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Abstract

Performancenhancingproxies(PEPs)arewidely usedasa solutionto improve the performanceof TCP over
high delay-bandwidttiproductlinks andlinks with high errorprobability. In this papemwe analyzethe performance
of using TCP connectiorsplitting in combinatiorwith web cachewia tracesobtainedirom a commerciakatellite
system. We examinethe resulting performancegain under different scenariosjncluding the effect of caching,
congestionrandomlossandfile sizes.We shaw, by analyzingour measurementshatthe performancegainfrom
usingsplitting is highly sensite to randomlosses(for small files) andthe numberof simultaneougonnections,
andthatsuchsensitvity is alleviatedby caching.Onthe otherhand theuseof a splitting proxy enhancethevalue
of webcachingn thatcachehitsresultin muchmoresignificantperformancémprovementbovercachemissesvhen

TCPsplitting is used.We alsocomparedhe performancef usingdifferentversionsof HTTP over sucha system.

keywords: performancenhancingroxy, connectiorsplitting, cache,TCP performancesatellitenet-

work.

I. INTRODUCTION

Theperformancef TCPover heterogeneousonnectionsuchasthoseincludingsatelliteandwireless
links hasbeenextensiely studiedfor the pastfew years. Proposegerformanceenhancingechniques
canroughlybecateyorizedinto link layersolutions(seefor example[1], [2]), end-to-endsolutionswhere
the end-to-endsemanticof TCP is maintained(seefor example[3], [4], [5], [6], [7], [8], [9], [10]) and
non end-to-endsolutionswherethe end-to-endsemantids violated (seefor example[11], [12], [13]).
Variouslink layerandend-to-endapproachesanbe quite effective for connectionover wirelesslinks
throughimproved error correction,local retransmissiorand distinguishingcongestionossesfrom link
failure lossesfor TCR In a connectionthat incorporatesa satellitelink on the other hand, the main

bottleneckin TCP performancas dueto the large delay-bandwidtiproductnatureof the satellitelink
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(for an overview of researclon TCP over satelliteseefor example[14]). Over suchalink the normal
TCP window dynamicsresultsin significantlateny beforethe channelis fully utilized. This problem
cannotbe effectively solved simply by improving the satellitechannelquality, or by usinglarge initial
window size. This is becausea connectionusingthe satellitelink typically alsohasa terrestrialpart,
thususinglargewindow end-to-enccouldaffectthe performanceandfairnesof theterrestrialpartof the
connection.

Onetypical non end-to-endsolutionthathasbeenadoptedoy mary satellitedatacommunicatiorser
vice providersis the TCP connectiorsplitting technique.Theideabehindthis techniques to segregate
the end-to-endconnectioninto segmentsso that eachcan be optimizedseparatelyandin particularso
thatthe TCP window over the satellite ssgmentcan be openedup faster This involves placingat the
Network OperatingCenter(NOC) a splitting proxy thatacknavledgesenduserpacletson behalfof the
remotesener andacknavledgesthe remotesener on behalfof the enduser(assuminghe enduseris
directly connectedo the satellitedown link). This proxy operatesatthe TCP level andthereforebreaks
theend-to-engsemantiof TCR It is alsonotcompatiblewith IPSed15]. Thebenefithowever, is that(1)
splitting a connectiorresultsin shortened CP feedbackcontrolloops,sothattheremotesener receves
ACKs muchsoonerfrom the NOC (proxy) thanfrom the enduser andthereforeits window canquickly
rampup; and(2) by segregatingan end-to-endconnectiorinto sggments gachsegmentis enhancedep-
arately Theproxy canuselargeinitial window over the satellitelink, which caneitherbethelasthopor
somavherein themiddle of the end-to-encconnection.

The performanceagain of usinga splitting proxy hasbeenreportedin [16] asa resultof simulation
studyandin [11] from experimentaktudy In [17] and[18] someanalysisvaspresentedo quantitatvely
studythe benefitof sucha proxy.

We obsenre that in a typical satellite systemTCP connectionsplitting is not the only performance
enhancingechniquethatis commonlyused.Web cachingis alsowidely implementedo reducelatengy
by pushingcontentscloserto the end users. Moreover, wheneer thereis a cachemiss, the cachein
effect “breaks” the sener-client transferinto two separateonnectionsThis is becausd¢he cacheopens
up a connectiorto theremotesener andstartsdownloadingthefile to the cache(for cacheabl®bjects)
while forwardingpacletsto theclient atthe sametime. Althoughthis happensatthe applicationlayer; it
resultsin a sener-cacheconnectioranda cache-clientonnectionandthushasa very similar effect on
theend-to-endransporfayerperformanceasthatof a TCP splitting proxy aswill beshovn moreclearly

in the next section. Our focusin this studyis the the combinedperformancemplication of usingboth



typesof enhancements TCP splitting andweb caching. By taking measurementsom a live Internet
over satellitesystemwe hopeto gainmoreinsightsinto the useof proxy asa solutionto suchsystems,
andmoreimportantlyto apply suchunderstandingo systemlevel designissues.Our measurementare
obtainedvia repeatedlowvnloadsof selectediles (eitherpuretext or with embeddedbjects).

Our mainresultsareasfollows:

(1) Connectiorsplitting enhanceshe value of caching. Whensplitting is not usedwhetherthereis a
cachehit or cachemissgenerateslmostidenticalperformancéin termsof delayandthroughput) When
splitting is used a hit atthe cacheresultsin muchhigherthroughput.

(2) Thethroughputof a split connectioris more sensitve to increasedcongestiordelaythanan end-
to-endconnection Having simultaneougonnectionwill causethe performancef splitting to decrease
muchfasterthantheend-to-endtase.

(3) Thethroughpubf asplit connections highly sensitve to pacletlossedor smallfile transfers Split
connectiorprovidesmuchbetterguarantee of performance improvement for alarge file thanfor a small
file. By guarante®f performancemprovementwe meanthe probabilitythatthe split connectiorresults
in higherthroughput(or lower delay)thanthe end-to-encconnection.This probability is definedasthe
relative frequeng of sucheventsin our measurementdhis guaranteds improvedwhenthereis a cache
hit.

(4) Theperformanceagainof usingconnectiorsplitting is reducedasthe numberof embeddeabjects
in afile increasesln addition,connectiorsplitting is no substitutefor persistentonnectionlf asplitting
proxy is used,it is importantthat persistenttonnectionis also usedbetweenthe client andthe proxy:.
Non-persistentonnectiorevenwhenconnectiorsplitting is usedcanresultin muchworseperformance
thananend-to-engersistentonnection.

It's worth pointing out that TCP connectiorsplitting is alsooften called TCP spoofing.Strictly speak-
ing splitting refersto breakingup a connectiorandspoofingrefersto fakinganaddress.They areoften
relatedbecausén splitting a connectionma transparenproxy typically spoofsthe endpoints’ addresses.
Sinceour interestis in the end-to-engerformancesa resultof split connectiongeitherat thetransport
layeror atthe applicationlayer),we will limit oursehesto thetermconnectiorsplitting in this paper

Therestof the paperis organizedasfollows. We describehe systemconfiguratiorandour experiment
methodologyin the next section.We thenpresenthe measurementandour obseration/explanaion in
Section3. Theseresultsare organizedinto four subsectionswherewe examinethe effect of file size,

numberof simultaneousonnectionsgongestiorandrandomlossesandnumberof embeddedbjects,



respectrely. Conclusionsaregivenin Section4.

[I. SYSTEM DESCRIPTION

Our measurementare taken from a commercialsatellite systemthat usesa geo-stationar GEO)
satellite(Ku band)for forward datatransfer(from the Network OperatingCenter(NOC)to theclient/end
host)anda regular phoneline asthe returnchannel(from the client/endhostto the NOC via an ISP),
asshawn in Figurel. Available bandwidthon the forward channelis up to 24 Mbps andthe oneway
propagatiorelayof thesatellitelink is roughly250ms(howeverdueto NOC configuratiorthemaximum
throughputwe wereever ableto achieve per client was300-400Kbytes/sec)Thereturnlink has4 KHz

bandwidth.

Satellite

’—& NOC

Client

ISP

Server

Fig. 1. Main component®f thesatellitesystem

TheTCP connectiorsplitting proxy (whichwewill simply call proxyin thefollowing) is implemented
on a Hybrid Gatevay (HGW) locatedin the NOC. The endhostcanchooseto eitherenableor disable
theproxy. Whenthe proxy is disableda paclet from the senerto theendhostpasseshroughthe HGW
asif passinghrougha normalrouter andgoesdirectly to a SatelliteGatavay (SGW) connectedo the
satelliteuplink. Whenthe proxy is enabled, it breaksup the sener-client end-to-endconnectionin two,
andpre-acknwledgesoneon behalfof the otherin thefollowing way, asillustratedin Figure2(a).

Duringtheconnectiorestablishmentheproxy simplyforwardsthe SYN andSYNACK paclets.Then
the sener startssendingdatato the client uponreceiptof thefile request.Uponreceving a datapaclet
from thesener, theproxy sendsan ACK backto thesener. Sincetheproxyis transparenby spoofingthe

client’s addressthe sener takesthe ACK asanindicationthatthe databeingACKed hasbeenreceved



successfullyby the client, andthereforemoveson to the next windowv and so on. Sincethe proxy is

locatedcloser(thanthe client) to the sener, this resultsin a muchshorterround-triptime (RTT) seen
by the sener andthusenableghe sener to reacha muchhighersendrate. At the sametime the proxy

is maintaininga separateconnectionwith the client by forwarding datapaclets to the client, waiting

for ACKs to comebackfrom the client, andthenreleasingnmore datapacletsto the client. All paclets
receved from the sener are storedat the proxy. Whenan ACK is receved from the client, databeing
ACKedis pumgedfrom theunacknavledgedbuffer. Otherwisethe proxy retransmitgvia duplicateACKs

or timeouts)from its retransmissiorbuffer (local retransmission)n contrastwith the end-to-endcase
whereeachretransmissiotomesfrom theremotesener.

Theweb cachesarealsolocatedin the NOC. Regardlesof whetherthe splitting proxy is enabledor
disabledwhenanHTTP requesis recevedby theproxy; it first goesthroughthe cachebeforebeingsent
to thesener. For cacheableontent,f afreshcopy of therequestedile is locatedin thecache(ahit), the
file is deliveredto the client directly from the cachewithout goingto the remotesener. If therequested
file is notfoundin thecachgamiss), thecachewill openupaconnectiorto theremotesenerto fetchthe
file, asshawvn in Figure2(b). This senercacheconnectioris concurrentvith thecache-clientonnection
in thatassoonasthe cachestartsreceving datafrom the sener (via the sener-cacheconnection)ijt will
transferit to theclient (via the cache-clientonnection).Thusin the caseof a miss,the cacheeffectively
handleswo connectionghat constitutethe end-to-encconnectiorbetweerthe sener andthe client. In
termsof datatransfer thisis very similar to a splitting proxy. (However, with a cachethis takesplaceat
the applicationlayer sothe sener seesa connectionwith the cacheratherthanbeingpre-acknwledged
by the cache.) Figure 2 compareshe paclet flow in the caseof a splitting proxy andin the caseof a
cachemiss. Exceptfor the connectiorestablishmenprocessthe datatransferessentiallyproceedsn an
identicalmanner(notethatthis figuredoesnot shawv processinglelay). Consequentlyhe splitting proxy
togethemwith the cacheresultsin anend-to-endcconnectiorsplit twice upona cachemissandonceupon
a cachehit, asshawvn in Figures3(a) and3(b), respectiely. Figures3(c) and3(d) illustratescachehit
andcachemiss,respectiely, whenthe proxy s disabled Figures3(e)and3(f) illustratesthe casesvhere
connectiondypasghe cachewith the splitting proxy enabledanddisabledyespectrely.

Importantparametersf our systemareasfollows. The clientis runningWindows ME thatusesTCP
SACK [19] with delayedacknavledgementgfone ACK for every two receved paclets). Ourwebsener
is running Linux Redhat7.1. Becauseof the high asymmetryin link speedsetweenthe forward and

returnpathswe alsouseACK filtering [20] atthe clientandsendoneout of every four ACKs. Thuseach
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ACK recevedatthe sener (assumingio loss)in generarepresentgight paclets. Byte countinginstead
of ACK countingis usedattheseneraswell astheproxy, sothatthelower rateof ACKsdoesnotreduce
the datasendingrate. The splitting proxy usesaninitial window size of 64 Kbytesfor the proxy-client
connectiorover the satellitewheneer enabled.

Our studyconsistof six mainscenariossplitting enabledr disabledwith cachehit or cachemissand
theoptionof whetherto bypasghecacheor not,asshavn in Figure3. Whetherto usethefile in thecache
or notis controlledby a no-cache pragma [21], [22] sentin therequesheaderWhenset,this parameter
tells the cachenot to usethe cachedcopy evenif thereis oneandto getthe mostupdatedversionfrom
the sener. Whetherthe connectionsplitting proxy usedor not is controlledby the endhosts. We have
two endhosts,oneof which hasthe proxy option enabledandthe otheronehasthe optiondisabled.For
comparisorpurposesye alwaysrun experimentson thesetwo hostssimultaneouslyWe downloadfiles
from adedicatedvebsener ontobothhostsrepeatedlyor durationsof 1-2 hourspermeasuremergoint
(measurementaver this periodareaveragednto onedatapoint).

All measurementaretakenfrom alive commercialsystemwith varyingamountsof custometraffic.
Our connectionsandexperimenttraffic go througha dedicatedHGW andthereforea dedicatedsplitting
proxy thatis notsharedoy othertraffic. However our connectionsloessharethe cacheaccessthe Satel-
lite Gatavay andthe satellitetranspondewith throughtraffic. Sucha setupresultsin both controllable
anduncontrollabldactorsaswe will pointoutwhenwe discussour resultsin the next section.

Theperformanceanetricswe usein this studyarethefile transfedateny (usingHTTP) andthroughput.
We definelateny seerby theclientasthetime betweerwhenthe SYN requests sentandthetime when
FINACK is sentby theclient. For fileswith multipleembeddeabjectsthisis definedasthetime between
whenthefirst SYN requesis sentandthe time whenthelastFINACK is sent. Throughputs definedas
file sizedivided by lateng. Filesusedin this studyarelistedin Tablel. Files15-18containequal-sized

objectsandthetotal sizeof each(basepageplusall theembeddeabjects)is approximately64 KBytes.

[I1. RESULTS AND ANALYSIS

A. Effect of Varying File Szes

In this subsectiorwe comparethe performancaunderscenarioglescribedn Figures3(a)-3(d). We
downloadfiles ontoboththe splitting enabledandthe splitting disabledhostsrepeatedlyover aone-hour
periodandmeasuredheir throughputWe definethe Gain Of Splitting (GoS)as

Gog_ nroughpUpiitting — ThroughPUend-to-end
Throughpugng.to-end




TABLE |

FILES USED FOR MEASUREMENTS

FileNo. | Type | Size(Bytes)| File No. Type Size(Bytes)
1 full text 2459 10 full text 77030
2 full text 11033 11 full text 93141
3 full text 16565 12 full text 120579
4 full text 21027 13 full text 152740
5 full text 28927 14 full text 167914
6 full text 37155 15 3 embeddeabjects 64K
7 full text 42513 16 7 embeddeabjects 64K
8 full text 53069 17 18 embeddeabjects 64K
9 full text 65331 18 19 embeddeabjects 64K

ThuslargerGoSmeanshigherthroughpuigainfrom usingthesplitting proxy. A negatve GoSmeanghat
theend-to-endconnectiorhasa higherthroughputor smallerlateng) thanthesplit connectionFigure4
shavs the GoSof Files2,3,4,9and 12 in the cachehit andthe cachemisscasesachpointis anaverage

over theone-hourmperiod.
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Fig. 4. ComparingGoSfor two casescachehit andcachemiss

This result confirms someearlier reports,seefor example[16], [18], that splitting provides better
performancegain for larger files. This is dueto the factthat the time spentin handshak hasa bigger
portionin theoveralllateng for smallerfiles andthistime is notreducibleby usingsplitting. At thesame

time largerfiles benefitmorefrom thelarge initial window size(for examplea 1kbytefile anda 64kbyte



file canboth be transmittedin the first window and experiencealmostthe samelateng, if file transfer
from sourceto the proxy is fastenough).

One additionalinterestingobsenation from this comparisonis that when a file is in the cache,the
splitting gainis muchhigher This canbe moreclearly seenin Figures5 (a) and(b), wherewe compare

thefile transferthroughputseparatelyor the cachehit andcachemisscases.

T miss T T T T T T
- = hit

11000

10000 —

cond

9000

econd

per sex
per s

8000~

7000~

ughput in bytes
ughput in bytes

6000~

thro
throy

5000~

4000~

. ; i i i i
" o 2 2 3 8 10 12 14
<10° file size in bytes x10"

Fig. 5. Comparingthroughputor cachehit andcachemisswith (a) splitting enabledand(b) splitting disabled

It becomeobvious, by comparingthe two, that the useof splitting at the hybrid gatevay enhances
thevalueof caching,.e.,whensplitting is used having thefile in the cacheprovidessignificantincrease
in throughputover the casewherethefile hasto be retrieved remotelyfrom the sener. In addition,this
improvementincreasessthefile sizeincreasesOn the otherhand,whensplitting is disabled whether
thefile is in thecacheor not malesilittle difference.

Thereasorliesin thefollowing. Considerthe casewherethe connectioris not split by the proxy. As-
sumingthereis acachamiss(Figure3(c)), sincethecache-clientonnectioris muchslower (asaresultof
higherpropagatiordelay)thanthe sener-cacheconnectionpy thetime the cache-clientonnectiorgets
to thefirst few windows, the entirefile could be availablein the cache(i.e. the sener-cacheconnection
is completed) As anexampleconsiderlKbyte paclet sizeanda 7Kbytefile. Assumethatthe roundtrip
time of the senercacheconnections 50msecandthe roundtrip time of the cache-clientonnectiono
be 500msec.As thefirst paclet arrivesat the cacheit is immediatelysentto the client. It takes2 more
roundtrip timesfor thewholefile to beavailablein thecachg100msec) but by thistime thefirst paclet
hasnot evenreachedhe client yet. By thetime thefirst acknaviedgmentgetsto the cachefrom client,
thefile will be completelyavailablein the cache,so a cachehit anda cachemisshave aboutthe same

lateny andthroughput.
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Thereforehaving thefile locally in the cacheprovidesvery limited benefit.Intuitively whenanend-to-
endconnectionis splitin two, the slower sggment(asaresultof higherpropagatiordelay smallerinitial
window size,or higherlosses)will dominatethe end-to-endoerformance.ln this casethe cache-client
segmentis much slower than the sener-cachesegment, and clearly dominatesthe end-to-endperfor
mance.Having thefile locally in the cachehasthe effect of “speedingup” the senercacheconnection,
i.e. this connections completelyeliminated.However sincethe overall performancas governedby the
cache-clientonnectionwhetherthe senercacheconnectiors a bit fasteror not doesnot mattermuch,
asshavn in Figure5(b).

Now considerthe casewherethe connectiorsplitting proxy is enabled Splitting the connectiomat the
gatavay resultsin eitherthreeor two segmentsof an end-to-encconnectionFigures3(a) and3(b)). As
we have just discussedif the proxy only splitsthe connectionthenthe senercacheconnectiorandthe
cache-proxyconnectiorwould still be muchfasterthanthe satellitelink andthereforethe proxy-client
connectiorwould againdominatethe overall performance.However, in additionto splitting the proxy
alsoopensup the window size over the satellitelink muchfasterby usinganinitial window size of 64
KBytes andthusbypassinghe slow-startstageof normal TCP window evolution. This meansthatthe
satellitelink is now comparablgo or even fasterthanthe senercacheand cache-proxyconnectionsn
termsof throughput.For instancefor afile smallerthan64 KBytes, the entirefile fits into the very first
window. Thereforethetransferof thefile is constrainedy how fastthe proxy recevesratherthanhow
fastthe proxy cansendsincethe window sizewould be perceved as“unlimited” for sucha file. Thus
having the file in the cache(muchcloserto the proxy) would enablethe proxy to receve muchfaster
thanhaving to fetch the file remotely andresultsin higherthroughputand lower lateng. This result
highlightstheimportanceof optimizing differentsegmentsof a split connection More importantly such
optimizationhasto bedonein awayto reduceasymmetryjbetweertheseggmentsg.g.,to bring theslower
link faster which in this caseroughly correspondso usinga large initial window size over the satellite
link.

B. Effect of simultaneous connections

Resultsfrom the previous subsectionwvere obtainedby having 10 simultaneousconnectiongo the
HGW from eachclient (5 to the cacheand5 to theremotesener). We shavedthatreceving fasterat the
proxy resultsin higherthroughput.However, the proxy’s sendingratecanbe constrainedy the number
of connectionst is handling.Thatis, althougheachconnectiorhasalarge initial window size,thislarge

window doesnot getfully utilized fastenoughdueto the numberof simultaneousonnections.In this
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subsectionve comparehe performanceasaresultof differentnumberof simultaneousonnectiongrom
thesamehost.

Our measurementaretaken asfollows. First we simultaneouslydovnload 6 files, Files 1, 2, 4, 7,
10, and 12, repeatedlyover a period of one hour from eachhost. Thenwe repeatthis processwith 9
simultaneousiowvnloads,for Files1, 2, 3, 4, 6, 7, 10, 11, and12, and 14 simultaneousiowvnloads,for
Files 1-14. In this experiment,connectionglo not go throughthe cacheandfiles aredirectly originated
from the remotesener, andthe sameexperimentis run on both the proxy-enablechostandthe proxy-
disabledhost(correspondingo Figures3(e)and3(f)). Figure6 shavs thethroughputof split connection

andend-to-endcconnectionunderthesethreescenario@ndFigure7 comparegheir GosS.
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As canbeseenfrom theseresults,connectiorsplitting sufersmorefrom highernumberof simultane-
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ousconnectionghanend-to-endconnectiongalthoughthe gainis still positive). This is mostly dueto
the factthatwith more simultaneousonnectionsthe large initial window size of the split connections
becomedesseffective.

As mentionecearlier themaximumoverallthroughputachiezed perclientwasobseredto bebetween
300-400Kbytes/sec.Although eachof the split connectionshasan initial window size of 64 KBytes,
whenthereare multiple simultaneousonnectionsthis 64 KBytes cannotbe fully utilized all at once.
The effective shareof window size eachconnectionactuallyrealizesdecreasewith the increasen the
numberof simultaneougonnectionsFor connectionsvith the proxy disabledtheinitial window sizeis
muchsmallerthan64 KBytes,andthereforeheimpactof increaseshumberof simultaneougonnections
is alsomuchsmaller

Anotherreasorfor this couldbe dueto the higherroundtrip timein end-to-enccasethanthatof when
splitting is used. Both end-to-endand split-connectionpaclets experiencethe samequeuingdelay at
the SatelliteGatavay. It's well-known thatthe steady-statéhroughputof TCPis inverselyproportional
to RTT (seefor example[23], [24]). For the split-connectiorcasethe roundtrip time (R) is obviously
smallerthanthe end-to-enctase(R’). Now we areaddinga constani; (queuingdelay)to the roundtrip
time in both cases.SinceR < R we expectthis constantto have a larger impacton the steady-state
throughputof split connections.

We notethattheresultsshavn in Figuresé and7 areobtainedover differenttime periods,andtherefore
couldreflectdifferenttraffic load andcongestiorievelsin the network. However, the sameexperiments
wererepeatedseveral timesandeachtime the resultsshav the sametrendwith similar measurements.
Thereforealthoughrandomfluctuationsin traffic load do exist in the network, the resultswe shav here

is typical andrepresentate of the performanceandchangean performancainderthe givenscenarios.

C. Effect of congestion and packet losses

By examining the tracesof eachfile download, we can determinethe exact numberof lossesand
retransmissiongccurredperconnection However, suchlossesouldinvolve bothrandomandcongestion
lossesthedistinctionof which notdirectly availableto us by only takingmeasurementst the endpoint.
Ontheotherhand,congestiorandlossesarehighly correlated causeandeffect) with increasedend-to-
enddelay whichis obsenrable.In thissectionweillustratetherelationshipbetweerincreasedile transfer
delayandthegainfrom usingconnectiorsplitting. In doingsowe attemptto understandherelationship
betweerthe splitting gainandcongestion/losses.

First we repeatedlydowvnload a file directly from the sener for 2 hoursso that the resultingtrace
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may reflecta reasonableangeof work load and congestionconditionsin the network. We then sort
the lateny traceof the proxy-enabledconnectionin descendingrder andreorderthe proxy-disabled
traceaccordingly Thesetwo casescorresponddo thatillustratedin Figures3(a) and 3(c). Figure 8
shaws the reorderedracesfor Files 2 (11033bytes)and 12 (120579bytes). Figure 9 shavs the GoS
for thesetwo files. It canbe seenthat the gain decreaseasthe lateny of the proxy-enablecconnec-
tion increases.This decreasas much steeperfor the 11 Kbyte file andthereis a sizeableportion of
samplesshaving the proxy-enableadonnectionsinderperformingthe proxy-disabledconnectionsThis
however is not obsered in the caseof the 120 Kbyte file. In the 120Kbytefile transfer split connec-
tion alwaysresultsin smallerlateny (higherthroughputthroughoutthe durationof our measurement,
whereasn the 11Kbytefile transfey therearesomesampleshaving higherlateny (smallerthroughput)

for the split connectionin comparisorto end-to-end We defineguaranteef performancemprovement
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Fig. 8. Sortedlateng tracesin caseof a cachemissfor (a) File 12 (120K) and(b) File 2 (11K)

We thenrepeathe sameexperimentwith the samefiles, but this time files aredirectly from the cache
(correspondindo Figures3(b) and3(d)). Figures10andl11 shav thelateny andGoSin this case.Note
thatthe correlationbetweerthe slovdowns of proxy-enablecindproxy disabledconnectiongs notvery
obvious. Thisis dueto thefactthattheslovdownsaremostly causedy randompaclet lossegatherthan
persistentongestion.

Therearetwo mainobsenrationsfrom theseresults.(1) The splitting gaindecreaseasthefile transfer
lateny increaseslueto higherlossand/orcongestion(2) Whetherthefile is directly from the cacheor
from the remotesener, the proxy-enablecconnectionsxperienceworseperformancghigherlateng)

thanthe proxy-disabledconnectiondor smallfile transferg(e.g. 11 KByte), for a small portion of the
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TABLE Il

PERCENTAGE OF SAMPLES WHERE DISABLING THE PROXY OUTPERFORMS ENABLING THE PROXY

File No. | Size(bytes)| % of GoS< 0 (cachehit) | % of GoS< 0 (cachemiss)
1 11033 2.2 3.49
2 16565 0.79 1.26
3 21027 0.0 0.48
4 65331 0.16 0.0
5 120579 0.0 0.0

samples.This portionis reducedn the caseof a cachehit. The samephenomenonvasnot obsered
for large file transfers(e.g.,120 KByte). The percentagesf negative GoSfor differentfiles arelisted
in Tablell (guaranteef performancémprovementis oneminuseachtermin thetable). Note thatthe
average performancef usingthesplitting proxy is still abore thatof disablingthe proxy.

Sinceour connectiongiothroughadedicategroxy, thefluctuationin file transfedateny asseerfrom
thesetracesis mainly dueto thefluctuationin work load, congestiorandlosssituationselsavherealong
the pathof the connectionj.e., from the senerto the cache(in the caseof a cachemiss),from thecache
to the proxy, andfrom the proxy to the endhost. (Note thatin general,connectionsplitting leadingto
worseperformanceanbe causedy excessie congestioranddelayat the proxy, which would only be
experiencedby split traffic, but not by end-to-endraffic. This canhappenif the proxy handlesmary
split connectionsat the TCP layer, while the end-to-endraffic simply goesthroughthe IP queueandbe
unafected. However, sincewe usea dedicatedproxy theincreasean delayandlossincurredby splitting
is minimal.) Thereasorthatconnectiorsplitting canresultin higherlatengy for smallfiles lieswithin the
relationshipbetweenthe reductionin lateny dueto splitting andthe increasen lateny dueto lossesn
general bothasa function of file size. Thereductionin lateny by usingthe proxy is largely dueto the
factthatthe end-to-endlCPis broken down into shorterfeedbackoopsandthata large initial window
sizeis usedoverthe satellite.Whenthefile is small,onemoreor onelesslost paclet duringthetransfer
or whetherthe lossoccurssooneror later canresultin significantdifferencein lateng. This difference
may not be compensatethy the benefitfrom usingthe splitting proxy whenthe file is relatively small
sincethe transfercompletessoonafterwards. However, asthefile sizeincreasesthe benefitof splitting
becomesamore prominent(seeour resultsin Section3.A). In otherwords, it would take more paclet

lossedor a split connectiorto performat a similar level asa nhon-splitconnectionwhich canhave very
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TABLE 1lI

THROUGHPUT OF FILES WITH DIFFERENT NUMBER OF EMBEDDED OBJECTS (IN THE CASE OF A CACHE MISS)

No. of embeddeabjects| Proxy-enabledbytes/sec) Proxy-disabledbytes/sec) GoS

0 32124 12544 1.56
7 6027 3663 0.64
19 2701 2026 0.33

smallprobabilityconsideringhefactthatalong connectiortendsto reflectmoreaveragdossrate.When
thefile is locatedin the cache pnesgment(sener-cache)is eliminatedfrom the path,thusreducingthe
probability of paclet lossesand consequentlyeducingthe probability thata particularsplit connection
experiencegongerlateny thananon-splitconnectiordueto differentlossoccurrences.

In summarywhenthefile sizeis large, split connectiongansustaimrmorelosseshannon-splitconnec-
tionsandstill yield shorterateng, thusprovide higherprobability of performancemprovement.When
thefile is small, the split connectionis more affectedby paclet lossesandthereforethe probability of

performancémprovementis lower.

D. Effect of embedded objects and persistent connection

Sofar all our measurementaretaken from full text files transferredusingHTTP. In this sectionwe
examinethe effect of embeddedbjectsin afile/pageandthe effect of usingpersistentonnection.

We first comparethe lateng for files with samesizebut differentnumbersof embeddeabjects.We
repeatedlydovnloadFiles 9, 15 and16 over a two-hourperiod. File 9 is atext file, andFiles15and16
consistof equal-sizecembeddedbjects.Thetotal sizeof eachof thesethreefilesis about64 Kbytes.In
downloadingthesefiles, HTTP/1.0[21] is usedbetweerthe end hostsandthe proxy or the cache.The
throughputof proxy-enabledndproxy-disabledransferds shovn for boththe cachemiss(corresponds
to Figures3(a)and3(c)) andcachehit (correspondso Figures3(b) and3(d)) casesin Tableslll andlV,
respectely.

We seethatwhenafile containsa larger numberof embeddedabjectsthe GoSdecreasesThis result
is expectedconsideringour obsenationsin Sections3.A that the gain from using the splitting proxy
decreaseasthefile sizedecreasesThis is becauséhe time spentin handsha& hasa biggerportionin
the overall lateng for smallerfiles. Thusif we breakalargefile into mary small objectsandopenanewv

connectiorfor eachof theseobjects we expectto seealower performancegain.
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TABLE IV

THROUGHPUT OF FILESWITH DIFFERENT NUMBER OF EMBEDDED OBJECTS (IN THE CASE OF A CACHE HIT)

No. of embeddeabjects| Proxy-enabledbytes/sec) Proxy-disabledbytes/sec) GoS

0 31451 15899 0.98
7 6006 3845 0.56
19 2772 2110 0.31

It shouldbe notedthatthe measuremenis Tableslll andlV aretakenover differenttime periodsand
thusnumberdrom differenttablesarenot directly comparable.

Next we explore the performancecomparisonbetweenusing HTTP/1.0and HTTP/1.1[22]. Web
browsersaretypically configuredio useHTTP/1.0in the proxy modewherea separat&onnections es-
tablishedfor eachembeddedbjecton a page.HTTP/1.0generallyresultsin large delaydueto thetime
spentin hand-shakingandlow throughputin the slow-startphaseof TCP. HTTP/1.10n the otherhand
opensup a persistent connectiorwhich is usedto deliver boththe basepageandsubsequenémbedded
objects. Lateny is thusreducedsincewith a single connectionfor everythingthereis only one hand-
shale procedureandoneslow-startstageof TCP. Therehasbeenextensve studiesonthe performancef
differentversionsof HTTP, seefor example[25], [26].

Herewe compareHTTP/1.0whenproxy is enabledvs. HTTP/1.1whenproxy is disabled.The con-
nectionsetupof this partof our measurementsorrespondso Figures3(e)and3(f), i.e., theconnections
do not go throughthe cacheandthat the connectionis eitherend-to-endproxy-disabled)or split into
two (proxy-enabled)We repeatedlydownloadFiles9,15,16and 17 for over a periodof 30 minutesand
measureheir throughput.

For comparisorpurposesve summarizethe resultsobtainedfrom differentcombinationof splitting
enabled/disabledndpersistentonnectiorenabled/disableih TablesV, VI andVIl (we did notcompare
HTTP/1.0whenproxy is disabledvs. HTTP/1.1whenproxy is enabledaswe seeno specialinterestin
this case).Again theresultsfrom differenttablesarenot directly comparablevith eachother asthey are
takenover differenttime periodswhich mayreflectdifferentwork loadsituationsin the network. Results
within the sametablearemeasurementaver the sameperiodandarethuscomparable.

We seethat overall the gainfrom usingconnectionsplitting decreasewith increasechumberof em-
beddedobjectsin afile (of the samesize). Thisis consistenivith our resultsearlierin this subsection.

However whenpersistentonnections used,GoSdecreasemuchfasterthanthe casefor non-persistent
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TABLE V

COMPARISON BETWEEN SPLITTING ENABLED AND DISABLED WITH NON-PERSISTENT CONNECTION

No. of embeddedbjects 0 3 7 18

ThroughputByte/sec)or non-persistensplitting-disabled| 15325| 5910 | 3864 | 2197
ThroughputByte/sec)or non-persistensplitting-enabled| 33130 | 10937 | 6409 | 3024
GoS 1.16 | 0.85 | 0.66 | 0.38

TABLE VI

COMPARISON BETWEEN SPLITTING ENABLED AND DISABLED WITH PERSISTENT CONNECTION

No. of embeddedbjects 0 3 7 18

ThroughputByte/sec)or persistentsplitting-disabled| 12361| 9902 | 8862 | 5239
ThroughputByte/sec)or persistentsplitting-enabled| 26468 | 14636 | 9890 | 5136
GoS 1.14 | 0.48 | 0.12 | -0.02

connectionsasshavn in TableVI (notethatsolong asGoS > 0 it meansthat split connectionhasa
higher throughputthan end-to-endconnection). The decreasinghroughputis dueto the fact that the
client requestsachobjectindividually (althoughwithin the sameconnection)after receving the base
page. Dependingon the numberof objectsandthe size of theseobjects,using end-to-endconnection
could achieve very similar performanceo that of a split connection. Here we would like to note that
althoughwe did not provide ary measuremenfor the caseof persistentonnectionwith pipelining, its
effect canbe predictedusing TableVI. Whenpipeliningis used,all the requestfor embeddedbjects
are sentat the sametime after receving the basepage. This is similar to having onelarge embedded
objectinsteadof mary smallones.Using TableVI (moving towardstheleft) we would expectpipelining
to resultin higherGosS.

TableVIl comparegproxywith non-persistentonnectiorvs. persistentonnectiorwithout proxy. We
seethatthe gain from usingconnectionsplitting quickly becomeseggative, i.e. split connectiorresults
in smallerthroughputthanend-to-endcconnection. This shawvs that usinga persistentonnectionis far
moreimportantthanconnectionsplitting for a file that containsmultiple embeddedbjects(for evena
relatvely small number)sincethe time spentin handsha& in this caseis significantover the satellite
link. In otherwords, the gain from using connectionsplitting cannotsubstitutefor the performance

improvementachiared by having a persistentonnection.Thereforein an Internetover satellitesystem,
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TABLE VI
COMPARISON BETWEEN SPLITTING ENABLED WITH PERSISTENT CONNECTION AND DISABLED WITH

NON-PERSISTENT CONNECTION

No. of embeddedbjects 0 3 7 18

ThroughputByte/secYor persistentsplitting disabled | 11194 | 9081 | 8244 | 4827
ThroughputByte/sec)or non-persistensplitting enabled| 29977 | 9920 | 5813 | 2699
GoS 1.68 | 0.09 | -0.29| -0.44

configuringthe browserto run the default HTTP/1.0with a connectiorsplitting proxy would defeatthe
purposeof having a proxy, unlessall thefiles arepuretext. It is thuscrucialthata persistentonnection

is establishedbetweerthe clientandthe proxy in suchasystem.

IV. CONCLUSIONS AND DISCUSSIONS

In this paperwe examinedthe gain from using a TCP connectionsplitting proxy along with web
cachingundervariousscenariogy takingmeasurementsom alive commerciakystem.In theseexper
iments,not all parametersre controllable,e.g.,the bit error rate over the satellitelink, the amountsof
traffic andcongestiorin the network, etc. However, by properlyisolatingelementghatcontrikute to the
result,not only doesour measuremertonfirmearlierstudieson connectiorsplitting, but it alsorevealed
additionalinsightsinto the commonperformanceenhancingechniquesisedfor Internetover satellite.

To summarize connectionsplitting is a valid approachto improve TCP throughputand reducefile
transferlateny overthe satellite. The performanceainincreasessthefile sizeincreaseshut decreases
asthe numberof embeddedbjectsin thefile increases.This gainis alsovery sensitve to the number
of simultaneousonnectionsaandto congestiorandpaclet losses especiallyfor smallfiles. Onthe one
handhaving a cachehit will alleviate suchsensitvity, onthe otherhandusingconnectiorsplitting proxy
enhanceghebenefitof caching.We alsoshavedthatalthoughconnectiorsplitting improvesthroughput,
it is no substitutefor persistentonnection.The bestperformancas achiezed by usingboththe splitting
proxy andpersistentonnectionHTTP/1.1)betweerthe proxy andtheclient.

By sayregating an end-to-endconnectioninto separateconnectionsegmentswe have shortenedl CP
feedbackcontrolloops. Thusfor eachof theseconnectionsggmentswe have a smallerRTT andlower
lossprobabilityp comparingo theoriginal end-to-enatonnection Sincethe TCPthroughpuis inversely

proportionalto RTT and,/p (seefor example[23], [24]), having smallerconnectiorsggmentsnaturally
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resultsin higherthroughput. However, thesesegmentsare not completelyun-coupled andthe slovest
sgmentwill constrainthe otherseggmentsanddominatethe end-to-endgperformance.The proxy cannot
forward client datait hasnot receved from the sener. Thereforeif the proxy is constrainedoy slow
receving thenincreasingthe rate at which proxy receveswill improve the overall performance.This
is why cachehits improve the throughputwhenthe splitting proxy is enabled.On the otherhandif we
only usethe cache,we will have a cache-clienttonnectionhighly constrainediy slov sendingdueto
the large propagatiordelay This is why having a large initial window size over the satellitelink is so
important. Overall this illustratesthe importanceof properly provisioning the proxy andthe NOC, and
theimportanceof optimizing eachsplit sgmentto reducethe asymmetryamongthemsothatoneis not
constrainedy the other

Our measuremerdandsubsequentesultsareobtainedfrom alive systemover which we have limited
control. Theseresultsthereforemay reflectthe combinedeffect of a rangeof factors.We have reasoned
themostprominentfactor(s)andcause(sjor eachof theseresults but we stronglybelieve thatderving a
detailedquantitatve analysiswill helpexplainthe exactrole of eachfactorandsene asgoodsupplement

to our measurement-basetudy Thisis partof our currentresearch.
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