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Abstract

This paper explores three algorithms for high-performance downloads of wide-area, replicated data. The storage
model is based on the Network Storage Stack, which allows for flexible sharing and utilization of writable storage as
a network resource. The algorithms assume that data is replicated in various storage depots in the wide area, and the
data must be delivered to the client either as a downloaded file or as a stream to be consumed by an application, such as
a media player. The algorithms are threaded and adaptive, attempting to get good performance from nearby replicas,
while still utilizing the faraway replicas. After defining the algorithms, we explore their performance downloading a
50 MB file replicated on six storage depots in the U.S., Europe and Asia, to two clients in different parts of the U.S.
One algorithm, called progress-driven redundancy, exhibits excellent performance characteristics for both file and
streaming downloads.

1 Introduction

Advanced,wide-areastorageinfrastructuresare becomingincreasinglyin vogue [CSWHO00, DKK +01, PBB* 01,

RWET01]. Aswith all wide-areanetwork infrastructuresthey mustbeableto dealgracefullyandef ciently with tran-
sient,permanenandunpredictiblefailures whosecauseganrangefrom administratve reasongo hardware/softvare
failuresto changingnetwork conditions.Thus,they typically provide primitivesfor cachingandreplication,andper

hapsmoreadwancedeaturesuchasstripinganderasureencodingHO93, WK02, Pla97. Givenavariety of waysto

storeinformationon suchinfrastructuresthe questionof how to retrieve datamostef eciently becomes challenging
one.

This papemprovidesanexperimentalexplorationof thefollowing question:

Given a pieceof content (e.g a le) that is striped and replicatedin the wide-area, how can that
contentbestbe deliveredto a client?

Standardeplica-managemeimtrchitecturege.g. [RWET01, CHM+02]) simply have the client selecta replicaman-
ageranddownloadthe entire le, or anentire stripefrom that manager However, the rangeof downloadstrateies
that may be employed is extremely vast, especiallywhen the client agressiely employs multiple communication
channels.In this paper we explore threedownloadingalgorithmsthat attemptto provide simple, yet effective and
high-performancelownloadingmethodologiesn wide-areasettings. The goalis to provide insightto designersf
wide-areastoragdnfrastructuressothatthey mayimplementdownloadoperationghatperformwell in thewide area.



However, the methodologiesreapplicablewheneer datais distributedin the wide-areaandneedso bedeliveredto
aclient,andthusarerelevantto parallel,distributed,andGrid computing.

The paperis organizedas follows: In section2 we detail the Network StorageStack and Logistical Runtime
Systemwhichis ourinfrastructurdestbedThistestbechasseveralfeaturesvhichmake it aninterestingexperimental
platform. In section3 we describethe downloading stratgies whoseperformancewe explore experimentallyin
sectiond. We concludein section5.

The mainresultof this paperis a simple algorithm called progress-driverredundancywhich exhibits excellent
downloadingperformancendcharacteristicincludingincreasecdf ciency asreplicasto dataareadded anddelay-
minimal streamingperformance.

2 TheNetwork Storage Stack and L ogistical Runtime System

For our experimentalnfrastructurewe usethe Network StorageStackandLogisitcal RuntimeSystem developedat
the University of TennesseeThe goal of the Network StorageStack(Figurel) is to layer abstraction®f network
storagethatallow writable storageresourceso be partof thewide-areanetwork in anef cient, e xible, sharableand
scalableway. Its model,which achievesall thesegoalsfor datatransmissionis the IP stack,andits guidingprinciple
hasbeento follow thetenetdaid outby End-to-Endargument§SRC84,RSC98 BMPO0Z. Two fundamentaprinciples
of this layeringarethat eachlayer should(a) abstract the layersbeneathit in a meaningfulway, but (b) exposean
appropriateamountof its own resourcesothathigherlayersmayabstracthemmeaningfully(see[ BMP01, BMP0Z

for moredetailonthis approach).
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The lowestlayer of the storagestackthatis globally accessibldrom the network is the InternetBadkplaneProtocol
(1IBP) [PBB*01]. IBP is senerdaemonsoftwareanda clientlibrary thatallows storageownersto inserttheir storage
into the network, andto allow genericclientsto allocateandusethis storage.The unit of storageis a time-limited,
append-onhybyte-array With IBP, byte-arrayallocationis like a network malloc() call — clients may requestan
allocationfrom a speci ¢ IBP storagesener (or depo), andif successfulare returnedtrios of cryptographically
securdext strings(called“capabilities”)for readingwriting andmanagemeniCapabilitiesmaybeusedby anyclient
in the network, andmay be passedreely from client to client, muchlike aURL.

IBP doesits job asalow-level layerin the storagestack.It abstractaway mary detailsof the underlyingphysical
storagdayers:block sizes storagamedia,controlsoftware,etc. However, it alsoexposesnary detailsof the underly-
ing storage suchasnetwork location,network transienceandthe ability to fail, sothatthesemaybe abstractednore
effectively by higherlayersin the stack.



2.2 The L-Bone and exNode

While individual IBP allocationsmay be employeddirectly by applicationsfor somebene t [PBB*01], they, like IP
datagramsbene t from somehigherlayer abstractions.The next layer containsthe L-Bone for resourcediscovery
andproximity resolution andthe exNode a datastructurefor aggregation.Eachis de ned here.

TheL-Bone(LogisticalBackbonejs adistributedruntimelayerthatallows clientsto performIBP depotdiscovery.
IBP depotsregisterthemseleswith the L-Bone,andclientsmaythenquerythe L-Bone for depotsthathave various
characteristicsincluding minimum storagecapacityand durationrequirementsand basicproximity requirements.
For example,clients may requestan orderedlist of depotsthat are closeto a speci ed city, airport, US zipcode,or
network host. Oncetheclient hasalist of IBP depotsjt maythenrequesthatthe L-Bone usethe Network Weather
Service(NWS) [WSH99 to orderthosedepotsaccordingto bandwidthpredictionsusinglive networking data. Thus,
while IBP givesclientsaccesgo remotestorageresourcesit hasno featuresto aid theclientin guring out which
storagearesourceso employ. TheL-Bone'sjob is to provide clientswith thosefeatures.

The exNodeis a datastructurefor aggreyation,analogougo the Unix inode (Figure 2). Whereagshe inode ag-
gregatesdisk blockson a singledisk volumeto compose le, the exNodeaggreyatesBP byte-arrayso composea
logical entity thatmaybeusediike a le. Two majordifferencedetweersxNodesandinodesarethatthe |IBP buffers
maybeof ary size,andtheir extentsmayoverlapandbereplicated.Thus,theexNodeallows usersandapplicationgo
createnetwork les out of time-limitedandfailure-prondBP allocationsin sucha way thatmuchstrongermproperties
(e.g. fault-tolerancelongerdurations)may be achieved. ExXNodesarerepresentethy XML encodingsmanipulated
by anexNodelibrary. Like IBP capabilitiesthey maybe passedrom clientto client, anywherein the network, with
no registrationfrom a centralauthority
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2.3 The Logistical Runtime System

The next level in the stackaretools anda client library that composethe Logistical RuntimeSystem(LoRS). These
toolsallow usergo create manipulateandusethenetwork “ les” supportedy theexNode.Theseles resideon IBP
depotdocatedby theL-Bone. Thefunctionalitiessupportedy LoRSare:

e Upload: Createanetwork le fromalocal le, inputstreamor memorybuffer.

e Download: Getthebytesfrom anetwork le andstorethemlocally or streamthemto anapplication.
e Augment Add morereplicasto anetwork le.

e Trim: Subtractreplicasfrom anetwork le.

e Refresh Extendthetime limits of theBP allocations.

Notethatbothupload andaugmentallow the userto stripeandreplicatethe le in avery e xible manner More-
over, augmentandtrim allow theuserto routethe le from onenetwork locationto another



2.4 Status

IBP, theL-Bone,theexNodeandthe LogisticalRuntimeSystemareall softwaresupportedy theLogisical Computing
and Internetworking (LoCl) Laboratory(http://loci.cs.utk.edu ). The power of this suite of softwarehas
beendemonstratewiith severalapplications:

¢ |IBP-Mail isanapplicatiorthatallowsusergo mail large les to otherusersy uploadingtheminto thenetwork,
andthenmailing the exNodeto therecipient.

¢ |BP-ster is anmediaplayerthatplaysaudioandvideo les storedin IBP allocationson thenetwork. The les
maybearbitrarily stripedandreplicated andthe playerperformsa streamingdownloadto play them.

e IBPvois anapplicationwhich usersmayscheduléo recordtelevision programsnto IBP allocations.The user
is sentanexNode,which he or shemay useto re-playthe programfrom the network storagebuffers.

LoCl supportsa main L-Bone (http://loci.cs.utk.edu/lbone/cgi- binflbo ne_ li st vi ew.cgi )
thatcurrentlyis composedf 35 depotsat 17 locationsin the United States EuropeandSingaporeservingover two
terabytef network storage The softwarehasbeendesignedo runwithoutanlL-Bone,or for usergo con gure their
own, privateL-Bone.

3 The Challenge of Downloading

Giventhatcontext, let us now focusupondownload. Supposea userhasanexNode le, whosecontentsarestriped
andreplicatedin IBP buffers spreadthroughoutthe world, and the userwantsto downloadthe entire le to local
disk storageor to a streamingapplicationas quickly as possible. What strateyy shouldthe LoRS download tool
use? This is a problemthatis easyto state,but hardto solve. Thereare a wide variety of factorsthat make this
problemdif cult, including changingnetwork conditions,transientfailures,heterogeneityn operatingsystemsand
working ervironments differing buffer sizes,differing administratve decisionsgetc. Add to this the Pandoras Box
(seeSection3.1)of multiple TCPconnectiondetweerapair of hosts andthecompleity of implementingadownload
functionalitythatdeliversoptimalperformances overwhelming.However, afterdiscussingheissueof multiple TCP
streams,we presentsomesimple downloadingstrateyies that shoulddeliver effective performancen a variety of
settings.

3.1 The Pandora's Box of Multiple TCP ConnectionsBetweenA Pair of Hosts

It is an unfortunatefactthatwhensendinga large amountof databetweenra client anda sener, doing sowith some
numberof simulataneou3 CP connectionganvastly outperformusingoneconnection As a consequenceome le
transfertools,suchasGridFTP[ABB *02] andbbftp [Fer0] allow theclientsandsenersto performdownloadswith
multiple simultaneoud CPstreamsAs anexampleof thepossiblegains,in October2001,Cottrellreportedachieving
over 100Mbpsthroughpufor a Trans-Atlantic le transferusing40 simultaneou§ CP streamsandawindow sizeof
64kB. With only 10 streamsthe bandwidthwasunder30 Mbps[Cot01].

Settingup clientsand senersto usemultiple streamss a simpletask. IBP allows sener ownersto specifythe
maximumnumberof allowable simultaneousonnectionsandthe LoRS tools allow usersto specifya total number
of threadgo performthedownload.As in Cottrell's experimentsatiGrid 2002(Septembegr2002in Amsterdam)the
LoRStoolswereableto demonstrat®ver 100 Mbps on a Trans-AtlanticdownloadusinguntunedT CPimplementa-
tions (typically 8kB windows) andover 200threads.

The problemwith multiple streamss well-documented- they circumnaigate TCP's congestion-contraiecha-
nisms,andthereforedo not actwell in underpraisionedor transientlycongestedernvironments[Tou95 ADG*00,
EHTOQ, Flo0(. As aresult,someinstitutionstreat TCP-unfriendlyactivities, suchas multiple streamsasakin to
a denial-of-servicattack,and may disableserviceto the offendingclient. In two separatdETF RFC's, the recom-
mendedhumberof multiple streamghata client shouldinitiate to a singlesener is two [Flo00] andone[ADG *00]
respectiely. The suggestions that single-streanT CP performanceshouldimprove in the nearfuture, perhapswith
self-modifyingwindow sizes|DMT02].



Therefore we have the Pandoras box: On onehand,we may achiese excellentperformancewith a minimum of
effort by emplgying multiple streamsandon over-provisionednetworks thereare no adwerseeffects. However, the
activity is TCP-unfriendlyandin thecommaoditylnternetmayleadto dire consequences.

As aresult,in this paperwe will presentlownloadalgorithmsthatemploy eitheronestreamper client-sener pair,
or two. Theintentis to presentnumbersthat do not circumvent the congestion-contraiethodologieof TCP, but
thathint toward the betterperformanceahat may currentlybe achiezed from multiple streams.Until the networking
communitydevisesa bettersolutionthanthe currentone,we will haveto acceptthe Pandoras Box asa given.

3.2 Download Algorithms

We restrictour attentionto a le of size S. This le is storedin its entirety at eachof N IBP seners, denoted
I, ..., In. FromthesdBP allocationswe createN exNodesJabeledE,, ..., Ey, suchthat E, containsall replicas
from I throughl,. We assuméhatS > N. While largervaluesof z would appearto be bene cial, caremustbe
takenin how the replicasareutilized. Indeed,morereplicasmeansmore potentially parallel pathsto data,however
they alsomay increasethe probability that a slow sener is selectedrom which to download. How the algorithms
handlethis issueis fundamentato their performance.

3.2.1 BasicDownloading Algorithm

Ourbasicdownloadalgorithmis astraightforward,adaptie algorithm. Supposé¢hatexNode E ,, is beingdownloaded.
The le is brokeninto blocksof sizeb, andnz threadsare createdsuchthateachIBP sener will be servicedby n
TCP streamdagain,in this paper n will be eitheroneor two). Eachthreadselectsa differentblock to download,
andall threadsstartdownloading. Whena threadis nished with its block, it selectsa new block thatis not being
downloadedby ary otherthread,andworksonthatblock. If a downloadfails, thenthefailedblock becomedree so
thatanotherthreadservicingadifferentIBP sener mayattemptto downloadit, therebygiving thedownloada degree
of fault-tolerance.

This algorithmis adaptie, becausdBP senerswith high bandwidthto the client shoulddownload mary more
blocksthanthosewith low bandwidth.Moreover, aslong astherearemary blocksto be downloaded the algorithm
may adaptto uctuating network conditions. The selectionof the blocksizeis of concern.Blocksthataretoo small
may suffer too much from the effects of lateng and overheadin their downloads,while blocksthat are too large
may hinderthe degreeof adaptve load-balancinghatthe algorithmmayachieve. It will bea matterof experimental
explorationto determineanoptimalblock size,andto seeif thatblock sizeappliesoverarangeof senersandclients.

3.2.2 StreamingConsiderations

LoRS downloadscanbeto local les, local memorybuffers, or directly to streamingapplications suchasan audio
or videoplayer Suchplayershave quanti able needsin termsof sustaineandwidth. For example,uncompressed
audiois typically consumedt 1.38Mbps, while atypical MP3 le requiresonly 0.125Mbps. Video les areencoded
up to 300Kbps for online streamingandup to 15 Mbpsfor DVD quality les. Rawv consumedigital video cameras
outputvideoat approximately50 Mbps.

Like moststreamingmediaplayers,the LORS streamingdownload tool employs a lookaheadbuffer to tolerate
variablenetwork latencies First, someuserspeci edportionof thebufferis lled, andatthatpointtheplayerstartsto
consumehebuffer. Aslongasthedownloadproceedsvith enoughaggreyatebandwidthandaslong asthevariability
in individual downloadsis low enough,the playermay play the le with no problems. However, if the bandwidth
wanespr aportionof the downloadexhibits very badperformancethentheplayertypically pausesintil theslow data
arrives. If severalpause®ccurin rapidsuccessiornthe playerwill appeato stutter No framesaredroppedsincethe
downloadusesareliableTCP connection.

Thus,our experimentswill re ect streamingconsiderationspcusingon the delaythatis inducedby variability in
the performancef individual block downloads.

3.2.3 Aggressve Redundancy

An obvious problemwith the basicalgorithmis thatoneor moreslow downloadscansigni cantly hurt performance,
especiallywhenthedownloadis streamingo anapplication.A straightforvard,yetratherheary-handedalgorithmto



solve this problemis to downloadeachblock simultaneouslfrom morethanonedepot. We introducea redundancy
factor R, which is the numberof threadshatwill simultaneoushdownloadeachblock. We anticipatethatthis will
lower thevariability of downloadtimesfor eachblock downloaded atthe expenseof the overalldownloadbandwidth
(sinceapproximately% of thedawnloadswill notcontributeto the usefulwork of thedownload).

3.2.4 LessAggressve Redundancy

Perhaps betterideathanreplicatingdownloadsis insteadto monitorthe progresof eachthreads download,andto
retryadownloadwhenit is deemedo beprogressingoo slowly. Thechallengds thede ne exactlywhat“too slowly”
means.Thefollowing is a simplealgorithmcalledProgress-Driven Redundancy.

With progress-drienredundanyg, a progressnumberP is selectecalongwith aredundang factor R, prior to the
download. The blocksare numberedconsecutiely, startingat zero,andeachblock is assignedaninitial download
numberof zero. Wheneer athreadattemptgo downloada block, it incrementghe block's downloadnumber When
a thread nishes a block download, its next taskis to selecta new block to download. If thereis a block B with a
downloadnumberlessthan R thathasnot completedts download,andtherearemorethan P blockswith numbers
greaterthan B whosedownloadshave completedthenthe threadselectsblock B to download. If thereareno such
blocks, thenthe threadworks on the next block whosedownload numberis zero. Whenall blocks have download
numbergreaterthanzero,thenwhenathreadhascompleteda download,it searchegor the smallestblock B with a
downloadnumberlessthan R, andworksoniit.

Notethatall threealgorithmsarereally variantsof progress-dsienredundang. Thebasicalgorithmmaybeviewed
asprogress-drienredundang with P = 0 andR = 1. Similarly, aggressie redundang may beviewedasprogress-
drivenredundang with P = 0.

4 Experimental Results

To testthe variousdownloadalgorithms we replicateda 50 MB data le onthefollowing IBP seners:

#  Sener #  Sener

I; TexasA&M (College Station, TX) Iy Singapore

I, Universityof Californiaat SantaBarbara| I;  Universityof TennesséKnoxville, TN)
I3 HarvardUniversity (CambridgeMA) Is  Surfnet(AmsterdamNL)

We combinedthereplicasinto six exNodes,E, . .. Eg, whereeachE, hasexactly x replicasfromsenersl...z.
We thenattemptedo downloadthe exNodesfrom two separatelients: oneat the University of Tennesseandoneat
theUniversityof Californiaat SantaBarbara.Eachresultbelow is the averageof mary runsexecutedat varioustimes
throughoutheday.

4.1 Download Bandwidth

Thedownloadbandwidthof thethreealgorithmsfor variousblock sizesis plottedin Figures3 and4. Note,thelegend
in Figure 3 appliesto thatandall following gures. The performances clearly dependenbn the location of the
clients, eachof which hasone nearbysener amongthe collection: Sener I5 is on the samelocal areanetwork as
the Tennesseelient, and Sener I is on the samelocal areanetwork asthe SantaBarbaraclient. Accordingly, the
graphsin Figure 3 show drasticperformancamprovementsat exNode E5 (Tennesseerndthe graphsin Figure4
shaw drasticimprovementsat exNode E» (SantaBarbara).

As showvn by theleftmostgraphsn both gures, thebasicalgorithm's performancgeaksvhenthereplicawith the
nearbydepotis reached.Unfortunately however, asmorereplicasareadded,ts performancedropsdrastically The
reasoris is thatthe slow downloadof a singleblock canpenalizethe overall performancealrastically For example,in
onerandomlyselectedest,whentheclientat UT downloadsexNode E¢ with onethreadperdepotanda block size
of 2MB, Sener I (at Tennessed} responsibldor 17 of the 25 downloads.After it completests lastdownload,the
clientmustwait 1.7,2.5,4.0,7.3and103.7secondgor thedownloadsfrom senersIy, I, I3, I, andIg respectiely.

Theaggressieredundang resultmiddlegraphs)shav roughlythesamepeakperformanceasthebasicalgorithm,
but the performancelrop-of occurswith lessfrequeng. For example,with ablock sizeof 128KB, the performance
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Figure3: Downloadperformanceo Tennesseef thethreealgorithmsonareplicateds0 MB le.

from the SantaBarbaraclient staysconstantat roughly 50 Mbps for exNodesE, through Eg. As the block sizes
increasehowever, the probability thattwo slow depotswill beresponsibldor a large block increasesFor example,
whendownloadingEg from SantaBarbarawith 1 threadperdepotandablock sizeof 2 MB, the overall performance
of thedownloadis penalizedvhenthe HarvardandSingaporedepotsareresponsibldor block#1, which arrivesfrom

Singaporever 7 secondsaterthanall the otherblocks(atthatpoint, the Harvarddownloadhadnot evencompleted).

Theprogress-drienresults(rightmostgraphshave the mostdesirableproperties The absolutgperformanceum-
bersin all casesareslightly betterthanthe othertwo algorithms andmoreimportantly, the performancaeloesnotdrop
asmorereplicasareadded.Thereasorthatthis is importantis thatto optimizethe othertwo algorithms,somenotion
of proximity will berequired beit onlinemonitoringandforecastingpr useof anexternalmonitoringentity suchas
the Network WeatherService]lWSH99. With progress-dsienredundany, the self-adaptinghatureof the algorithm
allowstheclientto simplytry downloadingfrom all replicas;n orderto gainthebene tsof nding theonethatclosest
withoutbeingpenalizedy downloadingfrom too mary seners.

The effect of the block size on the dawnloadis variable. Whenthe performanceof all senersis roughly equal
(asin E; throughE4 from Tennessee}he improvementfrom downloadinglarge blocksis the signi cant factorin
improving performance.However, when the variability of downloadtimesis heightenedas occurswhen a high-
performanceor low-performancesener is added(suchas E5 and Eg respectrely from Tennessee}thenin the rst
two algorithms largeblock sizesbhecomea problem,andthe smallerblock sizesperformbetter With progress-derien
redundang, whenthereis a high-performancesener, it is unlikely that multiple low-performancesenerswill be
responsibldor a single block's download. For that reasonthe large block sizesperformwell evenwhenthereis a
greatdisparityin senerdownloadspeeds.

Althoughwe did not testblock sizesgreatethan2 MB, we anticipatethatthey will performbetterwith progress-
drivenredundany.

4.1.1 ChangingRand P

To assesshe effectsof changingR on the aggressie downloadalgorithm,we measured? = 2 and3 in the Santa
Barbaradownloads. Theresultsarein Figure5. As would be expected,this reduceghe drop-of asmorereplicas
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Figure5: Theeffectof alteringR onthe SantaBarbaradownloads

aredownloadeddueto thefactthatthevariability in individual block downloadsis decreasedAn unforseereffectis
thatthe overall peakbandwidthappeargo stayroughlythe same.Thereasornis thatdueto the smallnumberof TCP
streamsthe availablebandwidthto the client hasnot beensaturatedWerewe to employ moreparallel TCP streams,
we anticipatethatthe overall bandwidthwould lessen.

Figure6 displaysthe effect of settingP to 3, 6 and9 in the Tennessedownloads. The changeis minimal as P
is increasedexceptthe downloadbandwidthgoesup slightly as P increasesFor example the maximumbandwidth
with P = 3 is 71.9Mbps,while for P = 9, it increase40%to 79.3Mbps.

4.2 StreamingPerformance

We alsotestedthe streamingperformancef thesedownloads.While averagebandwidthis indeeda valid measuref
performancetherearetimes,for exampleshoving multimedia,whenthe downloadneedso maintaina certainbase
performance For eachtestdisplayedabore, we alsocalculatedthe delaythatthe downloadwould inducewereit to
beconsumedtaspeci edrate. Thesecalculationsarein Figures7, 8 and9. In thesegraphs,R = 2 andP = 3.

For eachdownload, we assumedhat the applicationallowed ve secondgor buffering before consumingthe
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Figure7: Streamingdownloadperformanceao Tennesseat 1.3 Mpbs (5 secondorehuffering)

bytes.Thenthe byteshave to be presentat the client at the speci ed rate. For example,at 1.3 Mbpsandablock size
of 128KB, thesecondlock mustbecompletelydownloadedat ==2— = 0.77 secondsifterthe pretufferingphase.
Otherwisea delaywill beinduced.

Figures7, 8 and9 plot theaveragedelayperrun calculatedn this manneyplus0.1secondsothatalog scalemay
beusedto plot theresults). Thusavalueof 0.1in the gures correspondso the casewherethereis no delay

Figure7 displaysthe performancevhenthe le isto beconsumedtl.3Mbps,thespeeddf anaudioplayerplaying
uncompressedudio. As would be expectedirom the previousgraphsthe basicalgorithminducedarge delayswhen
playingreplicatedles. Thisis becauseery slow dowvnloadsof blocksmayoccurwith no redundang. This effectis
more pronouncedvith largerblock sizes.aggressie redundanyg is ableto counteracthis effectin almostall cases,
andprogress-dsienredundang keepsup with therequiredrateof thedownloadin all cases.

Figure8 showvs a rateof 15 Mbps, the speedf high-qualitycompressedideo. Now the basicalgorithmcanonly
maintainthe ratewith no delayin oneor two caseswhile aggressie redundang keepsup with eitherlarge blocks
andlittle replication,or smallblocksandalot of replication.Progress-drienredundang (with a2 MB block sizeand
two threadgerdepot)candelivertherequiredperformanceavith no delayin all levelsof replication.

Finally, Figure9 shovsarateof 50 Mbps,whichis theuncompressespeedf somevideocamerasAt thisrate,the
basicalgorithmis unusableinducingvery high delays.aggressie redundang is only successfulvhenthe Tennessee
IBP sener is partof the dawnload. Progress-drienredundanyg, on the otherhand,cansustains50 Mbps with 2 MB
block sizes,two threadsper depot,andthreenon-localreplicas. This is signi cant, becausehe overall bandwidth
of the download(Figure 3) is only 39.5Mbps. Giventhe preluffering of roughly half the le, the slower download
proceedstanevenenoughpacethat50 Mbpsis sustained.
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Figure8: Streamingdownloadperformanceao Tennesseat 15 Mpbs (5 secondpretuffering)
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Figure9: Streamingdownloadperformanceo Tennesseat 50 Mpbs (5 secondpreluffering)

5 Conclusions

We have detailedanarchitecturehatallows datato bestoredn time-limitedstoragedepotsn thewide area.Onenovel
featureof this architecturas the ability to replicatedataanddownloadit to multiple clientsin avariety of ways. This
paperexploresthreealgorithmsfor downloadingreplicatedles, andteststheir performancén awide-aregglobal,in
fact)setting.

As displayedby the results,an adaptve algorithmthat usesa simple metric to retry slow downloadsexhibited
excellent performanceand desirableperformancecharacteristicelownloadingto clientsin Tennesseandin Santa
Barbara.Thesecharacteristicénclude:

¢ Increasingdownloadbandwidthasmorereplicasareaddedto the data,regardlesof the speedof thereplicas'
seners.

e Goodsustaineddownloadratesfor streamingwhich allow mediaplayersto streamcontentin realtime from
wide-areaseners.

Theprogress-dsienalgorithmis currentlyimplementedn the LoRStools,which areexportedasopen-sourcéoolsto
the community not only for their use“out of thebox;" but asvehiclesfor researchon issuessuchasthoseaddressed
by this paper(seehttp://loci.cs.utk.edu for detailsonthetools).

We will continueto explore algorithmsandmethodologiesor managingdatawith high performanceon the wide
area.We anticipatethatthe performancef downloadscanbene t from two furtherprinciples.First, we have ignored
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the ability to performmonitoringandforecastingof communicatiordata. Onelessonlearnedfrom this paperis that
whenretryingadownload,it is besttoretryit from afastsener. Thisis becaus¢hefactthatadownloadneedsetrying
meanghatits progresds slow. A fastseneris requiredto “catchit up” By emplogying a forecastingmethodology
suchastheNetwork WeatherService we canlik ely improve performancenoreby characterizingenersas“f ast”and
“slow” andtherebyonly performretriesfrom fastseners.If theforecastsarereliableenoughwe mayalsobeableto
scheduledownloadsfrom slow senersthatwill belikley notto needretrying.

A secondvaytoimprove performancenaybeto employ errorcorrectingcoding,asin Digital FountainlBLMR98].
Insteadof downloadingblocksandretryingslow blocks,thedownloadtool maydownloadn datablocksandm coding
(e.g. parity) blocks. Theninsteadof retrying slow blocks, the tool may insteadcalculatethem from the already-
downloadeddataandcodingblocks. The selectionof n andm will beparameter$or experimentaktudy

Downloadingis the rst tool whoseperformanceave have explored. Uploadingandaugmentingarethe next tools
deservingof attention. Adding to the compleity of thesetools arethe factthat dataplacemenstratajies,aswell as
actuallymoving the bytes,will beimportant.
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