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ABSTRACT

Multihoming hastraditionally beenemployed by stubnetworksto
enhancehe reliability of their network connectvity. With the ad-
ventof commercialintelligent routecontrol” products stubsnow
leveragemultihoming to improve performance. Although multi-
homingis widely usedfor reliability and,increasinglyfor perfor
mance,not muchis known aboutthe tangiblebene ts that multi-
homingcanoffer, or how thesebene ts canbe fully exploited. In
this paperwe aimto quantify the extentto which multihomednet-
works canleverageperformancendreliability bene tsfrom con-
nectionsto multiple providers. We usedatacollectedfrom seners
belongingto the Akamai contentdistribution network to evaluate
performancebene ts from two distinct perspecties of multihom-
ing: high-wlume content-preiderswhich transmitlarge volumes
of datato mary distributed clients,andenterprisesvhich primar
ily receve datafrom the network. In both caseswe nd that
multihoming canimprove performancesigni cantly and that not
choosingthe right setof providers could resultin a performance
penalty as high as 40%. We also nd evidenceof diminishing
returnsin performancewhen more than four providers are con-
sideredfor multihoming. In addition, using a large collection of
measurementsye provide ananalysisof thereliability bene ts of
multihoming. Finally, we provide guidelineson how multihomed
networks can chooselSPs,and discusspracticalstrat@ies of us-
ing multiple upstreantonnectiongo achiere optimalperformance
bene ts.

Categoriesand Subject Descriptors

C.2[Computer SystemdOrganization]: ComputerCommunication

Networks; C.2.1[Computer-Communication Networks]: Net-
work ArchitectureandDesign

General Terms
Measurement®erformance

1. INTRODUCTION

Large enterprisesndcontentproviders,who dependon the In-
ternetto operatetheir businessesiequirea high level of reliabil-
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ity from their network connections.Increasinglytheselarge con-
sumersaandproducer®f network dataareturningto multihomingas
atechniqueto achieve resilienceto serviceinterruptiong4]. Mul-
tihoming is de ned simply as a customer(or ISP) network hav-
ing morethanoneexternallink, eitherto asinglelISPR or to differ-
entproviders[12]. The customettypically hasits own public AS
number and adwertisesits addresgre xesvia all of its upstream
providersusingBGP [14].

While multihomingto multiple providersis motivated primar
ily by a needfor link-level and providerlevel fault tolerance the
adwent and expectedgrowth of “intelligent route control” devices
andservicegpromisedo allow subscriberso leveragemultihoming
for morethanjust increasedesilience[9, 13]. For example,per
formanceto differentpartsof the network may vary dependingpn
which upstreanprovider is used. In suchsituationscarefulroute
selectioncansigni cantly improve performanceEvenavailability
canbe managedo someextent by choosinglSPsthat have suf-
ciently diverseconnectiity to destination®f interest. In this pa-
per, our primarygoalis to quantify the extentto which subscribers
canleverageconnectiongo multiple network providersto improve
performanceWe alsoprovide a studyof thereliability bene ts.

We characteriz@erformancén termsof thespeedandef ciency
with which wide-arearansfersoccur Conceptuallyour approach
is to considera network subscribelin a major metropolitanarea,
and evaluatethe relative bene ts of choosingupstreanproviders
from severalavailableoptions.We areinterestedn the perspectie
of both high-wlume Web sitesand datacenters which areinter
estedin attaininggoodperformanceo mary partsof the network,
andalsoenterprisesubscriberswho aremoreinterestedn recev-
ing datafrom variouscontentproviders. We focuson the common
casein whichthesubscribehaslittle or no controloverend-to-end
paths,but ratheronly which ISPsprovide rst-hop connectiity to
thelnternet.

Our studydraws empiricalobsenationsfrom measuremerdata
setscollectedat senersand monitoring nodesdeplo/ed by Aka-
mai, a large contentdistribution serviceprovider. Theseseners
andmonitorsareattachedo a diversesetof ISPs(mostnodescon-
nectedto a singleprovider), with multiple Akamaisenerslocated
in eachof the major metropolitanareaghatwe analyze.The net-
work performancealatacollectedat theseAkamainodesallows us
to compareperformanceacrossprovidersfrom the perspectiesof
enterprise®r contentprovidersin differentmetropolitarareasWe
analyzeperformanceprimarily in termsof obsered network la-
teng/ asthe Akamai senersandmonitorsfetch objectsfrom cus-
tomerWebsenersor otherAkamaiseners.

Our analysisis basedlargely on the notion of k-multihoming
in which we quantify the bestperformanceachiezed whena sub-
scriberis multihomedto k availableprovidersin a givencity. We
establistabaselingn whichwe assumehatit is possiblefor asub-



scriberto employ all k providersandswitchto the bestperforming
provider at eachinstant. By evaluatingthe performancesk is in-
creasedwe provide someinsightinto theincrementaperformance
bene t whenaddingproviders. To assesshe impactof the cho-
sensetof providers,we alsocomparethe performancef the opti-
mal multihomingsolutionto random(andworst-casegelectionof
ISPs.In addition,we quantifythe usageof eachiSPin the optimal
k-multihomingsolutionsto understancow traf ¢ shouldbe dis-
tributedamongthek upstreanprovidersto achieve the bestperfor
mance. We shaw that, on average performancecanbe improved
considerablyby multihoming for both the enterpriseand content
provider perspecties. For example,evenin a 2-multihoming so-
lution, averageperformancevasimproved by 25% for 3 out of 4
metroareasve study We also nd strongevidenceof diminishing
incrementaperformancdene tsasmoreprovidersareadded.We
obsere thatincreasingoeyondk = 4 provideslittle addedperfor
mance.Comparingthe optimal multihomingsolutionto a random
choiceof k providers(for k  4), we nd thatrandomselection
degradesperformancel 5% on average andasmuchas40%. This
suggestshat a carefulchoiceof providersis key to achiezing the
full performancéene tsof multihoming.

Although our main focusis on performancebene ts, we also
evaluatethe availability improvementsdueto multihoming. Using
a large setof traceroutameasurementsye performan analysisof
howv muchbene t multihomingcanprovide in termsof pathdiver-
sity acrosscandidateprovidersin a givenlocation. Oneimportant
aspectve do not consideris how to usemultiple providersin such
away asto optimizebandwidthcosts.EachISP contracttypically
hasits own pricing structureand bandwidthcommitmentswhich
mayresultin oneproviderlink beingmoreexpensve dependingn
thetime-of-dayor traf ¢ level. Thesedifferencesanbe exploited
to reduceoverall bandwidthcosts,howvever we leave the problem
of understandinghe cost-performancérade-ofs of multihoming
asfuture work, andinsteadcon ne our studyto performanceand
reliability bene ts.

In the next section,we further motivate our work with two case
studieghatdemonstratéemporaldifferencesn performancecross
network providersin speci c situations. Thesestudiesarechosen
to represenbothenterpriseinddatacentemperspecties. Sections3
and 4 presentthe performancebene t analysisin detail and Sec-
tion 5 follows with a descriptionand initial resultsfrom the re-
liability analysis.Section6 evaluatessomepracticalmultihoming
scenariogndalsodiscussestratgiesfor choosingproviderswhen
multihoming. We relateourwork to previouswork in Section7 and
summarizehe paperin Section8.

2. MULTIHOMING FORPERFORMANCE:
TWO CASE STUDIES

In this sectionwe presentwo relatively small setsof measure-
ment data that illustrate the potential for performanceimprove-
mentsdueto multihoming. Theseempiricalresultsprovide some
evidencethat performancalifferencedetween SPsexist andthat
relative performancehange®vertime.

2.1 Data Center Multihoming

We rst consideran exampleof threecommercialdatacenters
eachmultihomedto two tier-1 ISPs. Thesesiteshostthe Web site
of IBM Corporation,andreceive HTTP requestdrom clientsdis-
tributedall overtheworld. Thehostingcenteris con guredwith a
datacollectionmodulethatpassiely collectsdelayestimatever
eachof thecenters provider links asclientsfetcha designateé@m-
beddedbjectfrom theWebsite. Theestimatesrethenaggreated
by IP addresgre x, accordingo the BGPtablesatthesite.

Delay estimatesare basedon handshak round-trip time (hrtt),
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Figure 1: Relative performancefor 2-multihomed data centers

de ned asthe time betweenreceving the rst TCP SYN paclet
from the client to opena connectionto the objectsener, andthe
time atwhichthe nal TCPACK is receivedto completethethree-
way handshag&. Thedatacollectionmodulekeepsaweightedmov-
ing averageof hrtt on a perpre x basis,andreportsthis average
hourly for the 500 mostactive pre x es (asdeterminedby request
ratefor the objectsusedfor measurements)rhe Web site is mir-
roredacrossthe threedatacenters]ocatedin the U.S.in the East
coastthe Midwest,andWestregions. Clientsaredirectedto each
location using an IP-level load balancingmechanism such that
thereis little overlapin the client pre x es appearingat the sites.
All three data centersare multihomedto the sametwo network
providers.In Figurel, we shov theaveragerelative delayobsered
overthelinks for a 7-dayportion of atracetakenin January2003.
Thegraphsplot theratio of thehrtt obsenedon ISP 1 to thehrtton
ISP 2, averagedover all client pre xes. Hence whenthe curve is
above 1, ISP 2 providesbetteraveragedelay Also, sincewe have
an estimateof the requestrate from eachclient pre x, we weight
the averageby therequestatein orderto emphasizeerformance
differencedor thosepre x esthatgeneratenoretrafc. Thegraphs
shav theweightedaverageratio computedor eachhourly sample
from thecollectionmodule.

As illustratedin Figurel, eachdatacenterhasanopportunityto
capitalizeon performancdifferencesf it is ableto dynamically
directtrafc overits providerlinks. For example boththe Eastand
Westdatacentersshav multi-hour periodswhereone of the ISPs
provides betteraveragedelay thanthe other The Midwest trace
shavs thatISP 2 is bettermostof the time, thoughtherearesome
periodswhenthe averageperformances very similar.

2.2 Enterprise Multihoming

Our next casestudy considersthe perspectie of an enterprise
wishingto optimizeits multihomedconnecwity to applicationser
vice providersor Web-basedervices At rst glance,it would ap-
peardif cult for anenterpriseo controltheroutingor delivery of
datafrom a content-preider to the enterprisesite. Onepossibility
is for the enterpriseo controlroutingannouncement its differ-
entproviders. This approacthasa numberof drawvbacks however,
including coarsecontrolandslow responsey routingto changes.
Another possibility is to useaddressangesallocatedfrom each
provider. Eachtransferto the enterprisecould usea destination
addresdrom the best-performingSP for the correspondinglata
source. This addressuse could be controlledthroughthe use of
network addresdranslation(NAT) techniquesand clever use of
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Figure 2: Performanceacrossclient ISPs

DNS. For example,for o ws initiated from the enterprisea NAT
box coulddynamicallychosethe bestISP andalterthe contentsof
paclets appropriately Similarly, for o ws establishedo the en-
terprise,the DNS could returnthe addresghat provides the best
performancdo the connectinghost. We considerand exampleof
this scenariowith responséime measurementsom KeynoteSys-
temsagentswhich arewidely distributedandconnectegrimarily
to Tier-1 ISPs(typically with a 10 Mbpslink in the U.S.)[6]. By
choosingmajor cities in which there are several Keynote agents
attachedo differentISPs,we canobsene ISP performancealiffer-
encedrom the perspectie of clientslocatedin eachcity.

The agentswere con gured to measurethe time to retrieve a
completeWeb pagefrom a dedicatedff-the-shelfcacheappliance
locatedin a commercialhostingcenterin the Midwest. The page
is aninstanceof theindex pagefrom a productionsportsWeb site
with 29 embeddedbjectsanda total size of 104 KB. The cache
wasusedonly for thesemeasurements it did not sene ary pro-
ductiontrafc, andhencewas unloaded. The contenthad suf-
ciently long expiration times suchthat the cacherarely neededo
fetch any objectfrom the origin sener. The Keynote agentsdid
notuseHTTP/1.1persistentonnectionsyhich likely in ates the
absoluteresponsdimes. Comparisongcrossagentsare still use-
ful, however, asthey behae uniformly andarecon gured identi-
cally. Sincetheclientsarehomogeneouandwell-connectedand
the cacheis similarly well-connectedandunloadedwe arguethat
obsereddifferencesareprimarily dueto network effects.

Eachagentrequestedhe pageevery hourduring a periodstart-
ing in late Augustthroughmid-Decembe2001. In Figure2, we
shav snapshotof continuoustraces(i.e., with no agenterrors)
from WashingtonD.C. and Los Angeles,CA. Eachcity hasser-
eraldeplojedagentswith someoverlapbetweerthespeci c ISPs.
Thegraphsshaw thatrelying ononelSPis proneto prolongedoer
formancedegradation.For example nearthebeginningof thetrace
in Figure2(a),theperformancecrossachlSPis signi cantly dif-
ferent(by approximatel\200ms)with ISP5 thebestandISP 1 the
worst. After October30, however, the performanceshifts dramati-
cally andanew performancerderingis establishedln Figure2(b)
ISP 6 providessimilar or slightly betterperformancehanISP5 for
mostof the trace. For several hoursbetweennoonand midnight
on October5, however, responsdime on ISP 6 suffers a severe
andpersistentlegradation. Similarly, while ISP 7 appeargo pro-
vide the bestperformancever mostof thetrace for afew samples
betweemoonandmidnighton October6, it shavs the worstper
formanceamongall ISPs.

2.3 Motivation for a Broader Study

Thesecasestudiesarenotnecessarilyepresentadie of whatper
formancegainscanbe generallyachieved by multihomingto mul-

tiple providers. Neverthelessboth the datacenterand enterprise
scenariosuggesthatjudiciously choosingandusingmultiple net-
work providerscanprovide improvednetwork performanceThese
obsenations provide additional motivation for the broaderstudy
presentedn theremaindeof the paper

In our study we usea large setof measurement® performa
more comprehensie analysisof multihomingbene ts. Threeof
the datasetswere collectedfrom seners and performancemoni-
torsbelongingto the Akamaicontentdistribution network (CDN).
We employ thesedatasetsto evaluatethe performanceoene ts of
multihoming. Thefourth datasetwascollectedusingthe Keynote
infrastructurgdescribedabore). We usethis datasetto performan
analysisof thereliability bene ts.

In Sections3 and4, we describethe Akamai datausedfor an-
alyzing performancéene ts alongwith resultsfrom our analysis.
Section5 describeghe dataand metricsusedfor analyzingrelia-
bility bene tsof multihomingandthe resultsof our evaluation.

3. ENTERPRISE PERSPECTIVE

The performancebene t of multihomingat an enterpriseis re-
ected in the download performanceof requestsrom the enter
priseto destinationf interest,for exampleimportantor popular
Webssites. Intuitively, the best-casscenaridor anenterprisés to
be ableto useits multiple network connectiongo achieve nearly
optimal performancédor alargefractionof its Webrequests.
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Figure 3: Measurementdata sets: In (a) Akamai performance
monitors in a given city are connectedto different ISPs and
download 10KB objectsat 6-minute intervals from servers be-
longing to 80 content providers. In (b) Akamai sewers con-
nectedto different ISPsin the samecity download objectsfrom
all customerorigin sewversin order to servethemto clients. For
this data set, turnaround times are averaged over each hour
acrossretrievals from all origin servers.
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In our analysisof enterprisemultihoming, we usetwo distinct
setsof data,A 1 andH ; (describecbelaw), collectedfrom seners
andmonitoringnodesdeplo/ed by Akamai. An importantfeature
of this datais that the collection points are connectedo a large
variety of ISPs. Moreover, thereare multiple metropolitanareas
in which anumberof collectionpointsarelocated,eachconnected
to adifferentISP We usemonitoringnodesandAkamaisenersin
a single metroareaconnectedo differentISPsas stand-insfor a
multihomedenterprise.

Data Set A 1: This datasetcomprisesstatisticscollectedby 27

geographicallydistributed Akamai monitoringnodes.Oneor two

nodesarelocatedin major citiesin the U.S., with multiple nodes
in the samecity attachedo differentupstreanprovider networks,
asshawn in Figure3(a). Every 6 minutes,on average thesenodes
downloaddesignateabjectsdirectly from a large numberof con-
tentprovidersthatareAkamaicustomersFor eachattemptediovn-
load,theperformancenonitorlogsanumberof statisticsjncluding
the HTTP responseode, turnaroundtime for the request(if suc-
cessful) thesizeof theobjectdownloadedthetotal responsd¢ime,

andary errors(if unsuccessful).We focus, in particular on the
turnaroundtime, which is de ned asthetime betweerthe transfer
of thelastbyte of therequesfrom the Akamainodeandthereceipt
of the rst byte of theresponsdrom the origin sener. Hence the
turnaroundime offersareasonablestimateof network delay We

collectedthesestatisticsat all 27 performancemonitorsfor down-

loadsmadefrom about80 customercontentproviders. The data
wascollectedbetweenThursday23 ¢ January2003andSunday
26" January2003(inclusive). Of the 80 contentproviders,20 are
the top customerf Akamai; thatis, thosefor which the Akamai

network senesthelargestnumberof bytes.

Data SetH 1: For eachAkamaisener in a given city, this data
set containsthe averageturnaroundtimes for requestsmadeby

Akamai seners backto the origin contentprovider seners (Fig-

ure 3(b)). Theserequestsaretypically initiated whenan Akamai

senerdoesnothave avalid objectcachedandhasto retrieveit from

the origin sener. Theseturnaroundimesareaveragedeavery hour
acrossall the requestssentto every origin contentprovider. We

collectedthis datafor eachhourovertwo ve-dayperiods: Mon-

day, 6" January2003to Friday, 10" January2003andMonday

13" January2003to Friday, 17" January2003(bothinclusive).

As mentionedabove, our primaryperformancenetricis theturnaroun

time, which indicatesroughly the delay on the underlying path
to the Web sener. Sincethe customercontentproviders of the
CDN are large Web seners, we expecttheir senersto be well-
provisioned,andthereforethe obseredturnaroundime shouldbe
constitutednainly of network delaywith almostnodelaydueto the

Web sener itself. Note thatthis delay andits variation,is one of
thecrucialfactorsdetermininghe performancef dovnloadsfrom
thecontentprovider (sincethe TCPthroughpuis dependenonthe
obseredround-triptime of theunderlyingpath). A morecomplete
metricwould have beentheabsolutehroughpufor thetransferor
its combinationwith the turnaroundtime. Althoughwe did have
thedownloadtimesfor objectsin datasetA 1, theobjectsweretyp-
ically ontheorderof 10KB andhencethedownloadtimesmaynot
be indicative of the long-termTCP throughput(or typical down-
load speed)on the path. Neverthelessthe turnaroundime metric
accuratelycapturegheperformancef smalldownloads(< 10KB)
andalsocaptureghe key componentleterminingthe performance
of largerdownloads.

3.1 PerformanceBene ts: 2-Multihoming

To quantifytheperformancéene tsof enterpris€-multihoming,
we usethedatasetA ;. We comparethe performanceachieved by
usingthe bestprovider link for eachdownload, relative to that of
using a single provider for all downloads. We averagethis ratio
over downloadsfrom all of the contentproviders and reportthis
normalizedperformancametric. We alsomustbe carefulto com-
pareonly thosetransactiongor which both performancemonitors
successfullydownloadedthe objectat roughly the sametime. We
selectitiesin theU.S.with 2 performancenonitors giving usfour
locations:Atlanta, Chicago,DallasandNew York. Therestof the
citieshave only oneperformancenonitor Themonitornodesgach
connectedo differentupstreanproviderscanbe usedto measure
thebene tsof 2-multihomingemploying the respectie providers.

More formally, the computatiormay be expresseds:

i it (Mx (Pi; t)=Mpest (Pi; 1))

N = -
X N umvalid(P;;t)

whereNx istheperformancef usinglSPX , relativeto 2-multihoming.

Mx (Pi;t) denoteghevalueof theturnaroundimefor thetransfer
initiatedattimet by themonitornodeattachedo ISP X toretrieve
anobjectfrom contentprovider P;. Similarly, M pest (Pi; t) is the
bestvalue(acrosdothISPs)of thetheturnaroundime for atrans-

dferto thesamecity attimet from contentprovider P;. Thesumin

the numeratoiis over all P;;t pairssuchthattherewasa transfer
loggedat time t to contentprovider P; via both the providers A
andB. N umvalid(P;;t) is afunctionthatsimply countsthetotal
numberof suchP;; t pairs. Noticethatthe optimalvalueof Nx is
1 andthis occurswheneer oneof thetwo ISPsis consistentlybet-
terthantheother If Nx > 1,thenNx 1 denotegshe maximum
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improvementin performancepossiblefrom multihomingto both
the ISPs(i.e., from 2-multihoming),comparedo the performance
seerwhile usingISP X alone.

We quantizethe time stampson eachdownloadin A to inte-
gerscorrespondingo the numberof minuteselapsedrom a x ed
point. Sincethe monitorsdownload objectsat roughly 6 minute
intervals,we roundthetime stampto a multiple of 6 thatis atmost
3 (minutes)away from the true time stamp. If therearetwo or
moredownloads(in casesvherethis happenedtherewereat most
2 downloads)from the samemonitor to the samecontentprovider
mappingto the sameroundedime-stampwe pick onerandomly

Theresultsfor the performancéene ts from 2-multihomingat
eachof the four cities are shovn in Figure 4(a), which indicates
thevalueof Nx for eachISP X . Eachof thetwo ISPsin thefour
citiesweretier-1 providers(i.e, verylargenationalcarriers)15]. In
all four cities, 2-multihomingclearly offers performanceene ts,
albeitto varying degrees. For example, Chicagos ISP1 provides
nearly optimal performanceby itself (N, sp1 = 1:09). However,
in eachof the otherthreecities, the minimum performancéene t
from 2-multihomingis at least25% on average.Figure4(b) illus-
tratesthe absoluteperformancemprovementfor the median,10th,
and90th percentileturnaroundime. Notethat2-multihominguni-
formly improvesthe maximumturnaroundtimes, but haslessef-
fect onthe medianandminimum performanceAlso, the extent of
the absoluteimprovementvariesacrosscities. Figure4(c) shavs
thefraction of time whenoneof the two ISPsprovidesbetterper
formancethanthe other Exceptin Chicagowherel SP 1 is used
almost90% of thetime, boththe ISPsin the othercitiesareputto
usefor roughlyequalamountsf timein the optimalschedule.

3.2 Enterprise k-Multihoming, k> 2
Sofar, we have only considerednultihomingto two upstream

providers.ThedatasetA 1 doesnotpermitusto analyzek-multihoming
for k > 2, sincethereare at mosttwo monitor nodesper city.
However, wecan nd alowerboundonthemaximumperformance
bene t from k-multihomingfor k > 2 from the datasetH ; asde-
scribedbelow.

Recallthatthe H1 datasetincludesturnaroundimesrecorded
eachhour, averagedacrossrequestsfrom a given CDN sener to
all customercontentproviders. As aresult,we cannotanalyzethe
casewherethe enterprisechooseghe bestlink for transferson a
perdestinatiorbasis.Theperformancéene t, in thiscasejs com-
putedbasedon a coarserform of multihoming,in which a given
provideris usedfor all transferdo andfrom theenterpriseregard-
lessof the destination. We refer to this as naive k-multihoming
Thisisin contrasto theanalysisabore for 2-multihomingin which
the enterprisds ableto pick the bestprovider for eachdestination
at eachtime instant(we call this true k-multihoming. The maxi-
mum performancéene t from true k-multihomingis boundfrom
below by naive k-multihoming.

We computethe performancebene ts from naive multihoming
in amannersimilar to the 2-multihomingcase:

P
N . (HTop, (t)=H Thest (1))
op, =

N umv alid(t)

whereNop, istheperformanc®f usingthek-multihomingoption
OPx in agivencity, relative to the performancef usingall avail-
ableISPs. HTop, (t) denotesthe bestaverageturnaroundtime
performancemongthek ISPsin thesetOPy athourt. H Tpest (t)
is the bestaverageturnaroundime performanceat hourt over all
the available carriers. The sumin the numeratoris taken over all
hourst for which all the k ISPshave the averageturnaroundime
statisticdoggedin thedatasetH 1. N umv alid(t) countsthenum-
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Figure 7: Relative utilization of ISPs: For the cities of Bostonand New York, respectvely, the graphs shaw the fraction of time the
ISPsin the naive k-multihoming solutionsat the city are utilized in the optimal schedule.

berof suchinstanceg (for a very smallfraction of the hours,the
averageurnaroundime datawasunavailablefor certainnetworks).

In Figure5(a)weplottheperformancenetricN op, for eachiSP
in the city againstits rank (The ISP with rank 1 is the bestin the
city). The graphshaws the rst weekof data;the secondweekis
very similar. Noticethatin someof the cities, therearea few ISPs
(sometimegustonelSP)thatgive signi cantly betterperformance
thanthe others. For example,the bestISP in Seattleprovidesat
least7 times betterperformanceasary otherISP. Thereare also
citiesin which mary ISPsprovide similar performance.

From Figure5(a) it is apparenthat, in somecities, therewere
in excessof 50 providers (e.g., San Francisco). Evaluating all
the 5k° optionsfor k-multihoming to determinethe bestnave
k-multihoming option is computationallyexpensve. We reduce
the amountof computationby evaluatingk-multihoming options
aginsttheperformancef upto 20top providersin eachcity (cho-
senbasedon their 1-multihoming performance).This hasa neg-
ligible impacton our results,asour analysisshaved that the per
formanceof thetop 20 ISPsis virtually indistinguishabldrom the
performanceusingall available ISPsin the city (theseresultsare
omitted).

In Figure5(b), we shav themaximumperformancdene tsfrom
naive k-multihomingfor the rst weekof datain H1 (agin, the
secondveekresultsaresimilar). Noticethatk > 1 providessignif-
icantly betterperformancehan 1-multihomingin mostlocations.
For a few cities, however, the performancebene t is not assub-
stantialdueto a singleISP providing the bestperformancelmost
all thetime (e.g.,Los Angeles). Also, beyondk = 4 thebene t
from naive k-multihomingis only maiginally betterthanat smaller
valuesof k for mostcities.

ISP Rank 1-multihoming k-multihoming
‘ ‘ ’ performance performance
ISP1 1 1.72 1.72
ISP2 2 1.93 1.33
ISP3 9 2.61 1.17
ISP4 3 2.05 1.09
ISP5 4 2.29 1.07
ISP6 19 3.16 1.04
ISP7 17 3.03 1.03
ISP8 13 2.93 1.03

Table 1: Ranks of the ISPsin the k-multihoming solutions at
New York, k 8, in the order in which they are added, along
with the incrementalperformanceimpr ovement.

Figures6(a)-(c)shav the absoluteimprovementsdueto multi-

homingin the10thpercentilemedianand90thpercentileurnaround

times. In mostcities,k-multihomingimprovesthemaximumturnaround
time performancaiptok 4. However, mostof thelinesin (a)

and (b) arefairly at, which indicatesthatthe medianand mini-
mumturnaroundimesarenot reducednuchask is increasedTo
summarizegnterpriseanultihomingoffersthegreatesperformance
bene tsto high-lateng transfers.

Tablel shavstheorderin whichISPsgetaddedo thek-multihoming
solutionin New York for increasingvaluesof k. For eachlSRE, we
alsoshaw its 1-multihomingrankandperformanceNoticethatthe
bestk-multihoming solution doesnot necessarilycomprisethe k
bestl-multihomingoptions(e.g. thethird ISPhasarankof 9 based
onits 1-multihomingperformance) Rather ISPsareaddedbased
ontheir contritution to the overall k-multihomingperformance.

We also considerhow often eachof the providersis emplojed
in the optimal schedulefor enterprisemultihoming. In particu-
lar, we areinterestedn whethera provider's contribution towards
performanceimprovementis proportionalto the frequeng with
whichit is usedin the optimalscheduleTheresultsfor two cities,
BostonandNew York, areillustratedin Figure7. Theresultsshav
clearlythatthatthe contrikbution to performances not proportional
to the usage. For example,the 6th ISP in New York is usedfor
a signi cant fraction of time in the 6-multihomingsolution (Fig-
ure 7(b)). However, the mamginal bene t of addingthis ISP to the
5-multihomingsolutionwaslessthan0.02 (Figure5(b)). It is also
possiblethatan ISP belongingto the bestk-multihomingsolution
is utilized for a very small fraction of time in the optimal sched-
ule, but, whene&er used,contritutessigni cantly to improving the
overall performance.For example,ISP1is usedfor smallerfrac-
tion of time than ISP2for the bestnaive 2-multihomingsolution
in Boston(Figure7(a)). However, the contrikution of ISP1to the
overall bene t dueto 2-multihomingis clearly larger thanthat of
ISP2.

.
[ City [#ISPs ] ]
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Figure 8: A, data collection: Number of ISPs per city are in
(a). Akamai servers (“clients”) in (b) download objects from
designatedsewersin 5 cities, eachconnectedto a different up-
streamISP (“multihomed Web sewers”).
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Figure 10: Absolute bene ts from Web server multihoming: The three gur esplot the 10th percentile, median, and 90th percentile
download time for k-multihoming options. Note that the y-axesare on differ ent scales.

4. WEB SERVER PERSPECTIVE

From a Web sener's point-of-view, the performancebene ts
from multihoming should be re ected in the end-to-endperfor
manceof the requestdt senesto a large numberof widely dis-
tributedclients. With this goalin mind, we collecta nev dataset
A to understandhebene ts of multihoming.

Data SetA;: In ve cities— Chicago,Los Angeles,New York,

SanFranciscoand WashingtonD. C. — we selectAkamai seners
attachedo distinctupstreantarriers.The senersin eachcity col-

lectively act as stand-insfor a multihomedWeb sener operating
in thatcity. We selectAkamaisenersin variousU.S. cities, other
thantheabore veto serne asdistributedWebclients.We perform
periodic Web transfersfrom eachsener in the ve citiesto each
“client,” asillustratedin Figure8(b).

The numberof Akamaisenersin the ve cities (re ecting the
numberof ISPswe testfor Web sener multihoming)is tatulated
in Figure8(a),totaling34. Thenumberof senersin theotherU.S.
citieswas40. ! For eachWebsener stand-in all of theremaining
seners(40+ 33 = 73in total) actasstand-ingor clientsdown-
loadingthe same50KB JPEGobjectfrom the sener (Figure8(b)).
The downloadsoccurat regular6 minuteintenvals. All theseners
collectstatisticdor thesedownloadsjdenticalto thosecollectedby
the monitor nodesin the datasetA ; (describedn Section3). As
before,we focuson the turnaroundiimesfor the downloads. Our
resultsarebasedon datacollectedbetweerd™ June2003and8™
June2003.

TUsingmoresenerswasprecludedy Akamai's contractuahgree-
mentswith the respectie carriers;sincewe performactive down-

loads,we hadto be careful not to violate thesecontractualcon-
straints.

4.1 PerformanceBene ts

To understangerformancéene tsof Websener multihoming,
we adopta similar methodologyas with enterprisemultihoming.
For eachdownload, we comparethe client-percered turnaround
time achieved by