC



URIs 2,881
Modi ed URIs 48
Uniquepayloads 3,639
Aliasedpayloads 97
(URI, payload)pairs 4,223
Uniqueblocks 12,328
Aliasedblocks 510
Transactions 7,502
w/ modi ed URIs 1,979
w/ aliasedpayloads 922
w/ aliasedblocks 1,345
Payloadsizes(bytes)
Range(min—max) 1-85,463
Median 2,927
Mean 14,909
Sum 54,252,472
Sumof aliased 586,887
Block sizes(bytes)
Range(min—max) 1-8,192
Median 1,588
Mean 2,236
Sum 27,565,326
Sumof aliased 962,677
Transfersizes(bytes)
Median 1,115
Mean 8,604
Sum 64,545,462
Sumof aliased 1,748,601

Table 2: Statisticsfor our workload.

without gzip are lessinteresting—thg roughly follow the band-
width differenceshavnin Figure7. Tablel shavstheactualtimes
for eachpointin Figure 8, aswell asthe percenimprovementthe
Hybrid algorithmachievesover Gzip for eachwebsite. The bene-
ts of VBWC areclearfrom thetableandgraph.For onewebsite,
the Hybrid algorithmachieres a 56.8%improvementin TTD; for
threeothers,it achieves at leasta 30% improvement;andfor an-
othersix it achievesatleasta 20%improvement.lt performsworse
that compressioralonein only two cases.We are quite satis ed
with the performancef thealgorithmin general.

3.2.4 Workload Analysis

As a nal result,we characterizedurworkloadsoasto compare
it to previoustraces.To do so, we instrumentedur VBWC code
to print thenameof eachblockit receves,theblock’s size,andthe
URI with which thatblockis associatedror every occurrencef a
particularblock, we notedwhetherthe block hadbeenseenearlier
in the workloadin the payloadfor the sameor anotherURI. The
transferof blocksseerin thepayload<f earliertransactionenthe
sameURI could be eliminatedthroughsophisticatechame-based
techniguesuchasdeltaencoding.Thetransferof blocksseeronly
in the payloadsof earliertransaction®n different URIs, however,
canonly be eliminatedthroughvalue-baseaaching. In this anal-
ysis, we foundthatatotal of 34.0MB of the 61.6 MB transferred
could be eliminatedby name-basedaching. (Note that choosing
blocks differently could improve this number;our blocking algo-
rithm is sub-optimalfor smalldeltas.)In contrast35.3MB of the
transferreddata could be saved by value-basedaching,leaving
1.3 MB thatcouldbe sared only by value-basedaching.This po-
tential 57% savingsis over the transactionperformedby Mozilla,
whichis alreadymaintaininga5 MB conventionalcacheof its own.

Overall, the abore numbersindicatethatthereis a gooddealof
bandwidthto be saved usingnamed-basedaching,while thereis
lessclearbene t to value-basedtachingif named-basedaching
with delta encodingis alreadybeing performed. To qualify the
potentialbene tsof ouralgorithmonamoregeneratrace we ana-
lyzedourworkloadin the style of Kelly andMogul [10]. They call
a transactiora pair (U, P) whereU is arequestURI and P is a
reply datapayload.They saythatareply payloads aliasedif there
exist two or more transactiondU, P), (U, P) whereU & U°
They saythata URI is modi ed if thereexist two or moretransac-
tions (U, P), (U, P% whereP 6 P° We extendtheir nomencla-
ture asfollows. We saythata payloadP is a sequencef blocks
fBi1,B,...,Bng. We saythatablock B is aliasedif thereex-
isttwo or moretransactiongU,f ..., B,...q),(U%f...,B,...q)
with U 6 U°.

Table 2 shavs that 12% of transactionsn our workload have
aliasedpayloads,as comparedo the 54% that Kelly and Mogul
obseredin theirWebTV trace.Furthermoreye foundthataliased
payloadsaccountfor only 3% of the bytestransferredasopposed
to 36% in the WebTV trace. Theseresultsindicatethat our cho-
senworkloaddemonstratea comparatrely small opportunityfor
value-basedachingto reduceredundantransfersdueto aliasing.
As such,a clearavenuefor futureresearchs to testour algorithm
onthe WebTV trace. Finally, we notethat Table2 shovs 18% of
transactionsontainaliasedblocks,anadditional6% overthenum-
berthatcontaincompletelyaliasedpayloadsjndicatingtheimpor-
tanceof looking for aliasingat theblock level.

4. RELATED WORK

Therearea numberof uniquefeaturesto our algorithmandour
experimentabpproachbut therearealsoa numberof prior studies
thattoucheduponmary of the sameideas.We review themhere.

The rst work ondeltaencodingn thewebthatwe know of was
in the contet of the WebExpresgroject[8], which aimedto im-
prove the end-userxperiencefor wirelessuseof theweh They
notedthatthe responseto POSTtransaction®ftensharedsimilar
responsesandutilized deltaencodingto speedup transactiorpro-
cessingapplicationswith web interfaces. Deltaswere computed
with standarddifferencingalgorithms. Mogul et al. performeda
trace-drven studyto determinethe potentialbene ts of bothdelta
encodinganddatacompressiorior HTTP transaction$14].

An innovative techniquefor delta encoding,called optimistic
deltas wasintroducedby Banga,Douglis,andRabinwich [2]. In
their schemeawebcachesendsanold versionof a givenresource
to aclientoveralow bandwidthlink immediatelyafterreceving a
requesffor it. It thenrequestghe currentversionof the resource
from the origin sener, andsendsa deltato theclientif necessary
This approachassumeshereexists enoughidle time duringwhich
the origin sener is being contactedo sendthe original response
over the low bandwidthlink, andthe authorsperformsomeanal-
ysisto shav that suchtime exists. In ary case their algorithmis
capableof abortinganoptimistictransferearlyassoonasthecache
recevesa moreup-to-dateresponsexinddecideshe transferis no
longerpro table. We believe that optimistic deltasare effectively
orthogonato ourtechniquealthoughwe have yetto try to combine
thetwo. lonescus thesis[9] describesa lessaggressie approach
to deltaencoding.

Severalstudiesof thenatureof dynamiccontentonthewebwere
performedby Wills andMikhailov, who demonstratethatmuchof
theresponselatain dynamiccontentis actuallyquitestatic. For ex-
ample,they foundthattwo requestsith differentcookiesin their
headeroften resultedin the exact sameresponsepr possiblyre-
sponsethatdifferedonly in theirincludedadwertisingconten{27].



Later, they founda 75%reuseratefor the bytesof responséodies
from populare-commerceites[28].

Severalstudiemf whichwe areawarelookedattherateof change
of individual web sites. Brewington and Cybenlo studiedtherate
of changeof web pagesin orderto predicthown often searchen-
ginesmustre-index theweb([3]; PadmanabhaandQiu studiedthe
ratesand natureof changeon the msnbc.conweb site [17]. The
latter studyfound a medianintermodi cation time of les onthe
sener of aroundthreehours. Looking back at our Figure 7 this
resultis intriguing, aswe found a much higherrate of changein
the actualsener responséodies(recall that we sampledthe site
approximatelyevery 30 minutes).

Studiesof aliasingcamelater to the web researchcommunity
Theearliestof thesethatwe areawareof wasby Douglisetal. [5],
who studieda numberof aspectof web use,including resource
modi cation. They notedthat 18% of full body responsesvere
aliasedn onetrace(althoughtheterm“aliasing” wasnotyetused).
Interestingly they did not considerthis aliasingto be a usefultar
get of cachingalgorithmssincemostof theseresponsesvere for
“uncacheabletesponsesVe notethatcachingdataby its valueas
we have donein this studydoesnot suffer from sucha limitation.

Alias detectiorthroughcontentdigestshasbeenusedin the past
to prevent storing redundantcopiesof data. The Inktomi Trafc
Sener [12] andwork by Bahnet al. [1] both usedthis approach.
The main advantageof this techniqueis thatit allows a sener to
scalewell in the numberof clients; as opposedto simply com-
pressingcacheentries the useof digestsallows commonelements
in theresponseto distinctclientsto be storedonly once.

The HTTP Distribution and ReplicationProtocol [25] was de-
signedto ef ciently mirror contentonthewebandis similarto the
Unix rsyncutility [24]. It usesdigestscalledcontentidenti ers, to
detectaliasingandavoid transferringredundantiata. The protocol
alsosupportgleltaencodingn whatthey call differentialtransfes.

SantosandWetherallpresentedheearlieswork of whichwe are
awarethat useddigeststo directly suppressedundantransfersin
networks by usinga child andparentproxy on eitherendof a low
bandwidthconnection[22]. Spring andWetheralladdedthe idea
of usingRabinfunctionsto chooseblock boundarie$23]. We have
usedbothof thesedeasin ourwork. In contrasto ours,boththese
algorithmsare targetedat the network paclet layer Spring and
Wetherallnotethattheir cachingtechniquantroduceghe problem
thatthecachesanbecomeaunsynchronizedueto pacletloss,and
they notethat moresophisticatedilgorithmsfor cachingmight be
used. In our optimistic algorithm we addressoth of theseprob-
lems: we allow castoutdecisionsto be driven completelyby the
client, wherethe mostinformationaboutthe actualusagepatterns
of datais available,andwe provide recovery mechanismso deal
with inconsistenciesLik e the SantosandWetherallalgorithm,we
useMD5 hashesgatherthanchainsof ngerprints to nameblocks.
Thistechniqueemovesfrom the sener theburdenof storingall of
theresponsdodiesthatthe client stores;for alarge client popula-
tion this canbea signi cant savings. Finally, SpringandWetherall
foundonly a 15%improvementin bandwidthusageusinggzip we

nd thisresultcuriousandbelieve it might have occurredbecause
they werecompressingacletsindividually, whereaghegzipalgo-
rithm is moreef cient with largerblock sizes.

Rabin ngerprinting wasusedearlierby Manber{11] to nd sim-
ilar les within a le systemMuthitacharoenChen,andMazieres
combinedhis techniqueswith those of Spring and Wetherallto
build a network le systemfor useover low bandwidthlinks [15].
In their system beforewriting new datato the sener, aclient rst
sendsonly the digestof eachnew block; the sener thenasksfor
thedatacorrespondingo ary digestst doesnotrecognizeln web

parlancetheir techniqueis successfubecause greatdealof le
systemwrites are dueto both resourcemodi cation andaliasing.
For example, they notethata le andthe backupgeneratedor
it by mary populartext editorssharemuch of the samedata, but
have differentnames. Their applicationis not suitedto the opti-
mistic techniquesve presentere,andthustheir protocolrequires
an extra roundtrip. The addition of this extra roundtrip over a
high-lateng link is acceptabléf the potentialsavingsis large; we
believe thesmallsizeof theaveragewebresourceprecludesheuse
of suchroundtrips, however.

Kelly andMogul performeda detailedstudy of aliasingon the
web usingtracesfrom the WebTV network andthe Compaqgcor-
poratenetwork [10]. We recommendheir relatedwork sectionas
an excellentintroductionto the space. In that work, they found
a very high percentagef transactionsncludedaliasedresponses
(54%) versusthe percentagevhoseresponsesontainededundant
datadueto resourcemodi cation (10%). Our workloadis more
limited; this limitation may explain the disparityin our obsered
results.Neverthelesssincealiasedpayloadsareoftenincompress-
ible, sucha distribution would probablyimprove our relative per
formanceversusgzip Kelly andMogul alsoproposedhebasicsof
a schemeto take advantageof aliasingover low bandwidthlinks.
They index cachedy bothURI anddigest.In aresponsethe par
entproxy in their schemerst sendshe digestsfor every block to
the child proxy. Then,the sener may optimistically startsending
the resources dataand acceptcancelrequestsfrom the child, or
the child may sendexplicit requestdor the datacorrespondingo
unrecognizedligests. We are not aware of animplementatioror
performanceesultsthereoffor this algorithm.

Finally, anothemody of work addressethe aliasingproblemin
a differentway. ChanandWoo [4] usesimilarity in URIsto nd
cachedesource$rom the sameorigin sener relatedto agivenre-
quest,thenusea deltaencodingalgorithmto computea response
basedon one or more cacheditems. Like our algorithm, theirs
usesspecializedchild and parentproxies, but they do not spec-
ify a mechanisnfor keepingthesein sync. In a similar approach,
Douglis, lyengar andVo [7] usea ngerprinting algorithmin the
style of Manberaswell asURI similarity to identify relateddocu-
ments.In contrasto our algorithm,they useanextra roundtrip to
coordinatethe client andsener. Becausehey usedeltaencoding
algorithmsratherthan a block-basedalgorithm, thesealgorithms
have the potentialto save morebandwidth,astheir deltascanbeat
a ner granularity The additionof an extra roundtrip in the lat-
ter protocoleliminatesthe needto maintainperclient stateon the
sener, but it may prevent the algorithmfrom providing an over
all reductionin TTD over high-lateng links. Douglis and lyen-
gar[6] performeda studyof severalbodiesof data,includingweb
resourcesp quantifytheability of algorithmsto recognizesimilar
ities in resourcedetweenwhich no relationshipis known a priori.

5. CONCLUSIONS AND FUTURE WORK

We have presented/alue-BasedVeb Caching,a new technique
for eliminatingredundantransfersof dataover HTTP links. Our
algorithm detectsand eliminatesredundantransfersdue to both
resourcemodi cation and aliasing. In the commoncase,our al-
gorithm addsno extra roundtrips to a normalHTTP transaction,
andit doesnot requireary understandingf the responsebodies
transferredo achieve performancemprovements.

We have useda detailedperformancestudyto compareour algo-
rithm againstsimplegzip compressionandfoundthatit improves
userpercevedtime-to-display(TTD) upto 56.8%.0n 58% of the
web siteswe studied,our algorithmachieed at leasta 20% TTD
improvement. Oursis the rst study of which we are aware to



presentperformancenumbersfor this classof algorithmusing a
full featuredwebbrowserandto reportTTD improvements.
Thereare threeareasin which we would like to continuethis
work. First,animportantstepin quantifyingtheperformancef our
algorithmis the useof trace-drvensimulations.Our currentwork-
load wasdesignedo testour algorithmin the areaswvherewe felt
it would be mostuseful. As such,our resultsdo not guarante¢hat
userswill seea netimprovementin TTD by usingour algorithm.
Furthermorecomparingour workloadwith the WebTV traceused
by Kelly andMogul seemdo indicatethatthereareotheropportu-
nitiesto take advantageof aliasingthatarenot capturedby in our
work to date. As such,a trace-drven simulationof our algorithm
would likely provide valuableadditionalinsightinto its behavior.
Second,our currentimplementationusesa child proxy that is
separatérom theMozilla webbrowser Thisarchitecturenadethe

implementatiorof our algorithmeasy but limits its performance.

It hidessomeof thereferencestreanfrom the child proxy, degrad-
ing the quality of the informationfed to the LRU algorithmwith
which castoutdecisionsare made. Moreover, by having two sep-
aratecachespur effective cachesizeis smaller Often, Mozilla's
internal cacheandthe cachein the child proxy containthe same
data;for fairnessof evaluation,we have limited theircombinedsize
to the size of Mozilla's cachein the control case. An integrated
cacheshould producestrictly betterperformanceesultsthanwe
have presentedhere.

Finally, wewouldlik e quantifythescalabilityof theparentproxy.
Aswearguedin Section2, therearegoodreasonso believe thatthe
parentproxy shouldbe ableto supportmary simultaneouslients.
It needsseveralordersof magnituddessstorageaesourceshanary
oneclient, andthe throughputof our block recognitionanddigest-
ing algorithmis sufcient to supportover 1,000clientsonamodest
processaor Nonethelessthe scalability of the sener playsanim-
portantrole in the economicfeasibility of deplg/ing our algorithm
within ISPs,sowe feel it is importantto quantify.
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