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Abstract

For theWorld Wide Web,theTransmissionControl Pro-
tocol (TCP) and the HyperText TransferProtocol (HTTP)
aretwoimportantprotocols.However, interactionsbetween
thesetwoprotocols,combinedwith thebandwidthasymme-
try of networkaccesstechnologiessuch asADSL,canlead
to inefficientHTTP/TCPperformance.

This paper investigatesthe effectsof bandwidthasym-
metry on Ensemble-TCP, a protocol designedto coordi-
natemultipleHTTP/TCPconnectionsto improveWebdoc-
umenttransferperformance. Theevaluationis conducted
using the ns-2 network simulator. The paper also pro-
posesandevaluatestwo new schemes,ACC-Ensembleand
AF-Ensemble, to improve Ensemble-TCPperformanceon
asymmetricnetworks. The simulation resultsshow that
AF-EnsembleandACC-Ensembleperformbetter(often10-
50%faster)thanRenoTCPandEnsemble-TCPfor typical
user-levelWebbrowsingactivityonasymmetricnetworks.

1. Introduction

Webtraffic continuesto grow at analarmingpace,con-
stitutinganever-increasingfractionof thetraffic on theIn-
ternet.

Theclient-serverarchitectureof theWebusesa request-
responseapplication-layerprotocol called HTTP (Hyper-
Text TransferProtocol). HTTP typically relies on an un-
derlyingconnection-orientedtransport-layerprotocolcalled
TCP (TransmissionControl Protocol[15]) to provide reli-
abledatatransferfor Webdocuments,thoughotherprotocol
choicesarealsopossible[9].

AlthoughHTTPusesservicesprovidedby TCPto trans-
fer theWebdocuments,HTTP andTCPdo not always“fit
together”well. For example,the three-way handshake for
connectionsetupandreleasein TCPaddsextrapacketsand
round-triptime (RTT) delaysto HTTP transactions,partic-
ularly if aseparateTCPconnectionis requiredfor eachWeb

object.EachTCPconnectionoftenundergoesits own slow-
startaswell.

Theseunfortunateprotocolinteractionsarewell-known,
andhave beentheimpetusbehindseveralenhancementsto
HTTP and TCP protocols. Theseimprovementsinclude:
cachingandreusingrecentTCP connectionstateinforma-
tion (e.g.,Transaction-TCP[4], slow-startthresholdestima-
tion [10]); allowing multiple concurrentTCP connections
betweena Web browseranda server in HTTP/1.0;theuse
of persistentconnectionsandpipeliningin HTTP/1.1[3, 6,
14]; andcoordinatingmultiple TCPconnectionsasoneag-
gregateconnection(with sharedRTT andcongestioncon-
trol stateinformation)in Ensemble-TCP[5].

The foregoing approacheshave all enhancedHTTP
and/orTCPperformance.However, theevaluationof these
protocolshas,for the mostpart, beenconductedassuming
symmetricnetwork accesstechnologies(i.e., the client-to-
serverchannelandtheserver-to-clientchannelhavesimilar
properties,in termsof bandwidth,latency, channelaccess
protocol,anderrorrate).

Symmetryis notalwayspresentwith today’sdiversenet-
work accesstechnologies.For example,technologiessuch
asADSL (AsymmetricDigital SubscriberLine) areexplic-
itly designedto offer asymmetricbandwidth:low capacity
for the upstreamclient-to-server requeststream,andhigh
capacityfor thetraffic-intensivedownloadpathfrom server-
to-client.Asymmetryis alsopossiblein wirelessnetworks,
satellite-basednetworks,hybridfiber-coaxnetworks,andin
emerging technologies.

Asymmetricnetworks in andof themselvescanleadto
performanceproblemsfor TCP[2, 11, 13]. Thiscanreduce
the effectivenessof HTTP andTCP for Web datatransfer
overasymmetricnetworks[8].

This paperinvestigatesthe effectsof bandwidthasym-
metry on Ensemble-TCP(E-TCP)[5] in particular. Based
on theperformancedegradationobservedfor E-TCPin the
presenceof bandwidthasymmetry, two new schemes– AF-
Ensembleand ACC-Ensemble– are proposedand evalu-
ated. Thens-2 network simulator[1] is usedfor all of the
experiments.



In essence,the contribution of this paperis to combine
the featuresof TCP control block (TCB) sharingfrom E-
TCP[5] with theACK filtering (AF) andACK congestion
control (ACC) mechanismsfrom [2], to improve E-TCP
performanceoverasymmetricnetworks.Thesimulationre-
sultsshow thatAF-EnsembleandACC-Ensembleperform
betterthanRenoTCPandE-TCPfor typicaluser-levelWeb
browsingactivity. Furthermore,therelativeperformanceof
theevaluatedapproachesis robust,even in thepresenceof
packet losseson congestednetworksor noisyADSL links.

Theremainderof thispaperis organizedasfollows. Sec-
tion 2 identifiesperformanceissuesrelatedto HTTP, TCP,
and bandwidthasymmetry, and describesrelatedwork to
addresstheseperformanceproblems. Section3 illustrates
the impactof bandwidthasymmetryon E-TCP. Section4
describesthe designof the newly proposedschemes(AF-
EnsembleandACC-Ensemble)to improve E-TCPperfor-
mance.Section5 presentstheexperimentalmethodologyto
evaluatetheproposedschemes.Section6 presentsandan-
alyzesthe simulationresults.Finally, Section7 concludes
thepaper.

2 Background and related work

2.1 Web, HTTP, and TCP performance issues

As indicatedearlier, severalsubtleinteractionsoccurbe-
tweenHTTP andTCP in the context of the Web. A Web
pageis usuallyconstructedfrom HTML documentsanda
numberof embeddedimages. SinceHTTP/1.0 createsa
new TCPconnectionfor eachdocument,therearetypically
multiple TCP connectionsinvolved in transferringa Web
page.

Oneapproachto dealwith themultipleTCPconnections
is to launchthem concurrently. Although the concurrent
connectionscan overlap the setupand transferlatencies,
therearealsosideeffectsdueto theseparallelindependent
connections:the connectionscompetefor sharednetwork
resources,andcanleadto network congestion.Besidesthe
risk of excessiveaggregatetraffic, creatinga new TCPcon-
nectionfor eachdocumentalso increasesthe overheadof
theWebpagetransfer.

Theshortandburstynatureof mostWebdocumenttrans-
fers is anotherconcernfor HTTP and TCP. TCP usesits
slow-startphaseto probethenetwork capacityandprevent
a connectionfrom overwhelmingthe network. For short-
livedconnections,however, theconnectionsmayterminate
beforethe slow-start phaseis completed. Theseconnec-
tions have little opportunityto determinethe network ca-
pacity and adjust the TCP congestionwindow size prop-
erly. Therefore,the network bandwidthmay not be used
efficiently [9, 14].

Besides these protocol-specific issues, performance
problemsmayalsoarisewith network accesstechnologies,
suchasADSL thatexhibit bandwidthasymmetry. For Web
documenttransfer, this asymmetrymeansthe link carrying
acknowledgments(ACKs) from theclient towardstheWeb
server is much slower than the link carrying datapackets
from the server towards the client. SinceTCP relies on
the acknowledgmentsfrom the receiver to ensurereliable
datatransfer, andtheprogressof TCP’scongestionwindow
is ACK-clocked, the slower acknowledgmentchannelcan
constrainTCPperformance[2, 11].

2.2 Related work

Two itemsof relatedwork arecentralto this paper:E-
TCP[5], andAsymmetricTCP[2]. Thefollowing subsec-
tionsprovidesomebackgroundon eachof these.

2.2.1 Sharing TCP state information

TCP control block (TCB) sharing allows network state
information to be shared amongst TCP connections.
Transaction-TCP(T/TCP)proposedby Braden[4] is anex-
ampleof temporal sharing: a new connectioncanusethe
cachedTCB information from an earlierconnection. En-
semblesharing, proposedby Touch[16], complementstem-
poral sharingby allowing TCB information to be shared
acrossconcurrent connections.An implementationexam-
pleof ensemblesharingis E-TCP, designedby Eggert,Hei-
demann,andTouch[5].

E-TCPgroupsrelatedconnectionstogetherasanensem-
ble basedon sourceanddestinationhost-pairs.In E-TCP,
the connectionsin an ensembleshareconnectioninforma-
tion storedin a structurecalledanEnsembleControl Block
(ECB). E-TCP’scongestioncontrolmechanismoperateson
a per-ensemblebasis,with the aggregatedconnectionsop-
eratingas one (larger, coordinated)TCP flow. A total of
four schedulingstrategiesareproposedin [5]: Fair-Share,
Ticket-Decay, Content-Dependent,andHTML-Priority. We
usethesesamefour strategiesin our simulationevaluation
of E-TCP.

2.2.2 TCP on asymmetric networks

Several researchershave studied TCP performanceon
asymmetricnetworks[2, 8, 11, 13]. To solve theproblems
causedby bandwidthasymmetry, Balakrishnanet al. pro-
posedsuchstrategiesasACK CongestionControl (ACC),
ACK Filtering(AF), SenderAdaptation(SA),andACK Re-
construction(AR) to reducethecongestionin theupstream
directionandimproveTCPperformance[2].

Themainideaof ACC andAF is to alleviatecongestion
on the upstreamlink by reducingthe frequency of ACKs.
ACC determinescongestionstateby checkingthe Explicit



CongestionNotification(ECN) bit in packet headers[7]. If
this bit is set,ACC decreasesthe frequency of ACKs. AF
canreactto congestionmorepromptly. This approachex-
ploits the cumulative propertyof TCP ACKs by removing
older ACKs for the sameconnectionwhen the queuebe-
comestoo full. SA andAR areusedto adaptthe sender’s
behaviour properlyto the(intentionally)reducedACK fre-
quency.

2.2.3 Summary

Althoughtheforegoingstrategieshaveaddressedsomeper-
formanceproblems,thereis no schemethatcansimultane-
ouslysolveproblemsinducedby bothprotocolmismatches
andbandwidthasymmetry. As canbeseenin thenext sec-
tion, a schemeaddressingonly the mismatchesbetween
HTTP andTCP still leavesroom for improving Web data
transferperformanceon asymmetricaccessnetworks. This
motivatescombiningstrategiesto further improve the per-
formanceof HTTPtransactionson asymmetricnetworks.

3 Bandwidth asymmetry and E-TCP

This sectionpresentsa simplesimulationexperimentto
investigatethe effectsof bandwidthasymmetryon E-TCP.
The simulationsareconductedusingns-2, andthe E-TCP
modelsdevelopedin [5] for ns-2. The resultsin [5] show
thatE-TCP, with its useof TCB sharing,outperformsReno
TCP on symmetricnetworks. Our goal is to evaluateper-
formanceon asymmetricnetworks.

3.1 Network topology

Figure1 shows thesimplenetwork topologyusedin the
experiments.A Webclient anda Webserver areconnected
via a routerat anInternetServiceProvider (ISP).

Bandwidthasymmetryexists in this network. The link
capacityfrom the routerto the client (1.5 Mbps) is higher
thanthatfrom theclientto therouter(settable,rangingfrom
28.8kbpsto 56kbps).For comparison,thetransfertimeon
symmetricnetworks (samecapacityin both the upstream
anddownstreamdirections)is alsoconsidered.

In all experiments,the link capacitybetweenthe server
and the router matchesthat from the router to the client,
for simplicity. All buffers have room for 10 packets,and
all routerqueuesareFIFO (First-In-First-Out).Eachlink’s
propagationdelayis asshown in Figure1. TheMaximum
SegmentSize (MSS) for TCP is 512 bytes,and the ACK
sizeis 40bytes.

3.2 Experimental design

The performanceof E-TCP is evaluatedby measuring
thetime to downloadaWebpage.Thestructureof theWeb

Server Router Client
Delay:1ms 

Delay:5ms

Delay:50ms
  1.5 Mbps

28.8 kbps or 56 kbps

 1.5 Mbps

Symmetric
Asymmetric

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(7,097bytes,13,329bytes,and 13,329bytes,re-
spectively) .

Two performancemetricsare considered:the transfer
time for the baseHTML document,and the transfertime
for the completeWeb page. The former valuereflectsthe
time at which a Web browsercanrenderthe HTML docu-
mentfor theuser, while the lattervaluereflectsthe time at
which theentireWebpage(includingembeddedimages)is
complete.

Theexperimentsareconductedusinga full-f actorialde-
sign. Thefactorsaretheupstreamlink capacity, anddiffer-
entschedulingstrategieswithin E-TCP. Thelevelsusedfor
thesefactorsareindicatedin Table1.

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

Factor Levels
UpstreamLink 28.8kbps,56 kbps,1.5Mbps,
Scheduling Fair-Share,Content-Dependent,

Ticket-Decay, HTML-Priority

3.3 Experimental results

Table2 summarizesthesimulationresultsfor E-TCPfor
a1.5Mbpsdownstreamlink.

As expected,the resultsshow that transfer times are
higherin theasymmetricnetwork case,whentheupstream
link capacityis lower. For example,with anupstreamlink
capacityof 56 kbps, the total transfertime is 38% higher
(0.965secondsvs. 0.699seconds)thanfor the symmetric
situation,regardlessof theschedulingpolicy used.

To illustrate the effect of the slow ACK channelmore
clearly, Figure2 showsTCPsequencenumberplotsfor two



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

Scheduling Transfer UpstreamLink Capacity
Policy Time 28.8kbps 56 kbps 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)),andanasymmetricnetwork (28.8kbps
upstream,and1.5Mbpsdownstream,in Figure2 (b)). The
HTML-Priority schedulingpolicy is usedfor each.

The TCP plots show the times at which data packets
(with a specificsequencenumber)aretransmitted,aswell
as the timesat which the correspondingACK packetsare
sent. More precisely, for datapackets,the horizontalaxis
shows whena datasegmententersthe outgoingqueueof
theWebserver. For ACK packets,thehorizontalaxisshows
thetimewhenanACK reachestherouter(i.e.,aftertravers-
ing theconstrainedupstreamlink), or is droppedat theWeb
client’s outgoingqueue(thebottleneckpoint). In all cases,
theverticalaxisshows thesequencenumberor ACK num-
bercarriedin thepacket.

Thegraphsin Figure2 show thattheslow upstreamlink
flattensthethroughput(packetssentperunit time) for TCP.
Furthermore,with continuousarrivalsof new ACKs when
the congestionwindow size is large, the gapbetweenthe
sequencenumberand ACK numberlines becomeswider
(seeFigure2 (b)), reflectinggreaterqueueingdelay. That
is, the slower upstreamlink delaysthe arrival of an ACK
at the server, andstretchesthe original spacingof ACKs.
ThedelayedACK arrivalsin turn slow down thegrowth of
thesender’scongestionwindow (compareFigure2 (a)with
Figure2 (b), notingin particularthetiming structureof the
ACKs,andthesizesof thewindow-baseddatabursts).

ThreeACKsareactuallydroppedin thisexperimentdue
to overflow at theclientbuffer (seetheblacksquaresin Fig-
ure2 (b)). Thehorizontalplacementof theseACKs shows
the time at which the queueoverflowed, causingthe loss.
The vertical placementof the ACK shows the sequence
numberinvolved.Thecorrespondinggapsin theACK num-
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Figure 2. TCP sequence number plots for
HTML document transf er using E-TCP

bersreturningto the server areevident. Fortunately, these
lost ACKs did not trigger any datapacket retransmissions
in this example;their main effect is to slow the growth of
thesender’scongestionwindow.

4 Improving E-TCP

This section describes two new schemes– ACC-
EnsembleandAF-Ensemble– to improve Web datatrans-
fer performanceon asymmetricnetworks. Theseschemes
combinethefeaturesof TCB sharing(from E-TCP[5]) and
ACK congestioncontrol(from [2]).

� ACC-Ensemble

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



(SA). It requiresmodificationto boththesender’sand
the receiver’s TCP. Theapplicationlayercanstill use
HTTP/1.0to transferWebdata.

Since only ACC modifies the receiver’s TCP stack,
an ACC-Ensemblereceiver can directly adopt all
schemesthataredesignedfor a receiver implementing
ACC.That is, ACC usestheRandomEarly Detection
(RED) [7] algorithmfor active queuemanagementat
thebottlenecklink. RED detectstheonsetof conges-
tion by computingtheaveragequeuesize,andnotifies
the receiver of congestionusing the ECN bit. Upon
receiving a setECN bit, thereceiver reducestheACK
frequency.

SincebothE-TCPandSAmodify thesendingTCP, the
senderof ACC-Ensembleis implementedby combin-
ing E-TCPandSA. E-TCP’scongestioncontrolmech-
anismis retainedin ACC-Ensemble,sinceit treatscon-
nectionswithin an ensembleas one aggregateTCP
connection. To adaptto the receiver sendinginfre-
quentACKs, the following featuresimplementedin
SA are addedto the senderof ACC-Ensemble:(1)
Thecongestionwindow is increasedby countinghow
many segmentsareacknowledgedin an ACK, rather
thancountingthe numberof received ACKs; (2) An
upperbound is placedon the numberof datapack-
etssentback-to-back.If the numberof datapackets
to be sentexceedsthe upperbound,the extra datais
scheduledusingburstsndtimer [2]; (3) An improved
heuristicis addedfor handlingdelayedACKs. E-TCP
doesnot have an appropriateschemeto dealwith de-
layedACKs. Uponanarrival of anACK for aconnec-
tion (suchasConnection1), if thereis an earlierout-
standingsegmentof anotherconnection(suchasCon-
nection2), E-TCPwill incrementthe duplicateACK
counterof Connection2. Obviously, this is not suit-
ablefor ACC’spossiblyreducedACK frequency. It no
longerexistsin ACC-Ensemble.To efficiently andac-
curatelytrigger the fastretransmitin caseof loss,the
strategy proposedin [2] is used:whenthereceiverde-
tectssegmentloss,a bit identifying if the fastretrans-
mit is requiredis setfor all duplicatepackets. When
thesenderreceivesanACK with thebit set,it retrans-
mits thelostsegmentandmodifiesthecongestionwin-
dow size[2].

� AF-Ensemble

As describedearlier, theACK Filtering(AF) algorithm
is alsodesignedto reducethefrequency of ACKs,but
it can react to congestionmore promptly than ACC.
Therefore,AF-Ensemble,which combinesfeaturesof
E-TCP, AF, andSA, is designedto improve uponthe
performanceof ACC-Ensemble.

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

Factor Levels
DownstreamLink 1.5Mbps,4 Mbps,8 Mbps
TCPVersion Reno/ACC/SA,Reno/AF/SA,

Reno,E-TCP, ACC-Ensemble,
AF-Ensemble

To form AF-Ensemble,the receiver of AF-Ensemble
uses the AF algorithm to reducethe frequency of
ACKs. That is, whenanACK entersthequeueat the
upstreambottlenecklink, thequeueis checkedfor any
ACK for the sameconnection. If any, AF removes
someor all of theseprevious ACKs from the queue
basedon thedegreeof queuefullness.

As in ACC-Ensemble,the senderin AF-Ensemble
combinesE-TCPandSA sothatconnectionswithin an
ensemblebehaveasoneTCPconnection,andadaptto
infrequentACKs. Also, AF-Ensembleusesthe same
strategy asACC-Ensembleto triggerfastretransmit.

5 Experimental methodology

This section provides details on the network model,
workloadmodel, andexperimentaldesignfor the simula-
tion experiments.

5.1 Experimental design

The simulation experimentsfall into two main cate-
gories: thosefor losslessasymmetricnetworks, andthose
for lossyasymmetricnetworks. In all experiments,thetwo
performancemetricsarethetransfertimeto deliverthebase
HTML componentof eachWebpage,andthetransfertime
for deliveringeachWebpagein its entirety.

Theexperimentaldesignfor thefirst (lossless)setof ex-
perimentsis summarizedin Table3. The main factorsare
downstreamlink capacity, and versionof TCP. Six TCP
strategiesaretested.To simplify the experiment,only the
“HTML-Priority” schedulingpolicy is testedin all ensem-
ble cases. HTML-Priority is chosensinceit usually pro-
ducesthefastestHTML documenttransfertime.

These experimentsare conductedusing the network
topologyshown in Figure3. The bottleneckqueue(from
client to router) is a RED queue.The client-to-routerlink
capacityis fixedat 56kbps.

Theseexperimentsassumelosslesstransfers. That is,
thereis no packet loss in the downstreamdirection. The
buffer sizefor thedownstreamdirectionis 50packets,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

Factor Levels
PacketErrorRate 0.0001to 0.1
TCPVersion Reno/ACC/SA,Reno/AF/SA,

Reno,E-TCP, ACC-Ensemble,
AF-Ensemble

enoughto hold any databurst. The buffer size from the
client to therouteris 10packets.

The second(lossy) setof experimentsusesthe experi-
mentaldesignsummarizedin Table 4. A new factor, the
packet error rate,is addedto theexperimentsto assessthe
robustnessof theproposedschemesto lost packets.

These experimentsare conductedusing the network
topologyshown in Figure4. To simplify the experiments,
all link capacitiesarefixedasshown. Thebuffer sizefor the
link from routerto clientis small(10packets);thus,conges-
tion lossesarepossible.The buffer sizefrom the client to
therouteris 10 packets.

An errormodelwith a certainpacket error rateis added
to the router-to-client link. Thus it is possiblethat a data
packet is dropped1 with a certainprobabilitydueto errors.
The packet error rate is oneof the factors. Ten levels are
usedfor the error rate,rangingfrom

�������
to

�	����

. Error

ratesof
�	���
�

to
�	�����

werealsotested.Sincetheir perfor-
manceis similar to the error rateof

�	� ���
, their resultsare

omittedto save space.
The useof randompacket dropsaddssignificantvari-

ability to the simulationresults,sincethe documenttrans-
fer performancedependsnotonly onhow many packetsare
dropped,but alsowhich packetsaredropped,andthe size
of theTCPcongestionwindow atthetimeof thedrop(since
this canaffect whether“f astretransmit”or a “coarsetime-
out” will beneededto recover from the loss). To compen-
satefor this, simulationreplicationsareused. That is, for
eachsettingof theerrorrate,32 independentrunsaremade

1TCP cannotdistinguishpackets lost dueto congestionfrom packets
lostdueto transmissionerrors.

Server Router Client
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Delay:5ms

Delay:50ms
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  56 kbps
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Error Model Added

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

Table 5. Web workload characteristics
Web HTML Num Min Mean Max
Page (bytes) Images (bytes) (bytes) (bytes)

1 27,047 24 42 3,941 48,561
2 5,414 14 42 1,171 9,202
3 14,651 17 42 1,741 14,651
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
7 3,061 1 815 1,938 3,061
8 2,663 10 289 2,043 14,109
9 2,660 10 277 1,659 5,176
10 2,503 0 2,503 2,503 2,503

(i.e., with differentrandomnumberseeds),and95%confi-
denceintervalsarecalculatedfor themeantransfertimes.

5.2 Workload assumptions

A simpleuser-level Web browsing sessionis modeled.
This sessioncontainsten Web pagesaccessedby a single
user, over thespanof severalminutes.Table5 summarizes
the characteristicsof the Web contentaccessed.The think
timesoccurringin navigatingWebpagesaremodeledusing
the cumulative distribution functionsfor user think times
(basedon [12]) in ns-2. ScreenshotsandURLs of thecho-
senWebpagesareprovidedin [17].

6 Simulation results

6.1 Lossless asymmetric networks

Thetransfertimesfor thebaseHTML documentsof the
Webpagesin theworkloadareshown in Figure5. TheX-
axis representseachpagecontainedin the workload2 and
the Y-axis representsthe HTML file transfertime of each

2Technically, the pointson thesegraphsshouldnot be connectedto-
getherwith lines, sincethe Web pagesrepresentedalong the horizontal
axis are independentsamples,accessedin sequence.However, the lines



page.Figures5 (a)to (c) aretheresultswith differentdown-
streamlink capacities.

Figure 5 shows that AF-Ensembleoutperformsother
strategiesin all cases,andACC-Ensembleoutperformsoth-
ers(excludingAF-Ensemble)in mostcases.In many cases,
the transfer time with AF-Ensembleis 50% lower than
with other TCP strategies. E-TCPhasperformanceclose
to ACC-Ensemble,especiallyfor transferringPage 5 to
Page10. SinceAF-Ensemble,ACC-Ensemble,andE-TCP
implement temporal sharingand use the HTML-Priority
schedulingpolicy, the resultsillustratethat temporalshar-
ing andgiving theHTML documenthigherpriority make it
possibleto transfertheHTML file faster.

Figure6 shows thesimulationresultsfor thetotal trans-
fer times.TheX-axis representseachpagecontainedin the
workloadandtheY-axisrepresentsthetotal transfertimeof
eachpage.Figures6 (a) to (c) aretheresultswith different
downstreamlink capacities.

The results show that AF-Ensembleoutperformsall
otherstrategieson transfersof Page2 to Page10, although
it doesnotoutperformReno/AF/SAfor transferringPage1.
For mostcases,AF-Ensembleis 10-50%fasterthanother
TCPstrategies.

Therelativelypoorperformancefor AF-Ensembleonthe
first pageis becausemostobjectscontainedin Page1 are
small. For small documents,contentionfor network re-
sourcesamongconcurrentconnectionsis not serious,and
the gainsachievablewith TCB statesharingareminimal.
For thesubsequentpages,however, temporalsharinghelps
AF-Ensembleoutperformotherstrategies.Recallthat tem-
poral sharingallows a new connectionto use the cached
TCB informationfrom anearlierconnection.Therefore,the
Page2 transfercanusethe cachedTCB informationfrom
the transferof Page1. If the cachedconnectioninforma-
tion is moreaccuratethanthedefaultTCPvalues,temporal
sharingallows AF-Ensembleto utilize the network band-
width more efficiently, outperformingthe traditional TCP
schemes,suchasReno/AF/SA,on subsequentpagetrans-
fers.

ACC-Ensembleand E-TCP benefit lesson subsequent
pagetransmission,despitetheuseof temporalsharing.This
illustratesthat besidestemporalsharing,an efficient ACK
congestioncontrol mechanismis anotherimportantfactor
affecting the total transfer time. ACC-Ensemble’s ACK
congestioncontrol relieson the ECN bit. It needstime to
inform a receiverof thecongestionandlet thereceiver take
an appropriateaction. AF-EnsembleandReno/AF/SA,on
the otherhand,do not needthe feedback(ECN bit) com-
ing from theTCPsenderto performtheir ACK congestion
control. They simply drop ACKs belongingto the same

prove helpful in trackingtheperformanceof eachTCPalgorithm,indicat-
ing the relative performanceof eachalgorithm,andhighlighting anoma-
lousbehavioursthatoccur.

connectionaccordingto the fullnessof the buffer. There-
fore,they canreactto congestionmorepromptlythanACC-
Ensembledoes.

The simulation results demonstratethat for lossless
asymmetricnetworks, temporalsharingandthe ACK con-
gestioncontrolmechanismaretheimportantfactorsaffect-
ing thetotal transfertime. For theHTML file transfer, tem-
poralsharing,ACK congestioncontrol,andthescheduling
policy affect theperformance.

6.2 Lossy asymmetric networks

Figure 7 shows the HTML file transfertimes for a se-
lected subset(the first three) of the Web pagesused in
the previousexperiments(Completesimulationresultsare
available in [17].) The X-axis representsthe packet error
rateandtheY-axisrepresentsthetransfertime for thebase
HTML documentof eachpage.In thefigures,eachvertical
bar representsthe confidenceinterval (with the confidence
level of 95%) surroundingeachpoint, the meanfrom 32
replications.

Comparedto the experimentalresultsfor losslesslinks,
the experimentalresultsshown herearecomplicated.Ba-
sically, there is no consistentorder for the six strategies
acrossthe whole error ratescaleandthe whole workload.
For low error rates(lessthan 0.003), the strategies using
temporalsharingandtheHTML-Priority schedulingpolicy
(AF-Ensemble,ACC-Ensemble,andE-TCP)usuallyhave
betterperformance.At highererror rates,it is hardto say
whichstrategy hasbetterperformance,sincetheconfidence
intervalsoverlap.

The confidenceintervals becomewider with the higher
error rates,showing thereis largervariationin the transfer
timeat thesepoints.

Figure8 shows the total transfertime resultsfor these-
lectedsubsetof Webpages.In eachgraph,theX-axisrepre-
sentstheerrorrateandtheY-axisrepresentsthetotal trans-
fer timeof eachpage.Eachverticalbarrepresentstheconfi-
denceinterval (with theconfidencelevel of 95%)surround-
ing eachpoint, themeanfrom 32replications.

Similar to theHTML file transfertime,theresultscanbe
separatedinto two parts: lower error ratesandhighererror
rates. At low error rates,Reno/AF/SAoutperformsother
strategiesin Page1 transmission.Thisalsohappenedin the
previous losslessexperiments.For subsequentpagetrans-
fers,thestrategiesimplementingtemporalsharing,suchas
AF-Ensemble,ACC-Ensemble,and E-TCP, usually have
betterperformancethanothers,with AF-Ensembleoftenthe
best.At highererrorrates,theconfidenceintervalsoverlap,
soit is not possibleto concludewhich strategy is thebest.

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

This paperstudiesthe effects of bandwidthasymme-
try on Web datatransferperformance.Insteadof usinga
traditional TCP scheme,a recentlydevelopedTCP strat-
egy calledE-TCPis tested.Theexperimentalresultsiden-
tify thata schemeaddressingonly themismatchesbetween
HTTP andTCP still leavesroom for improving Web data
transferperformanceon asymmetricnetworks.

Basedon the observation of performancedegradation
of E-TCP over asymmetricnetworks, we proposedtwo
schemes– AF-EnsembleandACC-Ensemble– whichcom-
binefeaturesof TCB sharingandACK congestioncontrol.
Thesetwo schemesareevaluatedonbothlosslessasymmet-
ric networksandlossyasymmetricnetworksusinga mod-
eledWebbrowsingsessionastheworkload.

The simulation resultsillustrate significant benefitsof
our approacheson losslesstransfers: HTML document
transfersthatareoften50%faster, andtotaldocumenttrans-
fer timesthat areoften 10-50%faster. On lossylinks, the
performanceof all schemesdegrade,but the relative per-
formanceof strategiesseemsto remainthesame.Thepro-
posedschemeswerealsoevaluatedonaclient-to-routerlink
with a smallerlink delay (5 ms) andhigher link capacity
(256kbps).Theevaluationresultsareavailablein [17].

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