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Abstract

Multicast is an effective and scalable solution to dis-
seminatedata in the Internet. Middleware support for
multicast-basedlata disseminatioMSMDD) aimsto in-
tegrate state-of-the-artlatamanagemenmethodandmul-
ticast communicationtechniquesand provide a scalable
multicast-basedatamanajementayerto applications.By
usingmulticastin MSMDD, the servercandisseminatéot
document®ffectively To evaluate multicastperformance
previouswork often utilizes network-level metrics. In this
paper we employapplicationlevel criteria to analyzethe
multicastpushperformancén MSMDD. Whenpadketsare
not lost on links, our result showsthat the application-
perceived(or client-peceived)performances independent
of thedelayfromthe serverto clients; the multicastrate is
a major factor for the performance;an end-to-endmulti-
castsystermachievesalmostthe sameapplication-peceived
performanceas|P multicastunderthesamanulticastrates.
However, IP multicastcantoleratemud more padetlosses
thanthe end-to-endnulticastsystem.
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1. Intr oduction

Multicast is an effective and scalablesolution to dis-
seminatehot datain the Internet. A critical issueof a
multicastsystemis to evaluateits performance.Previous
work usesmetricssuchasavailable bandwidth,delay link
stressresourceusage andcontroltraf ¢ overheadwhich
have givenan effective evaluationon the network level ef-
ciency andcost[4, 12, 9, 15]. In abulk datamulticasten-
vironmentlike MSMDD [8], the application-perceied (or
client-perceied) performanceoften cannotbe directly de-
rived from the network-level metrics. Therefore,in addi-
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tion to the network-level criteria, application-leel metrics
are necessaryo adequatelycapturethe performancdrom
the applicationviewpoint. This papergivesboth theoreti-
cal andexperimentalnalysison the multicastpushperfor
manceutilizing application-leel criteria.

A varietyof multicastscheme$iave beenprovidedrang-
ing from IP multicast[10] to end-to-endmulticast[4, 12,
9, 11, 15]. However, allowing multicastcommunicatiorin-
troducegmary non-trivial datamanagemenproblemssuch
as caching,consisteng, and scheduling. We have built a
middleware(MSMDD) [8, 13, 2] which aimsatintegrating
state-of-the-artata disseminationand multicast commu-
nicationtechniquesnto a software distribution. MSMDD
providesa scalablenulticast-basedatamanagemertyer
to applications.Hencein MSMDD, it is importantto opti-
mizetheapplication-perceiedlevel of service.

Clients generallyattemptto download multiple items.
For example,in a web multicastsystem,a client request
requiresnotonly in HTML resourcebut alsotheitemsem-
beddedn the HTML document.Theapplication-perceied
lateng is the time to receve all the itemstargetedby the
client request.In mostcasesthe application-perceiedla-
teng is more meaningfulto end-usersbecausdanforma-
tion is ofteninaccurateandincompleteuntil all thetargeted
items are receved. Therefore,the application-perceied
performancés animportantfactorwhenevaluatingthefea-
sibility andef ciency of a multicastsystem.On the other
hand, while the network-level performancefactorsaffect
the application-perceied performance,their relationship
hasnot beenadequatelynvestigatedn earlierresearchln
mary casesthe application-perceied performancecannot
be directly re ected by the network-level factors. For in-
stancea smalllossrateonthelinks maynotlargely reduce
the bandwidthavailableto clients,but we will shav thatit
cansubstantiallyincreasethe lateng to satisfya client re-
quest.

In this paper we studythe application-perceiedperfor
mancein multicastpushsystemsWe rst giveatheoretical
analysison the question thenwe presenthe methodology



andresultsof our experimentsconductedat Emulab[3]. In
the experimentsapplicationdataare multicastthroughthe
MSMDD platform from the sener to clients. Meanwhile,
we also make comparisonsetweenlP multicastand an
end-to-endnulticastschemeTherestof the paperis struc-
turedasfollows. We give moredetailsonthe backgrounaf
multicastschemesndthe architectureof MSMDD in Sec-
tion 2. In Section3, we analyzethe application-perceied
multicast performancefrom a theoreticalperspectie. In
Section4 and 5, the methodologyand resultsfor the ex-
perimentalevaluationare presentedespectiely. We draw
theconclusionof our investigationn Section6.

2. Background
2.1 Multicast schemes

According to the layer on which multicastis imple-

mented,thereare mainly two typesof multicastschemes:

IP multicastand end-to-endmulticast. IP multicastis im-
plementedatthe P layer It is ef cient sinceasenersends
asingledatacopy to thenetwork andpacletsarereplicated
andforwardedto clientsby multicast-enabledouters. Re-
liable multicastover IP multicast,suchasJRMS[20], pro-
videsreliable datadelivery and higherlevel featuressuch
as congestioncontrol, scalability and security However,
the deployment of IP multicast has so far been slowed
down by several challengingissues,suchas the manage-
mentof globally uniqueaddressesnaintainingper group
stateat routers,defendingfrom ooding attacksandneeds
for changesttheinfrastructurdevel.

End-to-endmulticastis implementedat the application
layer. Applicationsmaintaina self-oiganizedogical over
lay network and transmit paclets along overlay edges.
Communicationbetweenthe nodesis basedon unicast.
This enablesend-to-endnulticastto be easilydeployedin
the Internet. End-to-endmulticastcanutilize featuressuch
as o w control,congestiortontrolandreliabledeliverythat
areavailablefor point-to-pointconnections However, this
approacltannotutilize bandwidthasef ciently asIP multi-
castbecauseopiesof thesamedatacanbetransmittecbver
the samephysicallink multiple times(link stress).End-to-
endmulticastcanalsoincreasdahedelaybetweerthesener
andclientssincepacletsarerelayedby endhosts.

In our experiments, we emplojed two multicast
schemesiP multicastandHyperCast.HyperCasis arep-
resentatie of end-to-endmulticastschemesand well im-
plementecht[1]. Currently HyperCasisupportswo types
of overlay topologies: logical hypercubeq16] and logi-
cal Delaunaytriangulationg15]. We only usethe logical
Delaunaytriangulationsschemen theend-to-endnulticast
experimentsbecausehe logical hypercubeschemehasIP

multicastinvolvedin its implementatiorandthusit is nota
pureend-to-endnulticastscheme.
HyperCastsupportdoth UDP and TCP communication
betweerthenodes.If TCPconnectiongreusedHyperCast
providesa reliable end-to-endmulticastdatadelivery. We
utilize the UDP communicationdor our experimentsbe-
causeof thefollowing reasons(1) sincethe othermulticast
systemwe useis IP multicastthatis basedon UDP, using
UDP communicationsn HyperCasfacilitatesthe compar
ison betweenthesetwo schemes(2) the sener multicasts
datacyclically (we will describeit in Section2.2); evenif
somepacketsaremissedthe clientcangetthedatalaterso
thatreliabledatadeliveryasin TCPis notrequired.

2.2 Multicast-based data dissemination middle-
ware

Middlewaresupportfor multicast-basedatadissemina-
tion (MSMDD) providesapplicationswith a scalabledata
managementyer This middlevareintegratesandextends
latestresearctwork ondatamanagemerissuesn multicast
ervironments.Threedatadisseminatiomethodsij.e., mul-
ticast push, multicastpull and unicastpull, are supported
by this middlevare. Whenusingmulticastpush,the sener
repeatedlymulticastsinformation. If a client wishessome
information,it simply listensto the multicastchanneluntil
the requestednformation appearswithout sendingan ex-
plicit requestto the sener. Multicast pushis suitablefor
disseminatinghot information. In multicastpull, whena
client needssomeinformation, it sendsa requestto the
sener. The sener multicaststhe informationto all mem-
bersin the multicastgroup. Whentherearemultiple clients
requestinghe sameinformationat roughly the sametime,
thesenercanaggrgatetherequestandmulticasttheinfor-
mationonly once. Multicastpull is anideal t to dissemi-
natewarmdatafor which multicastpushcannotbejusti ed,
while thereis anadvantagen aggrejatingconcurrentlient
requestsTraditionalunicastpull canbeusedto disseminate
colddata.A middlewareapplicationcanchooseto useary
combinationof multicastpush, multicastpull and unicast
pushto disseminatedata. Sincethe detailsof the middle-
ware are concealedrom applicationsapplicationscannot
distinguishwhich datadisseminatioomethod(s)areused.

The middlewvare is composedof multiple components
thatcanbe switchedoff or on accordingto theneedsof the
middlewareapplicationandmulticastschemeused.There-
fore, the middlewvarehasa e xible andextensiblearchitec-
ture. Figure1 shavs a possiblearchitectureof the middle-
wareandits relationshipwith the applicationandunderly-
ing transportatiorlayer The documentselectioncompo-
nentperiodicallycollectsstatisticson documen{identi ed
by identi ers suchasURLS) popularity, which is the prob-
ability thatclientsrequesttdocumentBasedon this statis-
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Figure 1. Middleware data dissemination ar-
chitecture and its relationship with the trans-
port and application layers.

tics, the componendecidesf a documents hot, warm or
cold. The middlevare usesmulticastpushto disseminate
hot documentsand multicastpull and unicastpull to dis-
seminatewarm and cold documentgespectiely. An in-
dex of sortedindex digestis multicaston the multicastpush
channelwhich enablelientsto quickly decideif a docu-
mentis multicastby the pushchannel. The multicastpush
schedulingcomponentetermineghe frequeng andorder
by which hot documentsare multicast. The multicastpull
schedulingcomponentesohescontentioramongclient re-
gueststo usemulticastpull channeland decidesthe order
in which warm documentsare disseminated. Cachingis
usedto improve performanceat the client side. The con-
sisteny componenensureghatonly the mostrecentcom-
mitted valueof a documents disseminatedr stored.

In this paperwe focusourresearcton multicastpush.In
multicastpush,thetransmissiorunit is a page. Eachmulti-
castdocumenis dividedinto a sequencef pageseforeit
is multicast.

Different applicationsmay require different multicast
schemeswhichin turn presendifferentAPIs anddifferent
capabilities. The objective of TransportAdaptationLayer
(TAL) is to enablemiddlewareto interactwith variousmul-
ticastschemesvithin a uniforminterface.During the emu-
lation,we activatethe TALs for IP multicastandHyperCast.

3. Theoretical analysis

Documentsdenoteitems which can be identi ed by
clientsusingidenti ers (ids) suchasURLs. We give the
de nition of an object as follows: the collection of doc-
umentstargeted by a client requestis called an object.
In this sensea client requestbjects. We employ three
application-leel performancemetricsin both theoretical
analysesand emulations. (1) Seektime the time that a
clientwaitsto recevethe rst multicastpagethatbelonggo

therequesteabject. Seektime re ects how quickly users
startto recevetherequestedformation.(2) Transfertime

thetime thattheclientwaitsto recevve therestof theobject;
(3) Latencytime thetimethattheclientwaitsto recevethe
completeobject,i.e.,thesumof seeklime andtransfertime.

Lateng time denoteghe userperceveddelay which mul-

ticastsystemsaim to reduce. The valuesof thesemetrics
perceved by the client areindependenbf the presencef

otherclientsin a multicastpushernvironment. In this sec-
tion, we analyzethe expectedvaluesof thesemetricsbased
ontheassumptiorthatobjectrequestarerandomlygener

atedby clients.

The performancas in uenced by the multicastschedul-
ing atthesener. It hasbeenprovedin [5] thatit is sufcient
to considercyclical schedulesn multicastschedulingalgo-
rithms. Thereare a variety of strategjiesfor cyclical mul-
ticast. The MAD schedule[21, 5], which is usedin our
experiments schedulegpageson the basisof their access
probabilitiesby clients. Thealgorithmis provedto achieve
2-approximatiorfactorandis easyto be implemented.In
practicethe MAD achievesperformanceloseto the opti-
mal lower bound[21]. Performanceas improvedwhenthe
pagesof the samedocumentare multicastcontiguouslyin
the schedulg14]. We assumehatthis strateyy is adopted
by the scheduler

The at multicastscheduleis asimplecyclical schedule,
wherebyeachpageis transmittedoncein every period. We
limit ourtheoreticabnalysido thecaseof at schedulegor
thefollowing two reasonsFirst, the theoreticalanalysisof
the multicastperformancds manageablevhenthe sener
uses at schedules.Secondthe MAD degeneratesnto a
basically at schedulewhenthe pageaccessrobabilities
arecloseto eachother In particular the MAD generates
at multicastwhenthe accesgrobabilitiesareequal. Fur-
thermore,if a subset of the multicastdocuments are
muchmorepopularthanthedocumentsn , wewould
multicast and in separatehannelsn orderto re-
ducelateng time [8]. In this way, the differencebetween
accesgprobabilitiesof pageswithin eachchannels small.

We make someassumptionshat are often emplgyedin
this researchareal5, 21, 14]. The sener multicastsequal
length pagesat a constantrate and at eachtime-slotone
pageis multicast. Thelengthof time-slot isinverselypro-
portionalto the multicastrate  since where
is the pagesize. Seektime, transfertime andlateng time
are measuredn termsof time-slots. The setof multicast
pagegoesnot change The pagesarerecevedby clientsin
the sameorderasthey aremulticastby the sener although
somepagescanbelost. Clientrequestarrive at the begin-
ning of time-slotsat a randomlocationof the multicasting
schedule.
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Figure 2. The requested object in a at sched-
ule.

3.1 Reliable delivery

First, we discussthe casewherelinks arereliable. We
de ne asthetotal numberof multicastpages.Hence the
periodof a at scheduleis time-slots. As the schedule
is cyclical andobjectrequestareuniformly distributed,we
canfocustheanalysisontherequestsrriving atrandomlo-
cationswithin onemulticastperiod. Supposdherequested
objectcontains documentanddocument has pages
for . Also, let denotethe total pagesof the
object,then and . Figure
2 presentshow the objectis scheduledn a at schedule,
where denoteghe numberof time-slotsbetweerthelast
pageof a document andthe rst pageof the following
document ( ). Sinceeachdocu-
mentis multicastoncein a period,

Let bethelocationwherethe requestarriveswithin
the investigatedoeriod. We have . De-
ne asthelateng time,seektime and
transfertime respectiely. In aspecic at schedule, is
x edfor . As s uniformly distributed, we
have the expectedateng time !

theexpectedseektime
andthe expectationof thetransfertime

Hence thesummatiorof theexpectedseekime andlateng
time is roughly equalto the multicastperiod. Whenthe

1Dueto the limited spacewe omit the derivation here. For the same
reasonwe re ne our presentaiorn thefollowing sections Pleaseaeferto
our full paperfor moredetail.

expectedseektime increaseshothtransferandlateng time
linearly decrease.While the expectationsare decidedby
the valuesof and , they areindependenof the
size of ary singledocument. Sincethe length of time-
slot , the above analysisshows that the expected
seektime, transfertime andlateng time arealsoinversely
proportionako ,therefore isamajorperformancéactor

whendataarereliably delivered.
Now we extend the analysis to the cases that
are also randomyvariableswhich satisfy

and for . We

introduce , and an assignment
to implies for . We
aim at obtainingthe following expectations: .

and .

We assumehat ary of the pagesthat do not
belongto the objectis randomlyscheduledn oneof the
gapsbetweerthe object's documentsThen,eachpagethat
doesnot belongto the objecthasa probability to be
scheduledn gap whichis betweerdocument andthefol-
lowing document ). Therefore,

is arandomvariablethatfollows a binomial distribution
with parameters  and . We have the following
expectedvalues

and

When is smallcomparedwith

— ; Figure 3(a) presentghe expectationvaluesandthe
corresponding where . As the numberof docu-
ments grows,theexpectedransfertime andlateng time
increasewvhile the expectedseektime is reduced.Figure
3(b) investigatesherelationshipbetweerthe expectedval-
uesand when and . In both gures, as
the numberof documentor pagesgrows, its effect on the
expectationsattens out.

3.2 Packetloss

Network links maydrop pacletsandperformanceés im-
pairedby this dataloss. Supposethat ( ) is
thepacletlossrateof the multicastpathbetweerthesener
anda client. Whenwe setthe pagelengthproperly a page
is encapsulate¢h an IP paclet without being fragmented.
Thus,the probability of reliably deliveringa pagefrom the
senerto theclientis . In ary cyclical multicastsched-
ule,let  bethe numberof timesdocument appears.In



100 + /

§ { 77777 expected seek time

time slots

— — expected transfer time
expected latency time

50 /[

# document in ohject

(a) Effect of # document in object {(m)

200

150 -
/

L1 expected seek time

time slots

— — expected transfar time

expected latency time

50

# page in ohject

(b) Effect of # page in object (gos/)

Figure 3. Effect of object size.

509 1/ (np)

40 4
30+

20 4

T T T T T T T T T P
0o 01 02 03 04 05 06 07 08 08 1

Figure 4. Effect of packet loss.

eachperiod, the client is expectedto miss pagesof
document and pagesof theobject. We arein-
terestedn thenumberof cycles within whichtheclientis
expectedto misslessthan pageof the object. The value
of satis es

In a at multicastschedulewhere
we have

Figure4 presentghe valuesof (proportionalto )
correspondingo the valuesof rangingfrom to .
The performancealeterioratessthe pacletlossrategrows.
Moreover, as dependdogarithmicallyon , largerob-
jectssuffer pacletlosseanorethansmallerobjects.

4. Methodology

We have given a theoreticalanalysisof application-
percevedmulticastpushperformancen the above section;

however, thereare several limitations. Firstly, we assume
the sener utilizes at schedulen the theoreticalanalysis,
but in practice the schedulds not necessarilyat. For in-
stancetheschedulgeneratedby the MAD algorithmis of-
tennot at sincethe accesgrobabilitiesof differentdocu-
mentsareseldomthe samein practice.Secondlythedistri-
bution of client objectrequestss not necessarilyniformly
distributed acrossthe multicastsession.Thirdly, whenwe
discusghecasewhere arealsorandomvari-
ables,we assumethat the pages,which do not
belongto the investigatedobject, areindependentf each
other In fact, the pageshatbelongto the sameobjectare
dependenof eachotherasthey aremulticastcontiguously
Thereforejn this paperwe alsogive anexperimentalnal-
ysis basedon emulations. In this section,we rst discuss
the stratgiestaken by the middlewvare, and then describe
how we obtainthetracesfor the experiments.

4.1 Strategiesin middleware

At the sener side, the middlevare maintainsa set of
multicast documentsspeci ed by the applicationvia the
middlewareinterface. The documentsare associatedvith
attributesincluding documentURIs, size and their access
probabilities. The middlenvare doesinitializations accord-
ing to theselectednulticastschemeFor example theURIs
aretransformednto thespeci c formatsknown to theclient
middleware.Whentheapplicationintendsto multicastdata,
the middlewareactivatesthe multicastschemeat the trans-
portlayerandestablishes multicastchannel. The middle-
ware startsto disseminatelataas soonasit detectsthata
clientjoinsthechannel.

The sener's multicastpushschedulingcomponenuses
theMAD algorithmto determinghefrequeng andorderin
which documentsaremulticast. The MAD is a simpleand
practical 2-approximatiorcyclical algorithm. Eachdocu-
mentis assigneda value  which is the probability that
document is requestedy clients. Whenmulticastingthe



data,the MAD algorithmalsomaintainsavalue for doc-
umenti recordingthe time sincethe lasttime document
wasmulticast. The MAD algorithmmulticastsa document
i with the maximumvalueof . Thepage=f the
documentiremulticastcontiguouslyin theschedule.

We assumeclients have knowledgeof documentids of
the documentawithin anobject,sothatit triggersrequests
for all the documentsf the objectwhenthe objectis re-
guestedThisschemeaanbeeasilyimplementedn themul-
ticastmiddleware[19. Althoughwe believe cachewill im-
prove the performancethe client switchesoff cachefunc-
tion sincethe HTTP sener logs usedfor the emulations
(discussedn Section4.2) do not reportrequestshat are
satis edby intermediatecaches.

During the multicastsessiona pageis encapsulateth a
middlewareframe. Theframeis composedaf aheadef
bytesanda datapage. To control accuratelythe multicast
ratesin emulation,we setthe maximumpagelengthto be
512 bytes. This preventsa pagefrom beingfragmentedat
thelP layersincemostlinks in thelnternethave MTUs that
areno lessthan1500bytes.

4.2 Thetraces

The HTTP seners of SoccerWorld Cup are among
the hottestspotsof the Internet. During peaktime, the
senersreceive  million requestger hour As a result,
the World Cup site is one of the busiestrecordedso far,
which makesit anideal testbedfor multicastdatadissem-
ination. We extract the experimenttracesfrom the log of
HTTP senersfor the SoccerWorld Cup 98. The traces
begin at 30/Jun/1998:21:00:0Qcoord.unv.time), and end
at30/Jun/1998:21:40:0@oord.unv.time),which is one of
the mostactive periodsin the senerlogs. In [14], we have
elaboratelydiscussedhow to decidethe hottest factionof
bytesto be multicast. In this paper we will take the same

valuethatis . Thesehottestdatainclude  docu-
mentscomposeabf pages.

Whenwe extract the client traces,only thoseclient re-
guestsfor hot documentghat recevved 200 (OK) and 304
(Not Modi ed) responsecode are considered. Thereare

clientsthat requestfor thesehot documents.These
clients created requests,which correspondsto
about requestger secondon average. We choose
clienttracedor theemulationexperiments Thenumberof
requestsn thesetracesrangefrom to . Everyre-
guestaccessea documenidenti ed by its id. We limit our
performanceanalysison the periodwhenthe multicasttree
is stablebecausehe ef ciency of initialization anddecom-
positionof a multicasttreeis a big topic which exceedghe
scopeof this paper We discardthe rst andlast minutes
runningresultin orderto remove thein uence of multicast
treeinitialization and decomposition.The total remaining

Trace | tot.req. | eff. req. | eff. obj. | doc/obj
tracel 196 177 163 | 1.086
trace2 570 447 379 | 1.179
trace3 1001 710 395 1.797
traced 1995 1608 788 2.041
traceb 4010 2877 1057 2.722
trace6 7845 5666 1598 | 3.546
trace7 | 10231 7997 1716 4.66
trace8 14060| 10521 1458 | 7.216

Table 1. Client traces.

emulationtimeis  minutes.

Although clients are often interestedn a collection of
relateddocumentsthe HTTP protocoldoesnot aggrejate
documentequestsnto objectrequestsin orderto getob-
jectsfor our experiments,we take the heuristicview that
if two documentsarerequestedvithin onesecondof each
otherin the client trace,they belongto the sameobiject. In
every clienttrace, thereareat most objectsduringthe
effective time. Tablel is a summaryof the clienttraces.
Column?2 denoteghetotal requestsn the traces.Column
3 and 4 denotethe numberof requestsandthe numberof
objectsrespectiely within the effectivetime ( minutes).
Column5 denoteghe averagedocument®f anobjectdur-
ing the effective time.

5. Evaluation

In this sectionwe presenbur emulationresults.We cre-
atethetopologiesfor theemulationusingthe BRITE topol-
ogy generatof18]. In the experimentsrunningon reliable
links, the topologyis a Waxmanmodel [22] and consists
of  routersand links. Thus,the averagenodedegree
is . Weattach end-hostseparatelyfo routerslabeled
from RO to R9. The multicastsener CO runson the end
hostconnectingto RO, andthe clientsrun on the restend
hosts. We call these clientsC1 throughC8 accordingto
theroutersto whichthey areconnectedDuring eachexper
iment, the sener multicastsdataat a stablerate andthe
clientsusethe sameclient traceselectedrom Table 1. For
example,in oneexperiment,clientsC1 throughC8 all use
trace 1; in anotherexperimentall usetrace2, andso on.
The sener is launchedat the beginning of an experiment,
andthenthe clientsjoin the multicastchannelone by one
following a x edsequenceisedby every experiment.The
IP multicasttree is obsenedto be x edin the IP experi-
ment. Sincewe specifythe logical addressesf the clients
in the HyperCastexperimentsthe overlay multicasttreeis
also x ed. Fixing multicasttreefacilitatesthe comparison
betweenthe experimentsand the assignmenbf sener-to-
client delaysfor the clients (we will describethe delayas-
signmentin the Section5.1). A client leavesthe channel



client | delay(ms)|| client | delay(ms)
C1 0 C5 1200
C2 300 C6 1500
C3 600 C7 1800
C4 900 Cs8 2100

Table 2. Server-to-client delays.

afterall its requestdhave beensatis ed andthe experiment
endsif all the clientshave left the channel.As discussed
in Section4.2, we discardthe rst andlast seconds'
performanceesultrecordedat every client to remove the
effect of multicasttreeinitialization anddecomposition.

We selectsix multicastrates: 9.6 Kbps, 56 Kbps, 300
Kbps, 512 Kbps, 1 Mbps, 1.544 Mbps. Among them,
56 Kbps and 1.544 Mbps are equalto the bandwidthsof
modemsand T1 lines respectiely, and 9.6 Kbps and 512
Kbps are the bandwidthsmobile devices may experience.
We assign M bandwidthto eachphysicallink so that
datadelivery is reliable unlesswe intentionally assigna
pacletlossrateto thelink.

The experimentsare conductedat Emulab All the ma-
chinesrun on FreeBSD4.7 andareequippedvith 850MHz
Intel Pentiumlll processorand512MB RAMSs.

5.1 Effect of delay

Delay measureshe time for a paclet to be transmitted
fromthesenerto aclientoverthemulticasttree.We assign
differentsenerto-clientdelaysto the clientsasshownin
table 2. In the IP multicastexperiments,this is done by
assigningdelaysto links on the IP multicasttree. For in-
stance,on the multicastpath from the sener CO to client
C3,weassign  msto thelink betweerrouterR3to C3
andassign msto theotherlinks. Thusthe delayfrom CO
to C3is ms. In the HyperCastexperiments,we rst
x the overlay multicasttree by specifyingthe logical ad-
dresse®f thesenerandclients,thenassigndelaysto links
accordingo theoverlaytree.Let denotetheunicast
delayfrom thesener to client , and denotethe
delay on the unicastpathfrom client to client . Then

whereclient is the parentof
client . For example,the delayon the unicastpathfrom
COto C2is ms; sinceC2 is the parentof C7 andthe

sener-to-clientdelayfrom COto C7is ms,we assign
adelayof msto the unicastpathfrom C2to C7.
Figure5 givesthe performanceesultswhenthe sener
multicastrateis  Kbpsandall clientsemulateclient
trace6. The multicastschemen the Figure5(a)is IP mul-
ticastwhile it is HyperCastin Figure5(b). The threelines
in the gures representverageseektime, transfertime and
lateng time respectiely. In eitherIP multicastor Hyper
castcase,althoughthe clients' delaysrangefrom msto

ms, the clients have almostthe sameaverageseek
time, transfertime andlateng time. Larger delaysdo not
imply worseperformance.Similar resultsare obsenedin
other experimentswith differentmulticastratesand client
traces.Basedon theresults we concludethatnoneof seek
time, transfertime andlateng time is sensitve to delays.

5.2 Effect of multicast rate

While we investigateherelationshipbetweerthe multi-
castrateandclient-perceived performancewe averagethe
performancevalueson all the clientsin eachexperiment.
Figure6(a)and6(b) showv theresultsof the clientsrunning
on clienttrace3 usingIP multicastandHyperCastrespec-
tively. In the gures, asthe multicastrate increasesthe
averageseektime, transfertime andlateng time decrease
dramatically The performanceraluesareroughlyinversely
proportionalto the multicastrate. We have similar emula-
tion resultsin the experimentson otherclienttraces.There-
fore, to improve performancethe multicastsener should
use as much bandwidthas it can get betweenthe sener
andclientsduring the multicastsession However, therate
shouldnotexceedthe availablebandwidthin orderto avoid
paclet loss on links becausepaclet loss impairs perfor
manceremarkably(we will discusghe caseof pacletloss
in the Section5.4).

The result also proves the effectivenessof multicast.
Evenarateof  Kbps,which is no morethana modems
bandwidth,canprovide tolerableaveragelatencies.When
therateis Kbps,whichis applicablein mostbroadband
networks,theaveragdateng time is lessthan seconds.

Thelateng time usingHyperCasis outperformedrom

to by thatin IP multicast.In the HyperCasgexperi-
mentswhenamiddlevaredatasegmentis sentto thetrans-
port layer, HyperCastaddsits own headerto the front of
thesggmentto form anHyperCasframebeforesendinghe
datato the underlyingnetwork. The overheadof the Hy-
perCastframe heademreventsHyperCastfrom delivering
applicationdataasef ciently aslIP multicastdoes. How-
ever, the performancelifferenceis smallandHyperCasts
still effective for disseminatinglata.

5.3 Effect of object size

As we look into an object,we nd thatthe numberof
document@ndpageswithin the objectalsoaffectsthe per
formance.Figure7 givesthe performanceversusthe aver-
agenumberof documentgper objectin the clienttraces,
wherethe sener multicastrateis ~ Kbps. The seektime
decreasewith the growth of the numberof documentper
object. An intuitive explanationis thata new recevedpage
is morelik ely to belongto a requesteabjectwhenthe ob-
jectcontainamoredocumentsOntheotherhand thetrans-
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fer time andlateng time increaseasthe numberof docu-
mentsperobjectgrows. Thisis becaus@anobjectwith more
documentsieedanoretime to recevve all its pagesrom the
multicastchannel.In the gures, whenthe numberof doc-
umentsperobjectis lessthan  docs/objthe seektimeis

thedominatingfactorof thelateng time. Thetransfertime

becomesghe dominatingfactorwhenthe numberof docu-
mentsperobjectis morethan  docs/obj.Therelationship
betweerthe numberof documentgperobjectandthetrans-
fer time showvn in the gures providesadditionalevidence
of theimportanceof consideringlocumentependencieis

multicastschedulingasin [14]).

Figure 8 plots the performancecorrespondingto the
numberof pagesin an object. They arerunningon client
trace8 with the multicastrateof Kbps. With theincre-
mentof thenumberof pagesthe seektiime decreasewhile
the transfertime and lateng time increase.However, the
effect becomedesspronouncedvhenthe numberof pages
turnslarger.

5.4 Packetloss

In the previous experiments,the multicasttree is reli-
ablein delivering pages.Howeverin the Internet,links are
likely to experiencepacletloss. This subsectiordiscusses
thecasesn which pacletsarelost. We setup two machines
in Emulabto run a multicastsener andclient respectiely.
We assigrdifferentlossratesontheirconnectiorto emulate
thevariousdegreesof pacletloss.

Figure 9 shawvs how the paclet loss affects the perfor
mance. The experimentsemulateclient trace 8 with the
multicastrateof  Kbps. While the pacletlosshasasmall
impactontheseektime, it substantiallyincreaseshetrans-
fer time which makesup mostof the lateng time. We ob-
sene thata smalllossrate  cancausethe lateng time
to increase and in the IP multicastand Hyper
Castexperimentsrespectiely. Whenthe lossrateis
thelateng time is increasedy and . Figure9(a)
and9(b) plot the performancainderawide rangeof paclet
lossrate. The IP multicastexperiments'resultsfollow our
theoreticalanalysisin Figure4. The performancelegener
ateswith the growth of packetlossanddropsdramatically
around . However, the curve of the HyperCastin
Figure 9(d) reachesa kneearound . Thereason
is that HyerpCastboverlay multicastnetwork becomesery
dif cult to be maintainedwhen morethan messages
arelost. The HyperCasbverlay multicasttree periodically
crashesluringthe multicastsessior? . Thereforeijt is im-
portantfor an end-to-endmulticastsystemin challenged
networks to have its overlay network strongly resistantto
pacletloss.

2Note thatin the caseof extremelyhigh ratesof loss,the IP multicast
treecanalsocrashin similar ways.

6. Conclusions

Basedon our theoreticaland experimentalanalysis,we
male thefollowing obsenations.

In the caseghatthereis no pacletloss,the application-
perceved multicastpushperformancads insensitve to the
sener-to-clientdelay The multicastrate,which is limited
by the available bandwidthfrom the sener to clients,is a
dominatingfactor that affects performance. The average
seektime, transfertime andlateng time areall roughlyin-
verselyproportionalko the multicastrate. At thesametime,
the object size also remarkablyaffects the performance.
The moredocumentsand pagesin a requestedbject,the
morewaiting time the client will experience.However, as
the numberof documentor pagesincreasesits effect on
performanceattens out.

Experimentsalso showv that, using multicast push in
MSMDD, thesenersatis esclientrequestsvithin shortla-
teng/ time with low bandwidthcost. Whenthe sener mul-
ticastsat the samerate, the averagelateng time perceved
by applicationswhenusing HyperCastis almostthe same
asthatpercevedby applicationsvhenusinglP multicast.

The application-perceied performanceis notably im-
pairedby pacletlosson the multicasttrees.Whentheloss
rateis belov  , the performancedamagein the Hyper
Castexperimentsis nearthat in the IP multicast experi-
ments.However, whenthelossratebecomesnoreserious,
performancen the HyperCastexperimentsdropsdramati-
cally dueto the crasheof the HyperCasbverlay network.
Thereby HyperCastdoesnot toleratepaclet lossasmuch
as|P multicast. It is expectedthatif Forward Error Cor
rectionbasedon erasurecodes[17] is appliedto the data
transmissionn the multicastsystem t canreducethe per
formancedamagecausedy pacletlosses.Furtherwork is
neededo evaluatehow effective theerasurecodesmprove
theapplication-perceiedperformance.

As shown in the paper a large multicastrate caneffec-
tively improve the performance However, the evidentim-
pairmenton the performanceby paclket lossesrequiresthe
rateto keepbelow the availablesener-to-clientbandwidth.
The selectionof multicastratesis mademore complicated
by the factthatthe available bandwidthto differentclients
is oftenvariousin a heterogeneousetwork. A solutionto
this problemis layered multicast[6, 7], in which the sener
multicaststhe dataat differentlayers(channels)ith dif-
ferentratesandclientssubscribeo asmary layersasthey
canonly if the accumulatecrate at the subscribedayers
doesnot exceedghe availablebandwidth. The scopeof our
evaluationof theapplication-perceiedperformances to be
extendedto the layeredmulticastervironment. This study
concerngo anumberof challengingesearchopicssuchas
thelayeredmulticastschedulinghatwe areactively work-
ing on.
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