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Abstract

For the World Wde Web, the TransmissiorControl Pro-
tocol (TCP) and the Hyperxt TransferProtocol (HTTP)
aretwoimportantprotocols.However, interactionsbetween
thesewo protocols,combinedvith thebandwidthasymme-
try of networkaccesdecnolagiessud asADSL,canlead
to inefficientHTTP/TCPperformance

This paperinvestigateghe effectsof bandwidthasym-
metry on Ensemble-TCPa protocol designedto coordi-
natemultiple HTTP/TCPconnectiongo improve Web doc-
umenttransferperformance Theevaluationis conducted
using the ns-2 network simulator The paper also pro-
posesand evaluatestwo new schemesACC-Ensembland
AF-Ensembleto improve Ensemble-TCherformanceon
asymmetricnetworks. The simulation results show that
AF-Ensembland ACC-Ensembl@erformbetter(often10-
50%faster)than RenoTCP and Ensemble-TCRor typical
userlevel Web browsingactivity on asymmetrimetworks.

1. Introduction

Webtraffic continuesto grow at an alarmingpace,con-
stituting an ever-increasingraction of the traffic on the In-
ternet.

Theclient-senerarchitectureof the Webusesarequest-
responseapplication-layerprotocol called HTTP (Hyper
Text TransferProtocol). HTTP typically relieson an un-
derlyingconnection-orientettansport-layeprotocolcalled
TCP (TransmissiorControl Protocol[15]) to provide reli-
abledatatransferfor Webdocumentsthoughotherprotocol
choicesarealsopossiblg9].

AlthoughHTTP usesservicegrovidedby TCPto trans-
fer the Web documentsHTTP and TCP do not always“fit
together"well. For example,the three-way handshak for
connectiorsetupandreleasen TCP addsextra pacletsand
round-triptime (RTT) delaysto HTTP transactionspartic-
ularly if aseparatd CPconnectioris requiredfor eachWeb

object.EachTCPconnectioroftenundegoests own slow-
startaswell.

Theseunfortunateprotocolinteractionsarewell-known,
andhave beentheimpetusbehindseveralenhancement®
HTTP and TCP protocols. Theseimprovementsinclude:
cachingandreusingrecentT CP connectionstateinforma-
tion (e.g.,Transaction-TC4], slow-startthresholdestima-
tion [10]); allowing multiple concurrenfTCP connections
betweena Web browseranda senerin HTTP/1.0;the use
of persistentonnectionandpipeliningin HTTP/1.1[3, 6,
14]; andcoordinatingmultiple TCP connectionsasoneag-
gregateconnection(with sharedRTT andcongestioncon-
trol stateinformation)in Ensemble-TCH5].

The foregoing approacheshave all enhancedHTTP
and/orTCP performance However, the evaluationof these
protocolshas,for the mostpart, beenconductedassuming
symmetricnetwork accesgechnologieqi.e., the client-to-
sener channelndthesener-to-clientchannehave similar
properties,in termsof bandwidth,lateng, channelaccess
protocol,anderrorrate).

Symmetryis notalwayspresentvith today's diversenet-
work accesgechnologiesFor example,technologiesuch
asADSL (AsymmetricDigital SubscribeLine) areexplic-
itly designedo offer asymmetricbandwidth:low capacity
for the upstreanclient-to-serer requeststream,and high
capacityfor thetraffic-intensivedownloadpathfrom sener-
to-client. Asymmetryis alsopossiblein wirelessnetworks,
satellite-basedetworks, hybridfiber-coaxnetworks,andin
emegingtechnologies.

Asymmetricnetworksin and of themselescanleadto
performanceroblemsfor TCP[2, 11, 13]. Thiscanreduce
the effectivenessof HTTP and TCP for Web datatransfer
overasymmetrimetworks[8].

This paperinvestigateghe effects of bandwidthasym-
metry on Ensemble-TCRE-TCP)[5] in particular Based
on the performancealegradationobseredfor E-TCPin the
presencef bandwidthasymmetrytwo new schemes- AF-
Ensembleand ACC-Ensemble- are proposedand evalu-
ated. The ns-2 network simulator[1] is usedfor all of the
experiments.



In essencethe contrikbution of this paperis to combine
the featuresof TCP control block (TCB) sharingfrom E-
TCP [5] with the ACK filtering (AF) and ACK congestion
control (ACC) mechanismdrom [2], to improve E-TCP
performanceverasymmetrimetworks. Thesimulationre-
sultsshow that AF-Ensembleand ACC-Ensemblgoerform
betterthanRenoTCPandE-TCPfor typical userlevel Web
browsingactiity. Furthermoretherelative performancef
the evaluatedapproachess robust, evenin the presencef
pacletlosseson congestedhetworksor noisy ADSL links.

Theremaindeof this papetis organizedasfollows. Sec-
tion 2 identifiesperformancassuesrelatedto HTTPR, TCPR,
and bandwidthasymmetry and describesrelatedwork to
addresgsheseperformanceproblems. Section3 illustrates
the impactof bandwidthasymmetryon E-TCP. Section4
describeghe designof the newly proposedschemegAF-
Ensembleand ACC-Ensemble}o improve E-TCP perfor
mance.Sections presentshe experimentamethodologyto
evaluatethe proposedschemesSection6 presentandan-
alyzesthe simulationresults. Finally, Section7 concludes
thepaper

2 Background and related work

21 Web, HTTP, and TCP performanceissues

As indicatedearlier, severalsubtleinteractionsoccurbe-
tweenHTTP and TCP in the contet of the Weh A Web
pageis usually constructedrom HTML documentsanda
numberof embeddedmages. SinceHTTP/1.0 createsa
new TCP connectiorfor eachdocumenttherearetypically
multiple TCP connectiondnvolved in transferringa Web
page.

Oneapproacho dealwith themultiple TCP connections
is to launchthem concurrently Although the concurrent
connectionscan overlap the setupand transferlatencies,
therearealsosideeffectsdueto theseparallelindependent
connections:the connectioncompetefor sharednetwork
resourcesandcanleadto network congestionBesideshe
risk of excessve aggreyatetraffic, creatinganew TCPcon-
nectionfor eachdocumentalso increaseshe overheadof
the Web pagetransfer

Theshortandburstynatureof mostWebdocumentrans-
fers is anotherconcernfor HTTP and TCR. TCP usesits
slow-startphaseto probethe network capacityandprevent
a connectionfrom overwhelmingthe network. For short-
lived connectionshowever, the connectionsnay terminate
beforethe slow-start phaseis completed. Theseconnec-
tions have little opportunityto determinethe network ca-
pacity and adjustthe TCP congestionwindow size prop-
erly. Therefore,the network bandwidthmay not be used
efficiently [9, 14].

Besides these protocol-specific issues, performance
problemsmay alsoarisewith network accesgechnologies,
suchasADSL thatexhibit bandwidthasymmetry For Web
documentransfer this asymmetrymeanghe link carrying
acknavledgmentgACKSs) from the client towardsthe Web
sener is much slower thanthe link carrying datapaclets
from the sener towardsthe client. Since TCP relieson
the acknavledgmentsrom the receier to ensurereliable
datatransfer andthe progresf TCP’s congestiorwindow
is ACK-clocked, the slower acknavledgmentchannelcan
constrainTCP performancg2, 11].

2.2 Related work

Two itemsof relatedwork are centralto this paper: E-
TCP[5], andAsymmetricTCP [2]. Thefollowing subsec-
tions provide somebackgroundn eachof these.

2.2.1 Sharing TCP state information

TCP control block (TCB) sharingallows network state
information to be shared amongst TCP connections.
Transaction-TCRT/TCP)proposedy Braden[4] is anex-
ampleof tempoal sharing a new connectioncanusethe
cachedTCB informationfrom an earlier connection. En-
semblesharing proposedy Touch[16], complementsem-
poral sharingby allowing TCB informationto be shared
acrossconcurient connections.An implementatiorexam-
ple of ensemblesharingis E-TCR designedy Eggert,Hei-
demannandTouch[5].

E-TCPgroupsrelatedconnectionsogethemsanensem-
ble basedon sourceand destinationhost-pairs.In E-TCR
the connectionsn an ensembleshareconnectioninforma-
tion storedin a structurecalledan EnsembleConttol Block
(ECB). E-TCP’s congestiorcontrolmechanisnoperate®n
a perensemblebasis,with the aggrejatedconnectionop-
eratingas one (larger, coordinated)TCP flow. A total of
four schedulingstratgyiesare proposedn [5]: Fair-Shae,
Ticket-DecayContent-DependernandHTML-Priority. We
usethesesamefour stratgjiesin our simulationevaluation
of E-TCR

2.2.2 TCPon asymmetric networks

Several researchershave studied TCP performanceon
asymmetricnetworks[2, 8, 11, 13]. To solve the problems
causedby bandwidthasymmetryBalakrishnaret al. pro-
posedsuchstratgyiesas ACK CongestionControl (ACC),
ACK Filtering (AF), SendeAdaptation(SA), andACK Re-
constructionAR) to reducethe congestiorin theupstream
directionandimprove TCP performancd?2].

The mainideaof ACC andAF is to alleviate congestion
on the upstreamlink by reducingthe frequeng of ACKs.
ACC determinesongestiorstateby checkingthe Explicit



CongestiorNotification (ECN) bit in packetheaderg7]. If
this bit is set, ACC decreasethe frequeng of ACKs. AF
canreactto congestiormore promptly. This approachex-
ploits the cumulative propertyof TCP ACKs by removing
older ACKs for the sameconnectionwhen the queuebe-
comestoo full. SA andAR areusedto adaptthe senders
behaiour properlyto the (intentionally)reducedACK fre-

gueng.

223 Summary

Althoughtheforegoingstrat@ieshave addressedomeper
formanceproblemsthereis no schemehat cansimultane-
ouslysolve problemsnducedby bothprotocolmismatches
andbandwidthasymmetry As canbe seenin the next sec-
tion, a schemeaddressingonly the mismatcheshetween
HTTP and TCP still leavesroom for improving Web data
transferperformanceon asymmetricaccessetworks. This
motivatescombiningstratgiesto furtherimprove the per
formanceof HTTP transaction®n asymmetrimetworks.

3 Bandwidth asymmetry and E-TCP

This sectionpresentsa simple simulationexperimentto
investigatethe effectsof bandwidthasymmetryon E-TCP
The simulationsare conductedusingns-2, andthe E-TCP
modelsdevelopedin [5] for ns2. The resultsin [5] shav
thatE-TCR with its useof TCB sharing,outperformsReno
TCP on symmetricnetworks. Our goalis to evaluateper
formanceon asymmetrimetworks.

3.1 Network topology

Figurel shavs the simplenetwork topologyusedin the
experiments A Web clientanda Web sener areconnected
via arouterat anInternetServiceProvider (ISP).

Bandwidthasymmetryexists in this network. The link
capacityfrom the routerto the client (1.5 Mbps) is higher
thanthatfrom theclientto therouter(settablerangingfrom
28.8kbpsto 56 kbps). For comparisonthetransfertime on
symmetricnetworks (samecapacityin both the upstream
anddownstreandirections)is alsoconsidered.

In all experimentsthelink capacitybetweerthe sener
and the router matchesthat from the routerto the client,
for simplicity. All buffers have room for 10 paclets,and
all routerqueuesareFIFO (First-In-First-Out).Eachlink’s
propagatiordelayis asshawn in Figure1l. The Maximum
SgymentSize (MSS) for TCP is 512 bytes,andthe ACK
sizeis 40 bytes.

3.2 Experimental design

The performanceof E-TCPis evaluatedby measuring
thetime to downloada Web page.Thestructureof the Web

1.5 Mops
Del ay: 5ms
Del ay: 1ms
1.5 Mops Del ay: 50ns
28.8 kbps or 56 kbps
Synmetric Y

Asymetric

Figure 1. Network topology for the evaluation
of E-TCP on asymmetric netw orks

pagein this experimentis identicalto the “Text Page”used
in [5], for comparisonpurposes. This pagecontainsone
baseHTML document(29,058bytes)andthreeembedded
images(7,097 bytes, 13,329bytes, and 13,329bytes, re-
spectvely) .

Two performancemetrics are considered:the transfer
time for the baseHTML documentand the transfertime
for the completeWeb page. The former valuereflectsthe
time at which a Web browsercanrenderthe HTML docu-
mentfor the user while the latter valuereflectsthe time at
which theentireWeb page(includingembeddedmages)s
complete.

The experimentsareconductedisinga full-f actorialde-
sign. Thefactorsarethe upstreanlink capacity anddiffer-
entschedulingstratgyieswithin E-TCP The levelsusedfor
thesefactorsareindicatedin Tablel.

Table 1. Experimental factors and levels for
evaluating E-TCP on asymmetric netw orks

Factor Levels

UpstreandLink | 28.8kbps,56 kbps,1.5Mbps,

Scheduling Fair-Share Content-Dependent,
Ticket-DecayHTML-Priority

3.3 Experimental results

Table2 summarizeshesimulationresultsfor E-TCPfor
al.5Mbpsdownstreaniink.

As expected,the resultsshav that transfertimes are
higherin the asymmetrimetwork case whenthe upstream
link capacityis lower. For example,with anupstreamink
capacityof 56 kbps, the total transfertime is 38% higher
(0.965secondsrs. 0.699seconds}thanfor the symmetric
situation,regardlesf the schedulingpolicy used.

To illustrate the effect of the slov ACK channelmore
clearly, Figure2 shavs TCP sequenc@aumbermplotsfor two



Table 2. Transf er times (in seconds) for E-TCP
(1.5 Mbps downstream link)

Scheduling| Transfer Upstreanlink Capacity
Policy Time 28.8kbps | 56kbps | 1.5Mbps
HTML 1.451 0.965 0.699
Fair Total 1.462 0.965 0.699
HTML 1.451 0.965 0.699
Ticket Total 1.451 0.965 0.699
HTML 1.351 0.799 0.601
Content Total 1.551 0.965 0.699
HTML 0.806 0.576 0.465
HTML Total 3.513 0.965 0.699

selectedscenarios:a symmetricnetwork (1.5 Mbps each
way, in Figure2 (a)),andanasymmetricetwork (28.8kbps
upstreamandl1.5 Mbpsdownstreamijn Figure?2 (b)). The
HTML-Priority schedulingpolicy is usedfor each.

The TCP plots shaw the times at which data paclets
(with a specificsequenceaumber)aretransmittedaswell
asthe times at which the correspondingACK pacletsare
sent. More precisely for datapaclets, the horizontalaxis
shavs when a datasegmententersthe outgoing queueof
theWebsener. For ACK paclets,thehorizontalaxisshavs
thetimewhenanACK reachesherouter(i.e., aftertravers-
ing theconstrainedipstreaniink), or is droppedattheWeb
client’s outgoingqueue(the bottleneckpoint). In all cases,
thevertical axis shavs the sequenc@umberor ACK num-
bercarriedin the paclet.

Thegraphsin Figure2 show thatthe slow upstreamink
flattensthethroughput(packetssentperunit time) for TCP.
Furthermorewith continuousarrivals of new ACKs when
the congestionwindow sizeis large, the gap betweenthe
sequencenumberand ACK numberlines becomeswider
(seeFigure?2 (b)), reflectinggreaterqueueingdelay That
is, the slower upstreamlink delaysthe arrival of an ACK
at the sener, and stretcheghe original spacingof ACKs.
ThedelayedACK arrivalsin turn slow down the growth of
thesenders congestiorwindow (compareFigure2 (a) with
Figure?2 (b), notingin particularthetiming structureof the
ACKs, andthe sizesof thewindow-basedlatabursts).

ThreeACKsareactuallydroppedn this experimentdue
to overflow attheclientbuffer (seetheblacksquaresn Fig-
ure2 (b)). The horizontalplacemenbf theseACKs shavs
the time at which the queueoverfloved, causingthe loss.
The vertical placementof the ACK shaws the sequence
numbeiinvolved. Thecorrespondingapsin theACK num-
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Figure 2. TCP sequence number plots for
HTML document transf er using E-TCP

bersreturningto the sener areevident. Fortunately these
lost ACKs did not trigger ary datapaclet retransmissions
in this example;their main effectis to slow the growth of
thesenders congestiorwindow.

4 Improving E-TCP

This section describestwo new schemes— ACC-
Ensembleand AF-Ensemble- to improve Web datatrans-
fer performanceon asymmetricnetworks. Theseschemes
combinethefeaturesf TCB sharing(from E-TCP[5]) and
ACK congestiorcontrol (from [2]).

e ACC-Ensemble

ACC-Ensemblecombinesfeaturesof E-TCR ACK
CongestionControl (ACC), and SenderAdaptation



(SA). It requiresmodificationto boththe senders and
therecever's TCP. The applicationlayer canstill use
HTTP/1.0to transfelWeb data.

Since only ACC modifies the recever’s TCP stack,
an ACC-Ensemblerecever can directly adopt all

schemeshataredesignedor areceverimplementing
ACC. Thatis, ACC usesthe RandomEarly Detection
(RED) [7] algorithmfor active queuemanagemenat

the bottleneckink. RED detectshe onsetof conges-
tion by computingthe averagequeuesize,andnotifies
the recever of congestionusingthe ECN bit. Upon
receving asetECN bit, thereceverreduceshe ACK

frequeng.

SincebothE-TCPandSA modify thesendingl CPR the
sendernf ACC-Ensemblés implementedoy combin-
ing E-TCPandSA. E-TCPscongestiorcontrolmech-
anismis retainedn ACC-Ensemblesinceit treatscon-
nectionswithin an ensembleas one aggreyate TCP
connection. To adaptto the recever sendinginfre-

guent ACKs, the following featuresimplementedin

SA are addedto the senderof ACC-Ensemble:(1)

The congestiorwindow is increasedy countinghow

mary segmentsare acknavledgedin an ACK, rather
than countingthe numberof receved ACKs; (2) An

upperboundis placedon the numberof datapack-
ets sentback-to-back. If the numberof datapaclets
to be sentexceedsthe upperbound,the extra datais

scheduledusing burstsndtimer [2]; (3) An improved
heuristicis addedfor handlingdelayedACKs. E-TCP
doesnot have an appropriateschemeo dealwith de-
layedACKs. Uponanarrival of anACK for aconnec-
tion (suchasConnectionl), if thereis an earlierout-

standingsggmentof anotherconnectionsuchasCon-
nection2), E-TCPwill incrementthe duplicateACK

counterof Connection2. Obviously, this is not suit-

ablefor ACC’s possiblyreducedACK frequeng. It no

longerexistsin ACC-EnsembleTo efficiently andac-
curatelytrigger the fastretransmitin caseof loss,the
stratgyy proposedn [2] is used:whenthereceverde-
tectssggmentloss,a bit identifying if the fastretrans-
mit is requiredis setfor all duplicatepaclkets. When
thesendereceivesan ACK with thebit set,it retrans-
mitsthelostsgmentandmodifiesthe congestiorwin-

dow size[2].

AF-Ensemble

As describeckarlier the ACK Filtering (AF) algorithm
is alsodesignedo reducethefrequeng of ACKs, but
it canreactto congestionmore promptly than ACC.
Therefore AF-Ensemblewhich combinedeaturesof
E-TCR AF, andSA, is designedo improve uponthe
performancef ACC-Ensemble.

Table 3. Experimental factor s and levels for
lossless asymmetric netw orks

Factor Levels
Downstreaniink | 1.5Mbps,4 Mbps,8 Mbps
TCP Version Reno/ACC/SA,Reno/AF/SA,

Reno,E-TCP ACC-Ensemble
AF-Ensemble

To form AF-Ensemblethe recever of AF-Ensemble
usesthe AF algorithm to reducethe frequeng of

ACKs. Thatis, whenan ACK entersthe queueat the

upstreanbottlenecHink, thequeues checledfor ary

ACK for the sameconnection. If ary, AF removes
someor all of theseprevious ACKs from the queue
basednthe degreeof queuefuliness.

As in ACC-Ensemblethe senderin AF-Ensemble
combinesE-TCPandSA sothatconnectionsvithin an
ensemblédehae asoneTCP connectionandadaptto
infrequentACKs. Also, AF-Ensembleusesthe same
stratgly asACC-Ensembleo triggerfastretransmit.

5 Experimental methodology

This section provides details on the network model,
workload model, and experimentaldesignfor the simula-
tion experiments.

5.1 Experimental design

The simulation experimentsfall into two main cate-
gories: thosefor losslessasymmetricnetworks, andthose
for lossyasymmetrimetworks. In all experimentsthe two
performancenetricsarethetransfertimeto deliverthebase
HTML componentf eachWeb page,andthetransfertime
for deliveringeachWeb pagein its entirety

The experimentaldesignfor thefirst (losslessketof ex-
perimentsis summarizedn Table3. The mainfactorsare
downstreamlink capacity and versionof TCR Six TCP
stratgiesaretested. To simplify the experiment,only the
“HTML-Priority” schedulingpolicy is testedin all ensem-
ble cases. HTML-Priority is chosensinceit usually pro-
duceghefastesHTML documentransfertime.

These experimentsare conductedusing the network
topology shown in Figure 3. The bottleneckqueue(from
client to router)is a RED queue. The client-to-routerink
capacityis fixedat 56 kbps.

Theseexperimentsassumeosslesstransfers. That is,
thereis no paclet lossin the downstreamdirection. The
buffer sizefor thedownstreandirectionis 50 paclets,large
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Figure 3. Network topology for experiments
on lossless asymmetric netw orks

Table 4. Experimental factor s and levels for
lossy asymmetric netw orks

Error Model Added
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Del ay: 50ms
56 kbps

Figure 4. Network topology for experiments
on lossy asymmetric netw orks

Table 5. Web workload characteristics

Web | HTML Num Min Mean Max
Factor Levels Page | (bytes)| Images| (bytes) | (bytes)| (bytes)
PacletError Rate | 0.0001to 0.1 1 27,047 24 42 3,941 | 48,561
TCPVersion Reno/ACC/SA,Reno/AF/SA, 2 5,414 14 42 1,171 | 9,202
Reno,E-TCR ACC-Ensemble 3 14,651 17 42 1,741 | 14,651
AF-Ensemble 4 36,323 4 130 | 10,486| 36,323

5 3,094 3 3,094 | 4,627 | 5,393

6 2,226 1 815 1,521 | 2,226

enoughto hold ary databurst. The buffer size from the 7 3,061 1 815 1,938 | 3,061
clientto therouteris 10 paclets. 8 2,663 10 289 2,043 | 14,109
The second(lossy) set of experimentsusesthe experi- 9 2,660 10 277 1,659 | 5,176
mentaldesignsummarizedn Table4. A new factor the 10 2,503 0 2,503 | 2,503 | 2,503

paclet errorrate,is addedto the experimentgo assesshe
robustnes®f the proposedschemeso lost paclets.

These experimentsare conductedusing the network
topologyshawvn in Figure4. To simplify the experiments,
all link capacitiesarefixedasshavn. Thebuffer sizefor the
link from routerto clientis small(10 paclkets);thus,conges-
tion lossesare possible. The buffer sizefrom the client to
therouteris 10 paclets.

An errormodelwith a certainpaclet errorrateis added
to the routerto-clientlink. Thusit is possiblethat a data
pacletis dropped with a certainprobability dueto errors.
The paclet error rateis one of the factors. Ten levels are
usedfor the error rate, rangingfrom 10=* to 10~*. Error
ratesof 10~7 to 10~° werealsotested.Sincetheir perfor
manceis similar to the error rate of 10~*, their resultsare
omittedto save space.

The useof randompaclket dropsaddssignificantvari-
ability to the simulationresults,sincethe documentrans-
fer performancelependsotonly on how mary pacletsare
dropped but alsowhich pacletsare dropped,andthe size
of the TCPcongestiorwindow atthetime of thedrop(since
this canaffect whether“f astretransmit”or a “coarsetime-
out” will be neededo recover from the loss). To compen-
satefor this, simulationreplicationsare used. Thatis, for
eachsettingof theerrorrate,32 independentunsaremade

1TCP cannotdistinguishpaclets lost dueto congestiorfrom paclets
lostdueto transmissiorerrors.

(i.e.,with differentrandomnumberseeds)and95% confi-
dencentervalsarecalculatedor the meantransfertimes.

5.2 Workload assumptions

A simple userlevel Web browsing sessionis modeled.
This sessioncontainsten Web pagesaccessedby a single
user over the spanof severalminutes.Table5 summarizes
the characteristic®f the Web contentaccessedThe think
timesoccurringin navigatingWebpagesaremodeledusing
the cumulative distribution functionsfor userthink times
(basedn[12]) in ns-2. ScreershotsandURLSs of thecho-
senWeb pagesareprovidedin [17].

6 Simulation results

6.1 Losslessasymmetric networks
Thetransfertimesfor thebaseHTML documentf the

Web pagesn theworkloadareshavn in Figure5. The X-

axis representgachpagecontainedin the workloac? and
the Y-axis representshe HTML file transfertime of each

2Technically the points on thesegraphsshouldnot be connectedo-
getherwith lines, sincethe Web pagesrepresentealong the horizontal
axis are independensamplesaccessedh sequence However, the lines



page.Figuress (a)to (c) aretheresultswith differentdown-
streamlink capacities.

Figure 5 shavs that AF-Ensembleoutperformsother
stratgiesin all casesandACC-Ensembl@utperformsth-
ers(excludingAF-Ensemble)n mostcasesin mary cases,
the transfertime with AF-Ensembleis 50% lower than
with other TCP stratgjies. E-TCP hasperformanceclose
to ACC-Ensemble especiallyfor transferringPage 5 to
Pagel0. SinceAF-Ensemble ACC-EnsembleandE-TCP
implementtemporal sharingand use the HTML-Priority
schedulingpolicy, the resultsillustrate that temporalshar
ing andgiving the HTML documentigherpriority malke it
possibleto transferthe HTML file faster

Figure6 shows the simulationresultsfor the total trans-
fer times. The X-axis representeachpagecontainedn the
workloadandthe Y-axisrepresentthetotal transfertime of
eachpage.Figures6 (a) to (c) aretheresultswith different
downstreamlink capacities.

The results shav that AF-Ensembleoutperformsall
otherstratgieson transfersof Page2 to Pagel0, although
it doesnot outperformReno/AF/SAfor transferringPagel.
For mostcases AF-Ensemblds 10-50%fasterthan other
TCPstratgies.

Therelatively poorperformancdor AF-Ensemblenthe
first pageis becausemostobjectscontainedn Pagel are
small. For small documents,contentionfor network re-
sourcesamongconcurrentconnectionds not serious,and
the gainsachievable with TCB statesharingare minimal.
For the subsequenpageshowever, temporalsharinghelps
AF-Ensembleoutperformotherstratgies. Recallthattem-
poral sharingallows a hew connectionto usethe cached
TCB informationfrom anearlierconnection.Thereforethe
Page?2 transfercanusethe cachedTCB informationfrom
the transferof Pagel. If the cachedconnectioninforma-
tion is moreaccurate¢hanthedefault TCP values temporal
sharingallows AF-Ensembleto utilize the network band-
width more efficiently, outperformingthe traditional TCP
schemessuchas Reno/AF/SA,on subsequenpagetrans-
fers.

ACC-Ensembleand E-TCP benefitless on subsequent
pagetransmissiongespitetheuseof temporakharing.This
illustratesthat besidegemporalsharing,an efficient ACK
congestioncontrol mechanisnis anotherimportantfactor
affecting the total transfertime. ACC-Ensembles ACK
congestiorcontrol relieson the ECN bit. It needstime to
inform areceverof thecongestiorandlet therecevertake
an appropriateaction. AF-Ensembleand Reno/AF/SA,on
the otherhand,do not needthe feedback(ECN bit) com-
ing from the TCP sendetto performtheir ACK congestion
control. They simply drop ACKs belongingto the same

prove helpfulin trackingthe performancef eachTCP algorithm,indicat-
ing the relatve performanceof eachalgorithm, andhighlighting anoma-
lousbehaioursthatoccur

connectionaccordingto the fullnessof the buffer. There-
fore, they canreactto congestiormorepromptlythanACC-
Ensembleloes.

The simulation results demonstratethat for lossless
asymmetricnetworks, temporalsharingandthe ACK con-
gestioncontrolmechanisnaretheimportantfactorsaffect-
ing thetotal transfertime. For theHTML file transfertem-
poralsharing,ACK congestiorcontrol,andthe scheduling
policy affectthe performance.

6.2 Lossy asymmetric networks

Figure 7 shawvs the HTML file transfertimesfor a se-
lected subset(the first three) of the Web pagesusedin
the previous experiments(Completesimulationresultsare
availablein [17].) The X-axis representshe paclet error
rateandthe Y-axisrepresentshetransfertime for the base
HTML documenbf eachpage.In thefigures,eachvertical
bar representshe confidencantenval (with the confidence
level of 95%) surroundingeachpoint, the meanfrom 32
replications.

Comparedo the experimentalresultsfor losslesdinks,
the experimentalresultsshovn hereare complicated. Ba-
sically, thereis no consistentorder for the six stratgjies
acrossthe whole error rate scaleand the whole workload.
For low error rates(lessthan 0.003), the stratayies using
temporalsharingandthe HTML-Priority schedulingpolicy
(AF-Ensemble ACC-Ensembleand E-TCP) usually have
betterperformance.At highererrorrates,it is hardto say
which strateyy hasbetterperformancesincetheconfidence
intervalsoverlap.

The confidenceintervals becomewider with the higher
error rates,shaving thereis larger variationin the transfer
time atthesepoints.

Figure 8 shaws the total transfertime resultsfor the se-
lectedsubsebf WebpagesIn eachgraph the X-axisrepre-
sentstheerrorrateandthe Y-axisrepresentghetotal trans-
fertime of eachpage.Eachverticalbarrepresenttheconfi-
denceinterval (with the confidencdevel of 95%) surround-
ing eachpoint,themeanfrom 32replications.

Similarto theHTML file transfertime, theresultscanbe
separatedhto two parts: lower error ratesandhighererror
rates. At low error rates,Reno/AF/SAoutperformsother
stratgyiesin Pagel transmissionThis alsohappenedh the
previous losslessxperiments. For subsequenpagetrans-
fers, the stratgjiesimplementingtemporalsharing,suchas
AF-Ensemble ACC-Ensembleand E-TCR usually have
bettemperformancehanotherswith AF-Ensembleftenthe
best.At highererrorrates the confidencentervalsoverlap,
soit is not possibleto concludewhich stratey is the best.

Thereis large variationin the total transfertime for all
stratgyieswhentheerrorrateis high.
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Figure 5. Transfer times for HTML files of Web
pages on lossless asymmetric netw orks
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7 Conclusions

This paper studiesthe effects of bandwidthasymme-
try on Web datatransferperformance.Insteadof usinga
traditional TCP scheme,a recently developed TCP strat-
egy calledE-TCPis tested.The experimentalresultsiden-
tify thata schemeaddressin@nly the mismatchedetween
HTTP and TCP still leavesroom for improving Web data
transferperformanceon asymmetrimetworks.

Basedon the obsenation of performancedegradation
of E-TCP over asymmetricnetworks, we proposedtwo
schemes- AF-EnsembleandACC-Ensemble-whichcom-
binefeaturesof TCB sharingand ACK congestiorcontrol.
Thesawo schemesareevaluatedonbothlosslesasymmet-
ric networks andlossyasymmetricnetworks usinga mod-
eledWebbrowsingsessiorastheworkload.

The simulation resultsillustrate significant benefitsof
our approacheson losslesstransfers: HTML document
transferghatareoften50%fasterandtotaldocumentrans-
fer timesthat are often 10-50%faster On lossylinks, the
performanceof all schemedegrade,but the relative per
formanceof stratgiesseemgo remainthe same.The pro-
posedschemesverealsoevaluatednaclient-to-routetink
with a smallerlink delay (5 ms) and higherlink capacity
(256kbps). The evaluationresultsareavailablein [17].

Future work will involve a more completeWeb page
workload,anda morecarefulstudyof therelationshipse-
tweenpagestructure,paclet losses,and the performance
of eachscheme.An experimentalimplementationof AF-
Ensemblein an ADSL or wireless ervironmentis also
planned.
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