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Abstract

Multicast is an effectiveand scalablesolution to dis-
seminatedata in the Internet. Middleware support for
multicast-baseddata dissemination(MSMDD) aimsto in-
tegratestate-of-the-artdatamanagementmethodsandmul-
ticast communicationtechniquesand provide a scalable
multicast-baseddatamanagementlayer to applications.By
usingmulticastin MSMDD,theservercandisseminatehot
documentseffectively. To evaluatemulticastperformance,
previouswork oftenutilizesnetwork-level metrics. In this
paper, we employapplication level criteria to analyzethe
multicastpushperformancein MSMDD.Whenpacketsare
not lost on links, our result showsthat the application-
perceived(or client-perceived)performanceis independent
of thedelayfromtheserverto clients; themulticastrate is
a major factor for the performance;an end-to-endmulti-
castsystemachievesalmostthesameapplication-perceived
performanceasIP multicastunderthesamemulticastrates.
However, IP multicastcantoleratemuch morepacketlosses
thantheend-to-endmulticastsystem.

Keywords
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1. Intr oduction

Multicast is an effective and scalablesolution to dis-
seminatehot data in the Internet. A critical issueof a
multicastsystemis to evaluateits performance.Previous
work usesmetricssuchasavailablebandwidth,delay, link
stress,resourceusage,andcontrol traf�c overhead,which
have givenaneffective evaluationon thenetwork level ef-
�ciency andcost[4, 12, 9, 15]. In a bulk datamulticasten-
vironmentlike MSMDD [8], theapplication-perceived(or
client-perceived)performanceoften cannotbe directly de-
rived from the network-level metrics. Therefore,in addi-
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tion to the network-level criteria, application-level metrics
arenecessaryto adequatelycapturethe performancefrom
the applicationviewpoint. This papergivesboth theoreti-
cal andexperimentalanalysison themulticastpushperfor-
manceutilizing application-level criteria.

A varietyof multicastschemeshavebeenprovidedrang-
ing from IP multicast[10] to end-to-endmulticast[4, 12,
9, 11, 15]. However, allowing multicastcommunicationin-
troducesmany non-trivial datamanagementproblemssuch
ascaching,consistency, andscheduling. We have built a
middleware(MSMDD) [8, 13, 2] whichaimsat integrating
state-of-the-artdatadisseminationand multicast commu-
nicationtechniquesinto a softwaredistribution. MSMDD
providesa scalablemulticast-baseddatamanagementlayer
to applications.Hencein MSMDD, it is importantto opti-
mizetheapplication-perceivedlevel of service.

Clients generallyattemptto download multiple items.
For example, in a web multicastsystem,a client request
requiresnotonly in HTML resource,but alsotheitemsem-
beddedin theHTML document.Theapplication-perceived
latency is the time to receive all the itemstargetedby the
client request.In mostcases,theapplication-perceivedla-
tency is more meaningfulto end-usersbecauseinforma-
tion is ofteninaccurateandincompleteuntil all thetargeted
items are received. Therefore,the application-perceived
performanceis animportantfactorwhenevaluatingthefea-
sibility andef�ciency of a multicastsystem.On the other
hand, while the network-level performancefactorsaffect
the application-perceived performance,their relationship
hasnot beenadequatelyinvestigatedin earlierresearch.In
many cases,the application-perceivedperformancecannot
be directly re�ected by the network-level factors. For in-
stance,asmalllossrateon thelinks maynot largelyreduce
thebandwidthavailableto clients,but we will show that it
cansubstantiallyincreasethe latency to satisfya client re-
quest.

In this paper, we studytheapplication-perceivedperfor-
mancein multicastpushsystems.We�rst giveatheoretical
analysison thequestion,thenwe presentthemethodology



andresultsof our experimentsconductedat Emulab[3]. In
theexperiments,applicationdataaremulticastthroughthe
MSMDD platform from the server to clients. Meanwhile,
we also make comparisonsbetweenIP multicast and an
end-to-endmulticastscheme.Therestof thepaperis struc-
turedasfollows.Wegivemoredetailsonthebackgroundof
multicastschemesandthearchitectureof MSMDD in Sec-
tion 2. In Section3, we analyzetheapplication-perceived
multicastperformancefrom a theoreticalperspective. In
Section4 and 5, the methodologyand resultsfor the ex-
perimentalevaluationarepresentedrespectively. We draw
theconclusionsof our investigationin Section6.

2. Background

2.1. Multicast schemes

According to the layer on which multicast is imple-
mented,therearemainly two typesof multicastschemes:
IP multicastandend-to-endmulticast. IP multicastis im-
plementedat theIP layer. It is ef�cient sinceaserversends
asingledatacopy to thenetwork andpacketsarereplicated
andforwardedto clientsby multicast-enabledrouters.Re-
liable multicastover IP multicast,suchasJRMS[20], pro-
videsreliabledatadelivery andhigher level featuressuch
ascongestioncontrol, scalability, and security. However,
the deployment of IP multicast has so far been slowed
down by several challengingissues,suchas the manage-
mentof globally uniqueaddresses,maintainingper group
stateat routers,defendingfrom �ooding attacksandneeds
for changesat theinfrastructurelevel.

End-to-endmulticastis implementedat the application
layer. Applicationsmaintaina self-organizedlogical over-
lay network and transmit packets along overlay edges.
Communicationbetweenthe nodesis basedon unicast.
This enablesend-to-endmulticastto be easilydeployed in
theInternet.End-to-endmulticastcanutilize featuressuch
as�o w control,congestioncontrolandreliabledeliverythat
areavailablefor point-to-pointconnections.However, this
approachcannotutilize bandwidthasef�ciently asIPmulti-
castbecausecopiesof thesamedatacanbetransmittedover
thesamephysicallink multiple times(link stress).End-to-
endmulticastcanalsoincreasethedelaybetweentheserver
andclientssincepacketsarerelayedby endhosts.

In our experiments, we employed two multicast
schemes:IP multicastandHyperCast.HyperCastis a rep-
resentative of end-to-endmulticastschemesand well im-
plementedat [1]. Currently, HyperCastsupportstwo types
of overlay topologies: logical hypercubes[16] and logi-
cal Delaunaytriangulations[15]. We only usethe logical
Delaunaytriangulationsschemein theend-to-endmulticast
experimentsbecausethe logical hypercubesschemehasIP

multicastinvolvedin its implementationandthusit is not a
pureend-to-endmulticastscheme.

HyperCastsupportsbothUDP andTCPcommunication
betweenthenodes.If TCPconnectionsareused,HyperCast
providesa reliableend-to-endmulticastdatadelivery. We
utilize the UDP communicationsfor our experimentsbe-
causeof thefollowing reasons:(1) sincetheothermulticast
systemwe useis IP multicastthat is basedon UDP, using
UDP communicationsin HyperCastfacilitatesthecompar-
ison betweenthesetwo schemes;(2) the server multicasts
datacyclically (we will describeit in Section2.2); even if
somepacketsaremissed,theclient cangetthedatalaterso
thatreliabledatadeliveryasin TCPis not required.

2.2. Multicast­based data dissemination middle­
ware

Middlewaresupportfor multicast-baseddatadissemina-
tion (MSMDD) providesapplicationswith a scalabledata
managementlayer. This middlewareintegratesandextends
latestresearchwork ondatamanagementissuesin multicast
environments.Threedatadisseminationmethods,i.e.,mul-
ticast push,multicastpull andunicastpull, are supported
by this middleware.Whenusingmulticastpush,theserver
repeatedlymulticastsinformation. If a client wishessome
information,it simply listensto themulticastchanneluntil
the requestedinformationappearswithout sendingan ex-
plicit requestto the server. Multicast pushis suitablefor
disseminatinghot information. In multicastpull, when a
client needssomeinformation, it sendsa requestto the
server. The server multicaststhe informationto all mem-
bersin themulticastgroup.Whentherearemultipleclients
requestingthesameinformationat roughly thesametime,
theservercanaggregatetherequestsandmulticasttheinfor-
mationonly once. Multicastpull is an ideal �t to dissemi-
natewarmdatafor whichmulticastpushcannotbejusti�ed,
while thereis anadvantagein aggregatingconcurrentclient
requests.Traditionalunicastpull canbeusedto disseminate
cold data.A middlewareapplicationcanchooseto useany
combinationof multicastpush,multicastpull andunicast
pushto disseminatedata. Sincethe detailsof the middle-
wareareconcealedfrom applications,applicationscannot
distinguishwhichdatadisseminationmethod(s)areused.

The middleware is composedof multiple components
thatcanbeswitchedoff or onaccordingto theneedsof the
middlewareapplicationandmulticastschemeused.There-
fore, themiddlewarehasa �e xible andextensiblearchitec-
ture. Figure1 shows a possiblearchitectureof themiddle-
wareandits relationshipwith theapplicationandunderly-
ing transportationlayer. The documentselectioncompo-
nentperiodicallycollectsstatisticson document(identi�ed
by identi�ers suchasURLs) popularity, which is theprob-
ability thatclientsrequestadocument.Basedon thisstatis-
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Figure 1. Middleware data dissemination ar­
chitecture and its relationship with the trans­
por t and application layers.

tics, thecomponentdecidesif a documentis hot, warm or
cold. The middlewareusesmulticastpushto disseminate
hot documents,andmulticastpull andunicastpull to dis-
seminatewarm and cold documentsrespectively. An in-
dex of sortedindex digestis multicastonthemulticastpush
channel,which enablesclientsto quickly decideif a docu-
mentis multicastby thepushchannel.Themulticastpush
schedulingcomponentdeterminesthe frequency andorder
by which hot documentsaremulticast. The multicastpull
schedulingcomponentresolvescontentionamongclient re-
queststo usemulticastpull channelanddecidesthe order
in which warm documentsare disseminated.Cachingis
usedto improve performanceat the client side. The con-
sistency componentensuresthatonly themostrecentcom-
mittedvalueof a documentis disseminatedor stored.

In thispaper, wefocusourresearchonmulticastpush.In
multicastpush,thetransmissionunit is apage. Eachmulti-
castdocumentis dividedinto a sequenceof pagesbeforeit
is multicast.

Different applicationsmay require different multicast
schemes,which in turn presentdifferentAPIsanddifferent
capabilities. The objective of TransportAdaptationLayer
(TAL) is to enablemiddlewareto interactwith variousmul-
ticastschemeswithin a uniform interface.During theemu-
lation,weactivatetheTALs for IPmulticastandHyperCast.

3. Theoretical analysis

Documentsdenoteitems which can be identi�ed by
clientsusing identi�ers (ids) suchasURLs. We give the
de�nition of an object as follows: the collection of doc-
umentstargetedby a client requestis called an object.
In this sense,a client requestsobjects. We employ three
application-level performancemetrics in both theoretical
analysesand emulations. (1) Seektime: the time that a
clientwaitsto receivethe�rst multicastpagethatbelongsto

the requestedobject. Seektime re�ects how quickly users
startto receivetherequestedinformation.(2) Transfertime:
thetimethattheclientwaitsto receivetherestof theobject;
(3) Latencytime: thetimethattheclientwaitsto receivethe
completeobject,i.e.,thesumof seektimeandtransfertime.
Latency time denotestheuser-perceiveddelay, which mul-
ticastsystemsaim to reduce. The valuesof thesemetrics
perceivedby the client are independentof the presenceof
otherclients in a multicastpushenvironment. In this sec-
tion, we analyzetheexpectedvaluesof thesemetricsbased
on theassumptionthatobjectrequestsarerandomlygener-
atedby clients.

Theperformanceis in�uencedby themulticastschedul-
ing at theserver. It hasbeenprovedin [5] thatit is suf�cient
to considercyclical schedulesin multicastschedulingalgo-
rithms. Therearea variety of strategies for cyclical mul-
ticast. The MAD schedule[21, 5], which is usedin our
experiments,schedulespageson the basisof their access
probabilitiesby clients.Thealgorithmis provedto achieve
2-approximationfactorandis easyto be implemented.In
practice,theMAD achievesperformancecloseto theopti-
mal lower bound[21]. Performanceis improvedwhenthe
pagesof the samedocumentaremulticastcontiguouslyin
theschedule[14]. We assumethat this strategy is adopted
by thescheduler.

The�at multicastscheduleis asimplecyclical schedule,
wherebyeachpageis transmittedoncein everyperiod.We
limit ourtheoreticalanalysisto thecaseof �at schedulesfor
thefollowing two reasons.First, thetheoreticalanalysisof
the multicastperformanceis manageablewhen the server
uses�at schedules.Second,the MAD degeneratesinto a
basically�at schedulewhen the pageaccessprobabilities
arecloseto eachother. In particular, theMAD generatesa
�at multicastwhentheaccessprobabilitiesareequal.Fur-
thermore,if a subset� of the multicastdocuments� are
muchmorepopularthanthedocumentsin ����� , wewould
multicast � and ����� in separatechannelsin orderto re-
ducelatency time [8]. In this way, thedifferencebetween
accessprobabilitiesof pageswithin eachchannelis small.

We make someassumptionsthatareoftenemployed in
this researcharea[5, 21, 14]. The server multicastsequal
length pagesat a constantrate and at eachtime-slotone
pageis multicast.Thelengthof time-slot � is inverselypro-
portionalto the multicastrate � since �
	���
�� where �

is thepagesize. Seektime, transfertime andlatency time
aremeasuredin termsof time-slots. The setof multicast
pagesdoesnotchange.Thepagesarereceivedby clientsin
thesameorderasthey aremulticastby theserver although
somepagescanbelost. Client requestsarrive at thebegin-
ning of time-slotsat a randomlocationof themulticasting
schedule.
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Figure 2. The requested object in a �at sched­
ule .

3.1. Reliabledelivery

First, we discussthe casewherelinks arereliable. We
de�ne + asthetotal numberof multicastpages.Hence,the
periodof a �at scheduleis + time-slots. As the schedule
is cyclical andobjectrequestsareuniformly distributed,we
canfocustheanalysisontherequestsarriving atrandomlo-
cationswithin onemulticastperiod.Supposetherequested
objectcontains, documentsanddocument

-

has .0/ pages
for 132

-

24, . Also, let .6587:9 denotethetotal pagesof the
object, then .05;7:9 	=<?>

/A@CB

.D/ and ,E2F.6587:9G2H+ . Figure
2 presentshow the object is scheduledin a �at schedule,
where IJ/ denotesthenumberof time-slotsbetweenthelast
pageof a document

-

and the �rst pageof the following
documentK

-CL

1NMPO3QSRT, ( UV2

-

2W, ). Sinceeachdocu-
mentis multicastoncein a period, +�	

<
>

/A@CB

K:.
/

L

I
/

M 	

.
5;7:9

L

<?>

/X@CB

I
/ .

Let Y be the locationwherethe requestarriveswithin
the investigatedperiod. We have U?2ZY[2\+ �]1 . De-
�ne ^_K`YaMcb �dK:YaMebgfhK:YaM asthelatency time,seektimeand
transfertime respectively. In a speci�c �at schedule,Ii/ is
�x ed for 1a2

-

2j, . As Y is uniformly distributed,we
havetheexpectedlatency time 1

kml

^_K:YGMon 	 + �

1

p

LW.6587:9

p

+

�

1

p

+

>

q

/A@CB

IJr

/

b

theexpectedseektime
kml

�sK:YGMon 	 +

L

1 �

ktl

^uK:YaMvnwb

andtheexpectationof thetransfertime
kml

fTK:YaMvn 	 +

L

1 �

p

kml

�sK`YaMonox

Hence,thesummationof theexpectedseektimeandlatency
time is roughly equal to the multicastperiod. When the

1Due to the limited space,we omit the derivation here. For the same
reason,we re�ne ourpresentaionin thefollowing sections.Pleasereferto
our full paperfor moredetail.

expectedseektimeincreases,bothtransferandlatency time
linearly decrease.While the expectationsare decidedby
thevaluesof +6b;,aby. 587:9 and I / , they areindependentof the
size . / of any singledocument.Sincethe lengthof time-
slot � 	 ��
 � , theabove analysisshows that theexpected
seektime, transfertime andlatency time arealsoinversely
proportionalto � , therefore� is amajorperformancefactor
whendataarereliablydelivered.

Now we extend the analysis to the cases that
IiBzbTI

r

btxAxXxAbTI

>

are also randomvariableswhich satisfy
<

>

/A@CB

IJ/ 	{+��|.6587:9 and IJ/
}~U for 1|2

-

2=, . We
introduce • 	€K•IiB‚b;I

r

bƒxXxAxAb;I

>

M , and an assignment„ 	

K:„6B‚by„

r

b…xAxXxAby„

>

M to • implies IJ/�	†„‚/ for 1
2

-

2‡, . We
aim at obtainingthe following expectations:

kml

^_K:Yˆb8•‰Mvn ,
kml

�sK:YVbŠ•‰Mon and
kml

fhK`YVb8•‰Mvn .
We assumethat any of the +��‹. 587Œ9 pagesthat do not

belongto theobjectis randomlyscheduledin oneof the ,

gapsbetweentheobject'sdocuments.Then,eachpagethat
doesnot belongto the objecthasa probability 1�
z, to be
scheduledin gap

-

whichis betweendocument
-

andthefol-
lowing documentK

-•L

1NMPO3QSRŽ, ( Ut2

-

2|, ). Therefore,
IJ/ is a randomvariablethat follows a binomialdistribution
with parameters1 
z, and + �•.05;7:9 . We have thefollowing
expectedvalues

kml

^_K`YVb8•‰Mvn 	 + �

K•+��ˆ.6587:9…M…K•+��ˆ.6587:9

L•p

, �•1zM

p

,
+

b

ktl

�sK`YVb8•TMon 	 +

L

1 �

kml

^uK:YVbŠ•hMvnwb

and
kml

fhK:Yˆb8•‰Mvn 	 +

L

1 �

p

ktl

�sK`YVb8•hMonox

When .6587:9 is small comparedwith + ,
kml

^_K`YVb8•‰Mvn’‘“Ky1 �

B

r

>

M;+ ; Figure3(a) presentsthe expectationvaluesandthe
corresponding, where + 	

p

UDU . As thenumberof docu-
ments, grows,theexpectedtransfertimeandlatency time
increaseswhile the expectedseektime is reduced.Figure
3(b) investigatestherelationshipbetweentheexpectedval-
uesand .6587Œ9 when + 	

p

UDU and , 	W” . In both �gures, as
thenumberof documentsor pagesgrows, its effect on the
expectations�attens out.

3.2. Packet loss

Network links maydroppacketsandperformanceis im-
pairedby this dataloss. Supposethat • ( U|–F•—–˜1 ) is
thepacket lossrateof themulticastpathbetweentheserver
anda client. Whenwe setthepagelengthproperly, a page
is encapsulatedin an IP packet without beingfragmented.
Thus,theprobabilityof reliably deliveringa pagefrom the
server to theclient is 1 �T• . In any cyclical multicastsched-
ule, let ™e/ be the numberof timesdocument

-

appears.In



Figure 3. Effect of object size.

Figure 4. Effect of packet loss.

eachperiod, the client is expectedto miss .
/

•��

�

pagesof
document

-

and <
>

/A@CB

.
/

•��

�

pagesof theobject.We arein-
terestedin thenumberof cycles

�

within whichtheclient is
expectedto misslessthan 1 pageof theobject. The value
of

�

satis�es

>

q

/X@CB

.D/ •

�

���

–416b UŽ2

�

b UT–G• –416x

In a �at multicastschedule,where™
B

	?™

r

	 xAxXx 	?™

>

	 1 ,
wehave

���
	��
<

>

/A@CB

.D/

	
�

B

�

	 �

	
�
.6587:9

	��
•

b U3–a• – 16x

Figure4 presentsthevaluesof � 1�

	��

• (proportionalto
�

)
correspondingto the valuesof • rangingfrom U to U x ��� .
Theperformancedeterioratesasthepacket lossrategrows.
Moreover, as

�

dependslogarithmicallyon .J5;7:9 , largerob-
jectssuffer packet lossesmorethansmallerobjects.

4. Methodology

We have given a theoreticalanalysisof application-
perceivedmulticastpushperformancein theabovesection;

however, thereareseveral limitations. Firstly, we assume
the server utilizes �at schedulein the theoreticalanalysis,
but in practice,thescheduleis not necessarily�at. For in-
stance,theschedulegeneratedby theMAD algorithmis of-
tennot �at sincetheaccessprobabilitiesof differentdocu-
mentsareseldomthesamein practice.Secondly, thedistri-
butionof client objectrequestsis notnecessarilyuniformly
distributedacrossthe multicastsession.Thirdly, whenwe
discussthecasewhereI BzbgI

r

b xAxXxAbgI

>

arealsorandomvari-
ables,we assumethat the +�� .0587Œ9 pages,which do not
belongto the investigatedobject,are independentof each
other. In fact, thepagesthatbelongto thesameobjectare
dependentof eachotherasthey aremulticastcontiguously.
Therefore,in this paper, wealsogiveanexperimentalanal-
ysis basedon emulations.In this section,we �rst discuss
the strategies taken by the middleware,and thendescribe
how we obtainthetracesfor theexperiments.

4.1. Strategiesin middleware

At the server side, the middleware maintainsa set of
multicast documentsspeci�ed by the applicationvia the
middlewareinterface. The documentsareassociatedwith
attributesincluding documentURIs, sizeand their access
probabilities. The middlewaredoesinitializationsaccord-
ing to theselectedmulticastscheme.For example,theURIs
aretransformedinto thespeci�c formatsknownto theclient
middleware.Whentheapplicationintendsto multicastdata,
themiddlewareactivatesthemulticastschemeat thetrans-
port layerandestablishesa multicastchannel.Themiddle-
warestartsto disseminatedataassoonasit detectsthat a
client joins thechannel.

The server's multicastpushschedulingcomponentuses
theMAD algorithmto determinethefrequency andorderin
which documentsaremulticast.TheMAD is a simpleand
practical2-approximationcyclical algorithm. Eachdocu-
ment is assigneda value • / which is the probability that
documenti is requestedby clients. Whenmulticastingthe



data,theMAD algorithmalsomaintainsa value + / for doc-
umenti recordingthe time sincethe last time documenti
wasmulticast.TheMAD algorithmmulticastsa document
i with themaximumvalueof Kw+ /

L

1NM

r

• / . Thepagesof the
documentaremulticastcontiguouslyin theschedule.

We assumeclientshave knowledgeof documentids of
thedocumentswithin anobject,so that it triggersrequests
for all the documentsof the objectwhen the object is re-
quested.Thisschemecanbeeasilyimplementedin themul-
ticastmiddleware[19]. Althoughwe believe cachewill im-
prove the performance,the client switchesoff cachefunc-
tion since the HTTP server logs usedfor the emulations
(discussedin Section4.2) do not report requeststhat are
satis�edby intermediatecaches.

During themulticastsession,apageis encapsulatedin a
middlewareframe.Theframeis composedof aheaderof ”DU

bytesanda datapage. To control accuratelythe multicast
ratesin emulation,we setthe maximumpagelengthto be
512bytes. This preventsa pagefrom beingfragmentedat
theIP layersincemostlinks in theInternethaveMTUs that
areno lessthan1500bytes.

4.2. The traces

The HTTP servers of SoccerWorld Cup are among
the hottestspotsof the Internet. During peak time, the
servers receive 1ƒU million requestsper hour. As a result,
the World Cup site is one of the busiestrecordedso far,
which makesit an ideal testbedfor multicastdatadissem-
ination. We extract the experimenttracesfrom the log of
HTTP servers for the SoccerWorld Cup 98. The traces
begin at 30/Jun/1998:21:00:00(coord.univ.time), and end
at 30/Jun/1998:21:40:00(coord.univ.time),which is oneof
themostactive periodsin theserver logs. In [14], we have
elaboratelydiscussedhow to decidethehottest� factionof
bytesto be multicast. In this paper, we will take thesame

� valuethat is Uix UDU6U�� . Thesehottestdatainclude � � docu-
mentscomposedof

p

U�� pages.
Whenwe extract the client traces,only thoseclient re-

questsfor hot documentsthat received 200 (OK) and304
(Not Modi�ed) responsecodeare considered. Thereare

p

�S1�� � clientsthat requestfor thesehot documents.These
clients created �D” �DU����	� requests,which correspondsto
about

pDp

��� requestsper secondon average.We choose�

clienttracesfor theemulationexperiments.Thenumbersof
requestsin thesetracesrangefrom 1 ��� to 1��6U��DU . Every re-
questaccessesa documentidenti�ed by its id. We limit our
performanceanalysison theperiodwhenthemulticasttree
is stablebecausetheef�ciency of initialization anddecom-
positionof a multicasttreeis a big topic whichexceedsthe
scopeof this paper. We discardthe�rst andlast � minutes
runningresultin orderto remove thein�uence of multicast
treeinitialization anddecomposition.The total remaining

Trace tot. req. eff. req. eff. obj. doc/obj
trace1 196 177 163 1.086
trace2 570 447 379 1.179
trace3 1001 710 395 1.797
trace4 1995 1608 788 2.041
trace5 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.

emulationtime is ”6U minutes.
Although clientsare often interestedin a collection of

relateddocuments,the HTTP protocoldoesnot aggregate
documentrequestsinto objectrequests.In orderto getob-
jects for our experiments,we take the heuristicview that
if two documentsarerequestedwithin onesecondof each
otherin theclient trace,they belongto thesameobject. In
everyclient trace,thereareat most 1
�DUDU objectsduringthe
effective time. Table1 is a summaryof the � client traces.
Column2 denotesthe total requestsin the traces.Column
3 and4 denotethe numberof requestsandthe numberof
objectsrespectively within theeffective time ( ”DU minutes).
Column5 denotestheaveragedocumentsof anobjectdur-
ing theeffective time.

5. Evaluation

In thissection,wepresentouremulationresults.Wecre-
atethetopologiesfor theemulationusingtheBRITE topol-
ogy generator[18]. In theexperimentsrunningon reliable
links, the topology is a Waxmanmodel [22] and consists
of 1�� routersand ”

p

links. Thus,theaveragenodedegree
is � . We attach � end-hostsseparatelyto � routerslabeled
from R0 to R9. The multicastserver C0 runson the end
hostconnectingto R0, andthe clientsrun on the restend
hosts.We call these� clientsC1 throughC8 accordingto
theroutersto whichthey areconnected.Duringeachexper-
iment, the server multicastsdataat a stablerateandthe �

clientsusethesameclient traceselectedfrom Table1. For
example,in oneexperiment,clientsC1 throughC8 all use
trace1; in anotherexperimentall usetrace2, and so on.
The server is launchedat the beginning of an experiment,
andthenthe clients join the multicastchanneloneby one
following a �x edsequenceusedby every experiment.The
IP multicasttree is observed to be �x ed in the IP experi-
ment. Sincewe specifythe logical addressesof theclients
in theHyperCastexperiments,theoverlaymulticasttreeis
also�x ed. Fixing multicasttreefacilitatesthecomparison
betweenthe experimentsand the assignmentof server-to-
client delaysfor theclients(we will describethedelayas-
signmentin the Section5.1). A client leaves the channel



client delay(ms) client delay(ms)
C1 0 C5 1200
C2 300 C6 1500
C3 600 C7 1800
C4 900 C8 2100

Table 2. Server­to­c lient delays.

afterall its requestshave beensatis�edandtheexperiment
endsif all the � clientshave left thechannel.As discussed
in Section4.2, we discardthe �rst and last ”DU6U seconds'
performanceresult recordedat every client to remove the
effectof multicasttreeinitializationanddecomposition.

We selectsix multicastrates: 9.6 Kbps, 56 Kbps, 300
Kbps, 512 Kbps, 1 Mbps, 1.544 Mbps. Among them,
56 Kbps and 1.544Mbps are equal to the bandwidthsof
modemsandT1 lines respectively, and9.6 Kbps and512
Kbps are the bandwidthsmobile devicesmay experience.
We assign 1ƒU6U M bandwidthto eachphysical link so that
data delivery is reliable unlesswe intentionally assigna
packet lossrateto thelink.

The experimentsareconductedat Emulab. All thema-
chinesrunonFreeBSD4.7andareequippedwith 850MHz
Intel PentiumIII processorsand512MB RAMs.

5.1. Effect of delay

Delay measuresthe time for a packet to be transmitted
from theserverto aclientoverthemulticasttree.Weassign
differentserver-to-clientdelaysto the � clientsasshown in
table 2. In the IP multicastexperiments,this is doneby
assigningdelaysto links on the IP multicasttree. For in-
stance,on the multicastpath from the server C0 to client
C3, we assign�6UDU msto the link betweenrouterR3 to C3
andassignU msto theotherlinks. Thusthedelayfrom C0
to C3 is �DU6U ms. In the HyperCastexperiments,we �rst
�x the overlay multicasttreeby specifyingthe logical ad-
dressesof theserverandclients,thenassigndelaysto links
accordingto theoverlaytree.Let � K•+6b �gM denotetheunicast
delayfrom the server + to client � , and � K �Cb;„JM denotethe
delayon the unicastpath from client � to client „ . Then

� Kw+Db;„JM 	�� K•+6b �gM

L

� K �Cb;„JM whereclient � is theparentof
client „ . For example,the delayon the unicastpathfrom
C0 to C2 is ”DU6U ms; sinceC2 is the parentof C7 andthe
server-to-clientdelayfrom C0 to C7 is 1��6UDU ms,we assign
adelayof 1 �DUDU msto theunicastpathfrom C2to C7.

Figure5 givesthe performanceresultswhenthe server
multicastrate is � � Kbps and all � clients emulateclient
trace6. Themulticastschemein theFigure5(a) is IP mul-
ticastwhile it is HyperCastin Figure5(b). The threelines
in the�gures representaverageseektime,transfertimeand
latency time respectively. In eitherIP multicastor Hyper-
castcase,althoughthe clients' delaysrangefrom U ms to

p

1NUDU ms, the clients have almost the sameaverageseek
time, transfertime andlatency time. Largerdelaysdo not
imply worseperformance.Similar resultsareobserved in
otherexperimentswith differentmulticastratesandclient
traces.Basedon theresults,we concludethatnoneof seek
time, transfertime andlatency time is sensitive to delays.

5.2. Effect of multicast rate

While we investigatetherelationshipbetweenthemulti-
castrateandclient-perceivedperformance,we averagethe
performancevalueson all the � clientsin eachexperiment.
Figure6(a)and6(b) show theresultsof theclientsrunning
on client trace3 usingIP multicastandHyperCastrespec-
tively. In the �gures, as the multicastrate increases,the
averageseektime, transfertime andlatency time decrease
dramatically. Theperformancevaluesareroughlyinversely
proportionalto themulticastrate. We have similar emula-
tion resultsin theexperimentsonotherclient traces.There-
fore, to improve performance,the multicastserver should
useas much bandwidthas it can get betweenthe server
andclientsduring themulticastsession.However, the rate
shouldnotexceedtheavailablebandwidthin orderto avoid
packet loss on links becausepacket loss impairs perfor-
manceremarkably(wewill discussthecasesof packet loss
in theSection5.4).

The result also proves the effectivenessof multicast.
Evena rateof � � Kbps,which is no morethana modem's
bandwidth,canprovide tolerableaveragelatencies.When
therateis ”DU6U Kbps,which is applicablein mostbroadband
networks,theaveragelatency time is lessthan � seconds.

Thelatency time usingHyperCastis outperformedfrom
p��

to �

�

by thatin IP multicast.In theHyperCastexperi-
ments,whenamiddlewaredatasegmentis sentto thetrans-
port layer, HyperCastaddsits own headerto the front of
thesegmentto form anHyperCastframebeforesendingthe
datato the underlyingnetwork. The overheadof the Hy-
perCastframeheaderpreventsHyperCastfrom delivering
applicationdataasef�ciently asIP multicastdoes. How-
ever, theperformancedifferenceis smallandHyperCastis
still effective for disseminatingdata.

5.3. Effect of object size

As we look into an object,we �nd that the numberof
documentsandpageswithin theobjectalsoaffectstheper-
formance.Figure7 givestheperformanceversustheaver-
agenumberof documentsperobjectin the � client traces,
wheretheserver multicastrateis � � Kbps. The seektime
decreaseswith thegrowth of thenumberof documentsper
object.An intuitiveexplanationis thata new receivedpage
is morelikely to belongto a requestedobjectwhentheob-
jectcontainsmoredocuments.Ontheotherhand,thetrans-



Figure 5. Effect of delay.

Figure 6. Effect of multicast rate .

Figure 7. Effect of doc/obj.

Figure 8. Effect of page/obj.



fer time andlatency time increaseasthe numberof docu-
mentsperobjectgrows.Thisis becauseanobjectwith more
documentsneedsmoretimeto receiveall its pagesfrom the
multicastchannel.In the �gures, whenthenumberof doc-
umentsperobjectis lessthan

p

x � docs/obj,theseektime is
thedominatingfactorof thelatency time. Thetransfertime
becomesthe dominatingfactorwhenthe numberof docu-
mentsperobjectis morethan

p

x � docs/obj.Therelationship
betweenthenumberof documentsperobjectandthetrans-
fer time shown in the �gures providesadditionalevidence
of theimportanceof consideringdocumentdependenciesin
multicastscheduling(asin [14]).

Figure 8 plots the performancecorrespondingto the
numberof pagesin an object. They arerunningon client
trace8 with themulticastrateof ”6UDU Kbps.With theincre-
mentof thenumberof pages,theseektimedecreaseswhile
the transfertime and latency time increase.However, the
effect becomeslesspronouncedwhenthenumberof pages
turnslarger.

5.4. Packet loss

In the previous experiments,the multicast tree is reli-
ablein deliveringpages.However in theInternet,links are
likely to experiencepacket loss. This subsectiondiscusses
thecasesin whichpacketsarelost. Wesetuptwo machines
in Emulabto run a multicastserver andclient respectively.
Weassigndifferentlossratesontheirconnectionto emulate
thevariousdegreesof packet loss.

Figure9 shows how the packet lossaffects the perfor-
mance. The experimentsemulateclient trace8 with the
multicastrateof � � Kbps.While thepacket losshasasmall
impacton theseektime, it substantiallyincreasesthetrans-
fer time which makesup mostof the latency time. We ob-
serve that a small lossrate 1

�

cancausethe latency time
to increase1 �

�

and 1 �

�

in the IP multicastand Hyper-
Castexperimentsrespectively. When the loss rate is �

�

,
thelatency time is increasedby ���

�

and � 1

�

. Figure9(a)
and9(b)plot theperformanceunderawide rangeof packet
lossrate. The IP multicastexperiments'resultsfollow our
theoreticalanalysisin Figure4. Theperformancedegener-
ateswith thegrowth of packet lossanddropsdramatically
around• 	 U x � . However, the curve of the HyperCastin
Figure 9(d) reachesa kneearound• 	˜U x � . The reason
is thatHyerpCastoverlaymulticastnetwork becomesvery
dif�cult to be maintainedwhenmore than �DU

�

messages
arelost. TheHyperCastoverlaymulticasttreeperiodically
crashesduringthemulticastsession2 . Therefore,it is im-
portant for an end-to-endmulticast systemin challenged
networks to have its overlay network strongly resistantto
packet loss.

2Note that in thecaseof extremelyhigh ratesof loss,the IP multicast
treecanalsocrashin similarways.

6. Conclusions

Basedon our theoreticalandexperimentalanalysis,we
make thefollowing observations.

In thecasesthat thereis no packet loss,theapplication-
perceived multicastpushperformanceis insensitive to the
server-to-clientdelay. The multicastrate,which is limited
by the availablebandwidthfrom the server to clients, is a
dominatingfactor that affects performance. The average
seektime, transfertimeandlatency timeareall roughlyin-
verselyproportionalto themulticastrate.At thesametime,
the object size also remarkablyaffects the performance.
The moredocumentsandpagesin a requestedobject, the
morewaiting time theclient will experience.However, as
the numberof documentsor pagesincreases,its effect on
performance�attens out.

Experimentsalso show that, using multicast push in
MSMDD, theserversatis�esclient requestswithin shortla-
tency time with low bandwidthcost.Whentheserver mul-
ticastsat thesamerate,theaveragelatency time perceived
by applicationswhenusingHyperCastis almostthe same
asthatperceivedby applicationswhenusingIP multicast.

The application-perceived performanceis notably im-
pairedby packet losson themulticasttrees.Whentheloss
rate is below Uix � , the performancedamagein the Hyper-
Cast experimentsis near that in the IP multicast experi-
ments.However, whenthelossratebecomesmoreserious,
performancein theHyperCastexperimentsdropsdramati-
cally dueto thecrashesof theHyperCastoverlaynetwork.
Thereby, HyperCastdoesnot toleratepacket lossasmuch
as IP multicast. It is expectedthat if Forward Error Cor-
rectionbasedon erasurecodes[17] is appliedto the data
transmissionin themulticastsystem,it canreducetheper-
formancedamagecausedby packet losses.Furtherwork is
neededto evaluatehow effective theerasurecodesimprove
theapplication-perceivedperformance.

As shown in thepaper, a largemulticastratecaneffec-
tively improve theperformance.However, theevident im-
pairmenton theperformanceby packet lossesrequiresthe
rateto keepbelow theavailableserver-to-clientbandwidth.
Theselectionof multicastratesis mademorecomplicated
by the fact that theavailablebandwidthto differentclients
is oftenvariousin a heterogeneousnetwork. A solutionto
this problemis layeredmulticast[6, 7], in which theserver
multicaststhe dataat different layers(channels)with dif-
ferentratesandclientssubscribeto asmany layersasthey
can only if the accumulatedrate at the subscribedlayers
doesnotexceedstheavailablebandwidth.Thescopeof our
evaluationof theapplication-perceivedperformanceis to be
extendedto the layeredmulticastenvironment. This study
concernsto anumberof challengingresearchtopicssuchas
thelayeredmulticastschedulingthatwe areactively work-
ing on.



Figure 9. Effect of packet loss
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