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ABSTRACT
To serve asynchronousrequestsusingmulticast,two categoriesof
techniques–streammerging and periodic broadcasting–have been
proposed.For sequentialstreamingaccess,whererequestsareun-
interruptedfrom thebeginningto theendof anobject,thesetech-
niquesarehighlyscalable:therequiredserverbandwidthfor stream
merging grows logarithmically asrequestarrival rate,andthe re-
quiredserver bandwidthfor periodicbroadcastingvarieslogarith-
mically astheinverseof start-updelay. A sequentialaccessmodel,
however, is inappropriateto modelpartialrequestsandclient inter-
activity observed in variousstreamingaccessworkloads.This pa-
per analyticallyandexperimentallystudiesthe scalabilityof mul-
ticastdeliveryunderanon-sequentialaccessmodelwhererequests
start at randompoints in the object. We show that the required
serverbandwidthfor any protocolproviding immediateservicegrows
at leastasthe square root of requestarrival rate,andthe required
serverbandwidthfor any protocolproviding delayedservicegrows
linearly with the inverseof start-updelay. We alsoinvestigatethe
impact of limited client receiving bandwidthon scalability. We
optimize practicalprotocolswhich provide immediateserviceto
non-sequentialrequests.Theprotocolsutilize limited client receiv-
ing bandwidth,andthey arenear-optimalin thattherequiredserver
bandwidthis verycloseto its lowerbound.

1. INTRODUCTION
Streamingmediadelivery presentsa formidablestrain on server
and network capacity. With the mushroomingdemandfor large
electronicartifactsstoredin Internetserversrangingfrom Video-
on-Demandserverstosoftwarerepositoryservers,multicastemerges
asapromisingscalabledelivery techniquefor suchcontent.

Multicastcanbeusedin botha demand-driven(closed-loop)fash-
ion and a data-centered(open-loop)fashion. In closed-loopap-
proaches,servicestartsassoonasa requestis made.However, as
time goesby, it is possiblethat the servicebe delegatedto an ex-�
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isting multicaststream.For example,considera scenarioin which
two clientsdownloadaone-hourvideo,with thesecondclientstart-
ing oneminuteafter the first. Serviceto the secondclient starts
immediatelythrough a dedicateddelivery of the first minute of
the video to that client, with the remainingfifty nine minutesob-
tained(andbuffered for playoutoneminute later) by joining the
first client’s multicastchannel.In open-loopapproaches,a server
multicaststheobjector thesegmentsof theobjectperiodically, and
clientssimplyjoin suchmulticastchannels.Sinceaserveris not in-
teractively respondingto requestarrivals,clientsmayhave to wait
beforeservicecouldstart.

Bothclosed-loopandopen-loopapproacheshavebeenwell-studied,
includingtheearlybatching[13, 15], piggybacking[23, 24,2, 30],
andstreamtapping/patching[10, 27, 9, 22, 41, 8] techniques,as
well asthe morerecentstreammerging [17, 18, 19, 7, 14, 33, 6,
44] andbroadcastingprotocols[43, 3, 28, 16, 21, 29, 36, 37, 38,
40, 39, 26, 42]. Two particulartechniques—streammerging and
periodicbroadcasting—have beenshown to behighly scalable.

Streammergingoriginatedwith thework of Eager, Vernon,andZa-
horjan[17, 18,20]. With streammerging,server bandwidthgrows
logarithmically with requestarrival rate(or theaveragenumberof
clientsrequestinganobjectsimultaneously).Periodicbroadcasting
wasintroducedby ViswanathanandImielinski [43]. With periodic
broadcasting,clientsmayobserveasmallstart-updelaybut there-
quiredserver bandwidthgrows logarithmically with theinverseof
thatstart-updelay. Bothstreammergingandperiodicbroadcasting
techniquesarebuilt on theassumptionsthatclientshave higherre-
ceiving bandwidththantheobjectplaybackrate,andthatthey have
local storageto keepprefetchedportionsof theobjecttemporarily.

The scalabilityof both streammerging andperiodicbroadcasting
restsontheassumptionof sequentialaccess.Thatis, clientsrequest
anobjectfrom thebeginningandplay it without interruptionto the
end. It is unknown how thesetechniquesscalein a non-sequential
accessenvironment,in which clientsmayrequestthesegmentsof
anobject.Indeed,recentstudieson thecharacterizationof stream-
ing accessworkloads[34,25,12,4] haverevealedthatclientaccess
is seldomsequentialdueto frequentclientinter-activity. While sev-
eral studieshave tried to minimize thebandwidthrequirementfor
non-sequentialaccessin Video-on-Demandservers [5, 31, 32, 1,
11, 35], it is still unknown what arethe potentialsandlimitations
of multicastdelivery in anon-sequentialaccessenvironment.

Wegivetwo exampleapplicationswith non-sequentialaccesschar-
acteristics.The first exampleis interactive Video-on-Demandfor
remotelearningin aneducationalenvironment,or for pressreleases



in a corporateenvironment,for example. Herea potentiallylarge
number

�
of clientsmay requestan objectwithin a shortperiodof

time (e.g., aftera lectureis released,or aftera pressreleaseis put
out), but not all of themmaysettlefor a continuousplayoutfrom
beginning to end. Specifically, clientsmay jump frequentlyusing
VCR functionality suchaspause,fast-forward, skip, andrewind.
Clearly, it is desirablethattheserverbeableto supportavery large
numberof simultaneousrequestswhile minimizing thestart-upde-
lay for theserequests.Thesecondexampleis real-timelargesoft-
waredistribution applications.Herea largenumberof clientsmay
needto downloadanew softwarereleasesimultaneously, or within
a very shortperiodof time, possiblyin reactionto a cyber threat,
or to fix asoftwarevulnerability. Theentirelargesoftwarepackage
couldbeviewedasa streamingobjectandservedusingmulticast.
However, differentclientsmayrequiredifferentcomponentsof the
softwaredueto customizedinstallations,for example. This trans-
latesto “jumps” in theprocessof accessingtheobject.

Paper Contrib utions and Overview
This paperconsiderstheproblemof usingmulticastto serve non-
sequentialrequests.Undera simplenon-sequentialstreamingac-
cessmodel,we derive a tight lower boundon the requiredserver
bandwidthfor any protocolsproviding immediateor delayedser-
vice. The lower bound is validatedthroughsimulation. It also
appearsthat this lower boundholds for moregeneralcases.Our
resultsindicate that the scalability of multicastdelivery undera
non-sequentialaccessmodelis notasgoodasthelogarithmicscal-
ability achievable undera sequentialaccessmodel. Specifically,
we show that for non-sequentialaccessthe requiredserver band-
width for any protocolproviding immediateservicegrows at least
asfastasthesquare root of requestarrival rate,andthattherequired
serverbandwidthfor any protocolproviding delayedservicegrows
linearly with the inverseof thestart-updelay. We alsostudyhow
limited client receiving bandwidthmayimpactscalability. Finally,
weproposepracticalandverysimpledeliveryprotocolsthatrequire
server bandwidthvery closeto the lower bound. Theseprotocols
provide immediateserviceto clients,andthey assumeonly limited
client receiving bandwidth.

Thepaperis organizedasfollows. Section2 presentssomeback-
groundknowledgeand relatedwork on streammerging and pe-
riodic broadcastingtechniques.In Section3, we derive the lower
boundsonrequiredserverbandwidthunderasimplenon-sequential
accessmodel. Section4 presentssimulationresultsthat validate
our analytical resultsundermore realistic non-sequentialaccess
models. In Section5, we study the impact of limited client re-
ceiving bandwidth. In Section6, we presentoptimizedmulticast
delivery protocolsfor non-sequentialaccess.We concludein Sec-
tion 6 with asummaryandwith directionsfor futurework.

2. BACKGROUND AND RELATED WORK
Thissectionbrieflydescribestwoprevioustechniques,streammerg-
ing and periodic broadcastingwhich utilize multicastdelivery to
serve streamingmediaobjects. We presentresultsfrom previous
work on the scalability of thesetechniqueswhen streamingac-
cessesaresequential.In addition,we introducea non-sequential
accessmodel(andnotationsthereof)usedin this paper.

2.1 StreamMerging
In streammerging, a server immediatelydeliverstheobjectin re-
sponseto a client’s request. This meansthat the server initiates
a streamfor the client. However, assumingthat the client receiv-

0 4 6 8 10

A

C

B joins A

C joins A

C joins B
B

2

(a)
0 4 6 8 10

A

C

B

C joins B

B joins A

2

(b)

Figure 1: An example of hierarchical stream merging. (a)
Client receiving bandwidth is twice the object playback rate.
(b) Client receiving bandwidth is 1.5times the playback rate.

ing bandwidthis higher than the object’s playbackrate (it is of-
ten assumedthat the client can receive up to two streamsat the
sametime), it is possiblefor theclient to listento asecondongoing
streamof thesameobject,which wasinitiatedby anearlierclient.
As time goesby, it is possiblethat the first streambecomesno
longernecessarysinceits futurecontentwould have beenalready
prefetchedfrom thesecondstream.Thus,theclient is ableto join
anongoingmulticastsessionby virtue of making-upthecontentit
missedfrom that sessionusinga dedicatedstream. This process
of merging with multicastsessionsthat startedearlier(andin the
processpruningsessionsthat startedlater) canbe repeatedmany
times,giving rise to hierarchical streammerging [20] asopposed
to the streamtapping/patchingtechniqueswheremerging occurs
only oncefor eachclient.

Figure1 givesan examplewherethreeclients(� , � , and � ) re-
questan objectat times0, 3, and4, respectively. Figure1(a) as-
sumesthattheclients’receiving bandwidthis twicetheobjectplay-
backrate.Theserver initiatesonestreamfor eachclient. Client �
alsolistensto thestreamfor � andprefetchesdatathere.At time
5, thestreaminitiatedfor � is no longernecessarysince � hasal-
readyprefetchedandwill keepprefetchingdatafrom thestreamfor� . Fromthispointon, � startsto listento thestreamfor � . Notice
that, � startsto listen to the first streamearlier. � virtually joins� at time 6 and � joins � at time 8. Also noticethat,aftertime 6,
thestreaminitiated for � is no longernecessaryfor � , but � has
yet to retrieve segment[3,5] of theobject. Theserver mayinitiate
a streamagain for � , or simply prolongsthestreamfor � by two
unitsof timeuntil � joins � (asshown in thefigure).

It is oftenthecasethatclient receiving bandwidthis lessthantwice
theobjectplaybackrate.Bandwidthskimmingprotocols[19] work
well in this case.Eachstreamis divided into � substreamsusing
fine-grainedinterleaving, where � is a positive integer. Eachsub-
streamis thentransmittedonachannelwith rateequalto ���	� times
theobjectplaybackrate. Streammerging is possibleif clientscan
receive at least 
��
���	� substreamsat the sametime. Figure1(b)
givesan examplewhen ����� . In time interval [4,5], � receives
two substreamsof its own andprefetchesonly onesubstreamof� . After that, in time interval [5,6], � needonly receive onesub-
streamof its own andprefetchesthe two substreamsof � . Even-
tually, � joins � at time 6. Similarly, � joins � at time 9, and� joins � at time 12. A salientfeatureof bandwidthskimming
is thatwhenclient receiving bandwidthis slightly higherthanthe
objectplaybackrate(e.g., by 25%),therequiredserver bandwidth
is still comparableto thatunderanunlimitedreceiving bandwidth
assumption.
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Figure 2: The scheduleof Skyscraper broadcastingwith 7 seg-
ments.The transmissionplans for two clientsareshown by the
shadedsegments.Each client receivesat most two segmentsat
the sametime, and cancontinuouslyplay out the object after a
start-up delaysmaller than the duration of the first segment.

It hasbeenshown thatunderbothunlimitedandlimited receiving
bandwidthassumptions,the requiredserver bandwidthincreases
logarithmicallywith requestarrival rates[20]. Thus,streammerg-
ing substantiallyoutperformsstreamtapping/patchingtechniques
wheretherequiredserverbandwidthincreasesasthesquarerootof
requestarrival rate[22, 20].

2.2 Periodic Broadcasting
In periodicbroadcastingschemes,alongobjectis dividedinto ase-
riesof segmentswith increasingsizes.Eachsegmentis periodically
broadcastedon a dedicatedchannel. Whena client is playing an
earliersegment,latersegmentsareprefetchedinto theclient’s local
buffer. To makethispossible,theclientmusthavehigherreceiving
bandwidththantheobjectplaybackrate.Likestreammerging, it is
oftenassumedthatclientscanreceive two streams/segmentsat the
sametime. The segmentsizeprogressionis madein sucha way
so that oncethe client startsplaying the first segment,the whole
objectcanbeplayedout continuously.

Two importantperformancemetricsof periodicbroadcastingproto-
colsaretherequiredserver bandwidthandthestart-updelay. The
requiredserver bandwidthis proportionalto the numberof seg-
ments,which is fixed andindependentof the requestarrival rate.
The maximumstart-updelay is equalto the durationof the first
segment. A desirablepropertyof periodicbroadcastingprotocols
is that thesmallfirst segmentpermitsa smallstart-updelaywhile
thelarger latersegmentsallow thetotal numberof segmentsto re-
mainsmall. To achieve thebesttradeoffs betweenthesetwo met-
rics,abroadcastingprotocolneedsto find thequickestsegmentsize
progression.

Variousperiodicbroadcastingprotocolshave beenproposedin the
literature.To understandthegeneralideabehindtheseprotocols,it
sufficesto describeoneexample,theSkyscraper broadcasting [28]
protocol. Skyscraperbroadcastingassumesthat client receiving
bandwidthis twice theobjectplaybackrate.Theseriesof segment
sizesis 0 1,2,2,5,5,12,12,25,25,52,52,...1 . The broadcastschedule
with seven segmentsis shown in Figure2. The figure shows that
two clients,startingin time interval (1,2)and(16,17),respectively,
areservedwith delaylessthanoneunit of time,andhenceforthcan
continuouslyplay out theobject. Thesetwo clientshave different
transmissionschedules,asshown by theshadedsegments;noneof
themneedsto receivemorethantwo segmentsatany time.

The segmentsizeprogressionof Skyscraperbroadcastinghasthe

following property: the size is at leastdoubledevery two steps.
Differentbroadcastingprotocolsmay have differentsegmentsize
progressions,e.g., geometricseriesandFibonacciseries,but it is
commonthatthesizeincreasesexponentially. Thus,thetotalnum-
berof segments(which is proportionalto therequiredserverband-
width) is a logarithmic functionof the inverseof thefirst segment
size(which is proportionalto thestart-updelay).

2.3 Notation and Assumptions
Someof the notationusedin this paperarelisted in Table1. Let2

be the lengthof an objectin bytes. Assumingthat suchan ob-
ject is playedout at a constantbit-rateof onebyte per unit time,
its durationis also

2
unitsof time. Weconsiderthefollowing sim-

ple model for non-sequentialaccesses.Requestarrivals follow a
Poissonprocesswith arrival rate 3 . Eachrequestis for a segment
of size 4 which startsfrom a randompoint in the object. We as-
sume 465 2 . For simplicity, we assumethat theobjectis cyclic,
which meansthat accessmay proceedpastthe endof the object
by cycling to thebeginningof theobject. Parameters

2
, 3 , and 4

uniquelyspecifyaworkload.

For easeof presentation,we introducetwo otherquantities7 and8
, which arederived from the threebasicparameters

2
, 3 , and4 . Let 7 denotethe averagenumberof clientsbeingservicedat

the sametime. Using Little’s Law, it follows that 79�:3;4 . To
assessthescalabilityof a multicastdelivery protocol,it is custom-
ary to find out how theserver bandwidth� grows asa functionof7 . Similarly, let

8
denotetheaveragenumberof requestsover a

periodof time
2

. Again, it follows that
8 �<3 2 . Notice thatby

definition,
89= 7 . It alsohelpsto understandthatif 4�� 2 ��> for

example,then
8 �?>�7 .

Let @ denotethe maximumdelay beforeservicefor a requestis
started. Underan immediateserviceassumption,@A��B . Thus,
immediateserviceis a specialcaseof delayedservice. For clar-
ity, in our analysisof thenext section,we first considerimmediate
service,andthenconsiderthegeneraldelayedservice.

Let C denotetheclient receiving bandwidthin unitsof objectplay-
backrate. For example, CD�E� meansthe client canreceive two
streamsat unit playbackratesimultaneously. We first assumethatC is unlimitedin thederivationof thelower boundon therequired
server bandwidth. In Section5, we usesimulationsto show that
whenclientreceivingbandwidthis limited, therequiredserverband-
width increasesslightly.

Finally, consideringthat storageis not expensive, we assumethat
the clients have large enoughbuffers, and thus can always keep
prefetcheddatain their buffers.

2.4 Scalability of Multicast Delivery
for SequentialAccess

For sequentialaccess,requestsstartfrom thebeginningof theob-
ject and continueuninterruptedlyuntil the end. Thus, 4E� 2

.
EagerFHGJILK�M [20, 33] derived a tight lower boundon the required
server bandwidthfor any protocol(includingstreammerging) that
providesimmediateservice.Thelowerboundis:

�ONQPRPTSVU�NXWZY[S�\ ]VS_^V`	S_a	YXNbWZcPRNQa	NdPe`fP �
g
h @jiik�l���	3

� mQno
b7E�l�	��M (1)



Notation Definition2
objectduration(or lengthin bytes,assumingonebyteperunit time)3 client requestarrival rate4 durationof eachrequest7 averagenumberof clientsbeingservicedat sametime. This quantityis equalto 3;4 .8
averagenumberof requestsarrivedin

2
. Thisquantityis equalto 3 2� requiredserverbandwidth(in unitsof objectplaybackrate)@ maximumstart-updelayfor eachrequestC client receiving bandwidth(in unitsof objectplaybackrate)

Table1: Notationsusedthr oughout this paper.

Theboundis derivedby consideringanarbitrarily smallportionof
the objectat offset i . This portion is multicasted.Later requests
mayjoin themulticast,until thefirst requestaftertime i whichhas
missedthis portion. On average,theserver needsto multicastthis
portionagain after time ip�q���	3 . This boundcanbeextendedby
addingastart-updelay@ asfollows:

�pUZS_crWtsf\ ]VS_^V`	S_a	YXNbWZcPeNda	NQPR`fP �
g
h @jiik�u@v�l���	3

� mQno
 73w@x�l� �l�	��M (2)

For periodicbroadcastprotocolswhich assumearbitrary large 3 ,
theabove lowerboundis:

�zy{S}|�NX~�U�NX��\ ]VS_^�`	S}a	YXNbWZcPeNda	NdPe`fP �?mQno
 2 @ �l�	��M (3)

In summary, with sequentialaccess,(1) the lower boundon the
requiredserver bandwidthfor any protocol providing immediate
servicegrows logarithmicallywith requestarrival rate,and(2) the
lowerboundontherequiredserverbandwidthfor any protocolpro-
vidingdelayedservicegrowslogarithmicallywith theinverseof the
start-updelay. Theseresultsprovidethebasicscalabilityarguments
of multicastdeliveryunderasequentialaccessmodel.

3. MULTICAST DELIVER Y
WITH NON-SEQUENTIAL ACCESS

In this section,we considernon-sequentialaccessandderive tight
lower boundson the requiredserver bandwidthfor any protocol
providing immediateserviceanddelayedservice.We assumethat
client receiving bandwidthis unlimited.

3.1 Scalability of ImmediateServiceProtocols
We considerprotocolsthat provide immediateserviceunder the
simplenon-sequentialaccessmodeldescribedin the last section.
Let usconsideranarbitrarilysmallportionof theobject,sayabyte.
Assumethat at time 0, this byte is multicasted.The questionis,
whendoesit needto bemulticastedagain?

Considertherandomvariable� which is thetimeelapseduntil this
byte must be multicastedagain—i.e., � is the latestpoint in time
beyondwhicharequestwouldbedelayedif thebytewerenotmul-
ticastedagain. Clearly, at time � this byte must be immediately
neededby somerequestbecause,otherwise,themulticastingof the
byte could have waited,which by definition of � is not the case.
Sucha requestmusthave beeninitiatedafter time 0 because,oth-
erwise, the byte could have beenretrieved from the multicastat
time 0. Our ultimategoal is to computehow frequentlythebyteis

served—i.e., theexpectationof � . To doso,it sufficesto derive the
probabilitydensityfunctionof � , denoted��
�Mr� . Wedosobelow.

Considerthearrival process0t��1 , whereevent � is theplayoutof
the byte by somerequest.It is obvious that this arrival processis
a Poissonprocesswith an arrival rate ����3;4�� 2 ��7�� 2 . That
is, on averagethe byte is playedout 7 times in

2
. As we ex-

plainedearlier, theplayoutof thebyteby somerequestat a given
momentdoesnot necessarilymeana multicastof the byte at that
precisemoment. Thus, what we are interestedin is anotherar-
rival process—namelythosearrivals in 0t��1 that necessitatethat
the byte be multicasted again. Let 0t�u�}1 denotesuchan arrival
processandlet �T� denotethearrival ratefor thisprocess.

Arrivals in 0t�u�}1 areclearly a subsetof arrivals in 0t�l1 . Specifi-
cally, an arrival in 0Z��1 that could have retrieved the byte at timeB must be excludedfrom 0t�u�}1 sincesuchan arrival would not
requirea re-multicastingof thebyteat time � . Assumethatanar-
bitrary � occursat time i . If i���4 , thenwith probability i��	4
it is alsoan event of 0t�u�}1 . If i = 4 , then � is certainly(with
probability1) aneventof 0t� � 1 . Therefore,thearrival rate � � is a
functionof thearrival time i :

� � 
bi���� �ei���4�� if i���4��� if i = 4
This observationis mademoreclearin theillustrationbelow.

�
Time �

����}� �_�

0 � � �
� � �

� �

�

�

Wheniu�?B , �T��
bio����B , sincecertainlyaneventof 0t�l1 is notthat
of 0t�u�}1 . When i increases,�T��
bio� increaseslinearly until i��D4 .
When i���4 , an event of 0Z��1 is certainlyan event of 0t�u�}1 , so�T��
bio����� .

We arenow readyto derive themarginal anddensityfunctionsof
the randomvariable � . To do so, we first computethe expected
numberof events�u� beforetime i .

� 
Xi����  
h � � 
bio�b@ji

� ¡  �¢£�¤ � if iu�¥4�¦
biO§ ¤ £ ��� if i = 4
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Figure 3: Lower bound on required server bandwidth for im-
mediateserviceprotocols,varying with the number of simulta-
neousrequests7 and segmentrequestarri val rate

8
.

Noticethattheprobabilitythatthereis noarrival over time interval
XB¨�}io� is equalto F�©¨ª¬«  H­ sincethearrivalsareindependent.Hence,
themarginaldistribution functionof � is:® 
bio�¯� °k0t� = i�1

� �T§u°z0 noarrival in interval 
dB���i���1
� �±§²F³© � � ¢¢ � � if i���4

�±§²F³© ¡ «   © �¢ ­ � if i = 4
Consequently, theprobabilitydensityfunctionis:

��
bio�¯� @ ® 
Xi��@ji
� ¡  ¤ F�© � � ¢¢ � � if i���4

�eF�© ¡ «   © �¢ ­ � if i = 4
Theremainderof thederivationis straightforward.Wecomputethe
expectationof � asfollows:

´kµ �·¶¸�
¹
h i��;
Xi��X@ji

� �j4�Aº 

»
� � ��4� ���uFo¼

� �¢ 
�4O� �� ���
wherethe incompletegammafunction º 
bI½�}¾��¿� Àh i W ©ÂÁÃF�©   @�i .
Finally, weobtaintheaveragerequiredserverbandwidthas

� � 2´kµ �·¶
� 2

£�¤¡ º 
�Ä£ �
¡ ¤£ ���uF ¼ � �¢ 
�4O� Á¡ � M

Substituting� with 7²� 2 and 4 with 7 2 � 8 , we obtainthe fol-
lows

� � �£Å º 
 Ä £ �ÂÆ ¢£ Å �½�uF ¼oÇ
¢¢ÉÈ 
¨ÆÅ � ÁÆ �

M (4)

The above, seeminglycomplex result can be greatly simplified.
When 7 £
Ê � 8 , the incompletegammafunction º 
jÄ£ � Æ ¢£ Å � ap-
proachesthe completegammafunction º 
 Ä £ �ÉË��²�ÍÌ ÎÏ�w� very

fast.Also, sinceF ¼oÇ ¢¢ÉÈ approacheszerovery fast,F ¼oÇ ¢¢ÉÈ 
;ÆÅ � ÁÆ �
is insignificant.Hence,�ÑÐ � 8 �tÎÒÐÓB¨MÕÔ	Ö	Ô Ì 8 . This means
thatwhen

8
is of thesameorderas 7 , therequiredserver band-

width is at the order of Ì 7 . This lower boundis much higher
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Figure4: Lower bound varying with 7 when
8

is fixed.

thanthelogarithmicbandwidthrequirementof streammerging for
sequentialrequests.

Generally, when
8

increases,� also increases. For example,
when � 8 ��7 £ , we computethelower boundto be �ØÐ�B¨MÕÙt>�7 ,
which is comparableto therequiredserver bandwidthundera uni-
castservice. Furtherincreasing

8
resultsin diminishingthe ad-

vantageof multicastdelivery, especiallywhenmulticastoverhead
is takeninto consideration.

For the generalcase,it is easyto numericallysolve equation(4).
Wehavedonesoby varying 7 from 1 to 1000andvarying

8
from7 to �tB	B�7 . Theresultsareshown in Figure3. FromFigure3(a),

we observe that the requiredserver bandwidthincreasesvery fast
when

8
increases( 4 decreasessince 4q�A7 2 � 8 ). Eventually,

it is closeto that of a unicastservice. Notice that for sequential
access,streammerging techniqueshave the requiredserver band-
width lower boundmrÚ	Û�
b7:�q�	� , which would beat thebottomof
theplot (not shown here).Figure3(b) shows thesameplot except
that theaxesarein log-scale.We observe that thelog-valueof the
lower boundis approximatelylinear to thoseof 7 and

8
. This

is becauseof the power-law relationshipbetween� and 7 : the
lower boundon bandwidthis at theorderof Ì 7 when

8
is close

to 7 , andwhen
8

increasesto theorderof 7 £ , the lower bound
increasesto theorderof 7 .

In Figure4, to betterillustratethelowerbound’sbehavior, weplot-
tedit by fixing

8
at severalvalues,but varying 7 up to

8
. Note

that here 3 is fixed,so increasing7 meansincreasing4 . As can
beobserved from thefigure,when 7 is small, therequiredserver
bandwidthincreaseslinearly with 7 . When 7 is large, the re-
quiredserverbandwidthis boundedby theconstantB�MÕÔ	Ö	Ô Ì 8 .

Note: Theanalysiswe presentedin this sectionassumesconstant
segmentsizes.For thegeneralcase,whenthesegmentsizeis vari-
able,we found it difficult to derive the lower boundanalytically.
Moredetailsaregivenin Appendix.

3.2 Scalability of DelayedServiceProtocols
We now focus on the more generalcase—protocolsthat provide
servicewithin a fixed delay. We use the non-sequentialaccess
model describedin the last section. Requestsare satisfiedin a
slightly differentway. Eachclient tolerateswaiting for an inter-
val of @ time units (bytes)beforeit plays the requestedsegment
of the object. During this interval, the client joins otherstreams
to retrieve the bytesthat will be played. Oncethe client startsto
play the object,it continuesretrieving later byteswhenever avail-
able. The client initiatesa streamfor thosebytesthat cannot be
retrievedfrom otherongoingstreams.It is obviousthat theimme-
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Figure 5: Lower bound on required server bandwidth for de-
layedserviceprotocolsvarying with 7 and

8
. The delay is set

to several typical values.

diateservicemodelis a specialcaseof this delayedservicemodel
when@k�?B .

As before,assumethat an arbitrarybyte is multicastedat time 0.
Let � denotethe time when the byte must be multicastedagain.
Comparedto the immediateservicecase,the expectationof � in-
creasesby @ . Hence,wecanderive thelowerboundof therequired
serverbandwidthto be

� � �£Å º 
jÄ£ � Æ ¢£ Å �½�uF ¼oÇ
¢¢ÉÈ 
 ÆÅ � ÁÆ ��� Ug M (5)

If @��¥B , this lower boundis consistentwith equation(4). When@�� 2 is still very small comparedto ��� 8 , this lower boundis
closeto that of immediateservice. Generally, when @ increases,
this lower bounddecreases.However, the rateat which the lower
bound decreasesis no higher than the inverseof @ . This sug-
geststhat theuseof delayedserviceis lesseffective undera non-
sequentialaccessmodelthanit is undera sequentialaccessmodel.
Recallthat for sequentialaccess,periodicbroadcastingtechniques
reducebandwidthrequirementlinearly by increasingservicedelay
logarithmically.

It is straightforward to numericallysolve equation(5). We have
donesoby varying 7 from 1 to 1000,varying

8
from 7 to �tB	B�7 ,

and choosingtypical valuesfor @ (B¨M B	B;� 2 , B¨M B	B;Ù 2 , B¨M B;� 2 , andB¨Mr� 2 ). Resultsareshown in Figure5. We observe thatwhen @ is
small, for example @¥�ÜB¨M B	B;� 2 , the lower boundon bandwidth
is closeto that of immediateserviceshown in Figure3. When @
increases,the lower bounddecreases.For all thecases,the lower
boundis no largerthan

2 �t@ .

It is important to notice that, when @ is larger, the lower bound
approaches

g
U fasteras7 and

8
increase.Furtherincreasesof 7

and
8

donot resultin higherbandwidthrequirement.
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Figure 6: Required server bandwidth for immediate service
protocolsobtained thr ough simulation, varying with the num-
ber of simultaneousrequests7 and segmentrequestarri val
rate

8
.

4. SIMULA TION RESULTS
The lower boundsof the previous sectionwere derived using an
ideal non-sequentialaccessmodelassumingindependentarrivals
andconstantsegmentsizes.To validatetheselower boundsandto
establishtheir robustnessundermorerealisticconditions,we per-
formedextensivesimulationswhichwedescribein this section.

4.1 Immediate Service
Wehavewrittenasimulatorfor aprotocolthatprovidesimmediate
service. Assumingunlimited client receiving bandwidth,a client
retrieveslaterbytesfrom ongoingstreamswhenever possible.If a
byte cannotbe obtainedin this way beforethe time of play, it is
multicastedas late aspossible(at the time of play) so that other
clientscanfully utilize it. We varieda numberof simulationpa-
rameters:7 from 1 to 1000and

8
from 7 to �tB	B�7 . Theresults

areshown in Figure6. To obtaineachpoint in thefigure,weranthe
simulatormany timesandtook theaveragebandwidth.For clarity,
theconfidenceinterval is not shown.

ComparingFigure6 with Figure3, we find that in all cases,the
averagerequiredserver bandwidthobtainedthroughsimulationis
very closeto thatof our numericalanalysis.This is expectedsince
thederivedlowerboundis tight.

Figure7 shows theaveragebandwidthfor somespecialcases.The
figureshows therequiredserver bandwidthobtainedthroughsim-
ulation, the lower bound,andthe requiredserver bandwidth(also
obtainedthroughsimulation)for sequentialaccessfor comparison
purposes.
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Figure 7: Comparison of the scalability of multicast deliv-
ery for immediate service protocolsunder sequentialand non-
sequential accessmodels. Non-sequentialrequestsare gener-
ated such that eachrequeststarts fr om a random point in the
mediaobject.
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Figure 8: Required server bandwidth for immediate service
protocolsobtained thr ough simulation, varying with the num-
ber of simultaneousrequests7 and segmentrequestarri val
rate

8
. Mean segmentsizeis 7 2 � 8 .

In particular, Figure7(a)shows thecasewhen
8 �¥>�7 . That is4�� 2 ��> , i.e., eachclient randomlyrequestsasegmentwhosesize

is equalto one-fourthof the whole object. Figure7(b) shows the
case

8 ���	ÝZ7 . Thatis 4�� 2 �w�	Ý .
From Figure7 we observe that the requiredserver bandwidthfor
non-sequentialaccessincreasesquite fast. Both the resultsfrom
simulationandthelower boundaremuchhigherthanthosefor se-
quentialaccess.We have alsocomparedtherequiredserver band-
width for sequentialaccesswith its theoreticalvalue(not shown),mQÚ	Û¨
b7E�l�	� , andfoundthatthey matchwell.

For sequentialaccess,therequiredserverbandwidthincreaseslog-
arithmically with requestarrival rate. For non-sequentialaccess,
therequiredserver bandwidthincreaseswith thesquareroot of 7 .
In addition,we observedthatwhen

8 �Þ�	ÝZ7 therequiredserver
bandwidthis roughly twice that obtainedwhen

8 �Ü>�7 . This
is consistentwith the fact that the lower boundapproximatelyin-
creasesasthesquarerootof

8
.

4.1.1 Effect of Variable Segment Size
Notethatin ouranalysis(lastsection)andin theabovesimulations,
weassumedthatthesegmentsizeis aconstant4 equalto 7 2 � 8 .
In morerealisticworkloads,thesegmentsizecanvaryaccordingto
somedistribution. Thus,onequestionis whetherthe lower bound
still holdsfor variousdistributionsof 4 .

To answerthis question,we generatedsegmentsizesthat follow
a uniform distribution anda Paretodistribution, respectively. The
meansegmentsizeis 4q�A7 2 � 8 . For theuniform distribution,
we let the segmentsize vary between0 and �j4 . For the Pareto
distribution, we setits shapeparameter� �ß��M B andcomputedits
scaleparameter� to ensurea meansegmentsizeof 4��67 2 � 8 .
We have also performedsimulationswith other valuesof � (not
shown) and found that the correspondingeffects on the required
serverbandwidthwerenegligible.

Figure8 shows theresultsweobtainedfrom simulationswith vari-
ablesegmentsizes. Comparingtheseresultswith thoseobtained
undera constantsegmentsizeassumption(shown in Figure6), as
well as the lower bounds(shown in Figure3), we found that the
differencesarealmostnegligible.

The above resultsleadus to concludethat with variablesegment
sizes,the requiredserver bandwidthalso increasesas the square
rootof requestarrival rate.
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Figure 9: Required server bandwidth for immediate service
protocolsobtained thr ough simulation, varying with the num-
ber of simultaneousrequests7 and segmentrequestarri val
rate

8
. Requestsaregeneratedusingan ON-OFF model. ON-

segment(requestduration) and OFF-segment(jump distance)
follow Paretodistrib ution.

4.1.2 Effect of Request Correlations
Our simulationssofar wereobtainedunderanassumptionthatre-
questsarenot correlatedandthatthey startanywherein theobject.
In thesetof simulationswe describenext, theseassumptionswere
removed. To do so,we generatedrequeststhatexhibit characteris-
tics observedin realstreamingaccessworkloads.

We adoptthefollowing modelfor client inter-activity. Eachclient
startsa session from the beginning of an object. After receiving
a segmentof the object(the ON-segment),the client skipsa por-
tion of theobject(theOFF-segment).This processrepeatsuntil a
requestor a jumpgoesbeyondeitherendof theobject.

In prior studiesthatcharacterizedstreamingaccessworkloads[34,
4], it hasbeenobservedthatthedistributionsof ON-segmentstend
to beheavy-tailed. In particular, theParetodistribution wasfound
to be a closefit. Thus,in our simulations,we generatedrequests
that exhibited suchproperties.For ON periods,we useda Pareto
distribution with parameter� �à� andwe setthescaleparameter� to achieveanaveragesegmentsizeof 4���7 2 � 8 . For OFFpe-
riods,wealsousedaParetodistributionwith parameter� ��� and
we setthe scaleparameter� to achieve an averagejump distance
of 4½�w� . Resultsfrom thesesimulationsareshown in Figure9.

In othersimulationexperiments(not shown) we changedtheaver-
agejumpdistance,aswell asotherparameters.Our resultssuggest
that therequiredserver bandwidthappearsnot to bevery sensitive
to thesevariations.

Figure9(a)showstheresultswhenonly forwardjumpsareallowed.
Thatis, eachclient requestsasegmentandskipsasegmentto con-
tinue,andsoon until theendof theobject. Figure9(b) shows the
resultswhen33%of thejumpswerebackwardjumps.Comparing
theseresultsto the lower boundin Figure3 andthesimulationre-
sultsin Figure6 and8, we foundtherequiredserver bandwidthto
beveryclose.

ComparingFigure9(b) to Figure9(a), we found that with back-
ward jumps,therequiredserver bandwidthdecreasesslightly. We
have estimatedthe differenceandfound it to be up to 15%. This
canbe explainedasfollows. In our simulation,we assumedthat
eachclient hasa large enoughbuffer to keepthe segmentsof the
object that have beenplayed. With backward jumps, it is possi-
ble that the client playsa portion of the objectkept in the buffer.
This is equivalent to introducinga start-updelay for the request.
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Figure 10: Required server bandwidth for immediate service
protocolsobtained thr ough simulation, varying with the num-
ber of simultaneousrequests7 .

8
is setto several values.Re-

questsaregeneratedusingan ON-OFF model.

Hence,it reducestherequiredserver bandwidth.Nevertheless,the
presenceof backwardjumpsdoesnotchangetheasymptoticsquare
root lowerbound.

FromFigure9, wealsoobserve thatwhen
8

is small,therequired
server bandwidthappearslower thanthosein Figures3, 6, and8.
This is expected. When

8
is smaller, the averagerequestdura-

tion is closerto
2

, andsincetheclientsstartto retrieve theobject
from thebeginning,requeststendto be“sequential”.To understand
this moreclearly, we zoomin on the plot in Figure9(a). In Fig-
ure10, we show severalspecialcaseswhen

8 ���Z7 ,
8 �Ò>�7 ,8 �:áZ7 , and

8 �:�	ÝZ7 . Note that when
8

is smaller, e.g.,8 �E�Z7 , the averagerequestdurationis
2 �w� . In this case,ac-

cessis closerto “sequential”,andtherequiredserver bandwidthis
closerto the lower boundfor sequentialaccess.This is evident in
Figure10(a). When

8
increases,accessbecomes“less sequen-

tial”, resultingin a requiredserver bandwidththat is moreaccu-
ratelypredictedby thelowerboundfor non-sequentialaccess.This
is evident in Figure 10(b)-(d). To summarize,with only very few
jumpsduring the time of a completeobjectplayout, the required
serverbandwidthincreasesat leastasthesquarerootof therequest
arrival rate.

4.2 DelayedService
Wehavealsousedsimulationsto validatetherequiredserverband-
width of delayedserviceprotocols.We variedsimulationparame-
ters 7 from 1 to 1000andvaried

8
from 7 to �tB�B�7 . We chose

typical valuesfor @ —namelyB¨M B	B;� 2 , B¨M B�B;Ù 2 , B¨M B;� 2 , andB¨Mr� 2 .

In eachsimulationrun, we first generatea sequenceof requests.
Eachrequestis delayedfor time @ . Duringthisdelay, laterbytesare
fetchedfrom ongoingstreamswhenever possible.Whena client is
playing the object, later bytescanbe still retrieved from ongoing
streams. Any byte that cannotbe obtainedin this manneris re-
trieved from the server directly, andas late as possible suchthat
laterclientscanfully utilize it.
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Figure11: Requiredserver bandwidth obtained thr oughsimu-
lation varying with 7 and

8
. The delayis setto several typical

values.

Theresultsof our simulationsareshown in Figure11. Comparing
thoseresultsto the onesanticipatedin Figure5, we find that, in
all cases,theaveragerequiredserver bandwidthobtainedthrough
simulationsis closeto thatweobtainedthroughanalysis.

Figure12showshow therequiredserverbandwidthvarieswith de-
lay @ . We choose

8 �Ó>�7 , i.e., eachrequestretrievesone-fourth
of the whole object. Figure12(a)shows resultswhen 7â�ãÙtB ,
representinga lesspopularobject,andFigure12(b)shows thecase
when 7ä�å�tB	B�B , representinga highly popularobject. In each
case,weplot thelowerboundfor non-sequentialaccess,aswell as
thatobtainedthroughsimulations.In addition,for comparisonpur-
poses,wealsoplot thebandwidth-delayrelationshipfor sequential
access.In particular, we plot the minimum requiredserver band-
width for periodicbroadcastingin equation(3), and the required
server bandwidthmeasuredfrom simulation for streammerging
(assumingunlimitedclient receiving bandwidth).Ourobservations
aresummarizedasfollows.

First, therequiredserver bandwidthundera non-sequentialaccess
model is muchhigher thanthat undera sequentialaccessmodel.
Thedifferenceis morepronouncedfor morepopularobjects.No-
tice that when @çæäB , the lower boundon requiredbandwidth
undera non-sequentialaccessmodelis closeto B¨MrÔ	Ö	Ô Ì 8 which
is muchhigherthanthe mrÚ	Û�
X7Þ�O�	� lowerboundunderasequential
accessmodel.

Second,undera sequentialaccessmodel, streammerging tech-
niquesachieve lower requiredserver bandwidththanbroadcasting
whendelayis small.This is moreobviousfor lesspopularobjects.
This is becausestreammerging hasa lower boundof mrÚ	Û�
b7Ñ�Ò�	�
when@OæØB , whereasbroadcastingtechniqueshavea lowerbound
of mQÚ	Û¨
 2 �t@½���	� . Sowhen@p5 2 �}7 , therequiredserverbandwidth
for broadcastingis higher. In fact,in this figure,thesimulationre-
sultsfor streammerging undera sequentialaccessmodelareclose
to theboundgivenin equation(2).
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Figure12: Requiredserver bandwidth varying with @ .

5. IMPACT OF LIMITED BANDWIDTH
Sofar, weassumedthatclientshaveunlimitedreceiving bandwidth
(C��¥Ë ). Thissectionusessimulationsto studyhow limited client
receiving bandwidthaffectsthescalabilityof multicastdelivery for
immediateserviceprotocols. In orderfor multicastdelivery to be
possible,theclient receiving bandwidthC = ��M B musthold.

In thecontext of sequentialaccess,thereareadvancedtechniques
for schedulingclient requestsusingmulticaststreams.EagerFHGoIjK�M
[18] proposedseveralhierarchical multicast stream merging tech-
niqueswhichprogressivelymergeasynchronousclientrequestsinto
largerandlargergroups.Oneproblemthatmustbeaddressedre-
latesto theschedulingof thesemergers.Severalheuristicpolicies
wereproposed.In particular, assumingCÞ��� , the closest target
policy requireseachclient to join the most recentlyinitiated ear-
lier streamthat is still alive. Simulationsshowed that this policy
performsvery closeto theoff-line optimalalgorithm(with known
client requestarrivals in advance),which is obtainedby solvinga
dynamicprogrammingproblem.

Undera non-sequentialaccessmodel,we modify theclosesttarget
merging policy when C¥�ç� . Thekey point is how we definethe
closest target for eachclient. Sincetherequestsmaystartanywhere
in theobject,theclosesttarget is not necessarilythemostrecently
initiatedstream.Instead,we definetheclosesttargetof eachclient
asthemulticaststreamthatwill beplayedby theclient in thenear-
estfuture.Theintuitionbehindthischoiceis thatit is critical for the
client to prefetchtheportionof thedatathatwill soonbeplayed.In
addition,theclosesttargetwill be redefinedwhenthe target itself
is mergedor is terminated.

When Cq5�� , we modify thebandwidth skimming technique[19].
Thefollowing is astraightforwardadaptionof thebandwidthskim-
ming techniquedescribedin Section2.1. Eachmulticaststreamis
dividedinto � substreams,where � is a positive integer. Eachsub-
streamis thenmulticastedwith rateequalto ���	� timestheobject
playbackrate.Eachclient is assumedto becapableof receiving at
least 
��è�Ó�	� substreamssimultaneously(thus C��A�T�Ó���	� ). The
closesttarget policy is thenappliedto the substreams:whenever
the client hasidle bandwidth,it listensto the substreamswhose
datawill be playedin the nearestfuture. The client may listen to
up to 
��J�l�	� substreams.

Wedevelopedasimulatorfor thisstreammerging/bandwidthskim-
ming technique. Figure13 shows the requiredserver bandwidth
weobtainedthroughsimulationsin whichwevariedthenumberof
concurrentclients7 . Thevalueof C is variedfrom ��MÕ�	�	Ù to Ë . In
Figure13(a),we set

8 �q>�7 , i.e., 4l� 2 ��> , eachrequestis for
one-fourthof theobject. In Figure13(b),we set

8 �ç�	ÝZ7 , i.e.,4�� 2 �w�	Ý .
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Figure 13: Required server bandwidth of immediate service
protocolswhenclient receiving bandwidth is limited.

From this figure, we observe that whena client’s receiving band-
width is limited, the requiredserver bandwidthis only slightly
higher. For example,when 7â�ã�tB	B	B and CÜ�ã��MrÙ (i.e., one-
third of the client bandwidthis usedfor prefetching),our simula-
tionsindicatethattherequiredserverbandwidthis about1.69times
that requiredunderunlimited client receiving bandwidthassump-
tion (Cq�àË ). When Cq�<� , our simulationsindicatethat there-
quiredserverbandwidthis verycloseto thatunderunlimitedclient
receiving bandwidthassumption.We estimatethat the difference
is around12% for large valuesof 7 . Theseresultssuggestthat
evenwith a limited client receiving bandwidth,it is possiblefor a
protocolto have requiredserver bandwidthquitecloseto its lower
bound. In the next section,we studypracticalmulticastdelivery
protocolsthatachieve thisgoal.

6. PRACTICAL MULTICAST DELIVER Y
The protocolsconsideredin the previous sectionseither assume
unlimitedclient receiving bandwidthor aretoo sophisticatedto be
practical.For example,in themodifiedclosesttargetmerging pol-
icy, eachclient may join and leave multicaststreamsfrequently.
Sucha behavior may incur high overheadon servers. In this sec-
tion, we describepracticalmulticastdelivery protocolsand opti-
mizethemby minimizing therequiredserverbandwidth.

6.1 Protocols
Weconsiderthefollowing protocolwhichprovidesimmediateser-
vice to theclients: The server multicasts an object for every inter-
val of length i . Each client joins the temporally closest multicast
stream. The missed portion of the requested segment is immediately
unicasted from the server.

Theaboveprotocolis simplein thatfor eachrequest,theclientneed
only join onemulticaststream.Also, theabove protocolis readily
usableby a client whosereceiving bandwidthis twice the object
playbackrate,i.e., Cq�à� . Both themulticastandunicaststreams
aresentat playbackrate. Assumingthat a client requestsa seg-
mentwhichwasmostrecentlymulticastedG unitsof timeago,then
theclient receivesa unicaststreamof length G , while concurrently
prefetchingdatafrom thatmulticaststream.

Notice that it is straightforward to generalizethe above protocol
for clientswith lower receiving bandwidth,i.e., �é5ßC<5�� . To
do so,we again capitalizeon the ideasfrom bandwidthskimming
techniques.Namely, eachstream(bothunicastor multicast)is di-
videdinto � substreamsusingfine-grainedinterleaving, where � is
a positive integer. Eachsubstreamis sentwith rateequalto �����
timestheplaybackrate.Theclientscanreceive 
��ê�²��� substreams
(thusC��¥���O���	� ). Assumeaclientrequestsasegmentwhichwas



mostrecentlymulticastedG units of time ago. The client receives� unicastë substreamsimmediatelyfrom theserver andmeanwhile
it prefetchesdatafrom onemulticastsubstream.Then, G units of
time later, theclient needonly receive 
��è§l�	� unicastsubstreams,
andcanprefetchtwo multicastsubstreams.AnotherG unitsof time
later, theclient needonly receive 
��
§Ò�	� canprefetchthreemul-
ticastsubstreams,andso on. Eventually, no unicastsubstreamis
needed.

6.2 ProtocolOptimization
To optimizeour protocol,we determinethevalueof i , which con-
trols the frequency of multicastingthe object. Assumethat each
requestis for asegmentof constantlength 4 . Wefirst computethe
averagecostof unicast.Assumea client requestsa segmentwhich
wasmost recentlymulticastedG units of time ago. From the de-
scriptionof the protocolsabove, it is not difficult to find that the
totaldurationof theunicastsubstreamsis ìNbí Á

î GR�¥�·
��Ï�u�	�bGÉ�	� ,
assuming4��A�{G . On averagethis is equalto �·
��J�Ó�	�bi���> . Since
thesendingrateis �j�	� timestheplaybackrate,thenumberof bytes
unicastedis 
��è�l�	�bi���> . Over a periodof time

2
, thereare

8
re-

quests,so thereare 
����q�	� 8 i���> bytesunicastedon average.In
addition,over a periodof time

2
, the object is multicasted

2 �ti
times,sothereare

2 £ �ti bytesmulticastedonaverage.

Wearenow readyto optimizeourprotocolby minimizing thetotal
costof theprotocoloveraperiodof time

2
. Thiscostis givenby:

ï 
bio��� 
��J�l�	� 8> ik� 2
£
i M

It is not difficult to find theoptimalsolution ï � � 
��J�l�	� 8 2
when i � ��� 2 � 
��J�l�	� 8 . This yieldsa requiredserver band-
width of 
��J�l�	� 8 .

When �v�¥� andC��¥� , therequiredserverbandwidthis ��M >;�t> Ì 8 ,
whichis approximately1.773timesthelowerboundgivenin equa-
tion (4). This meansthat sucha simpleprotocolneedslessthan
twice theserver bandwidthrequiredfor theratherimpracticalpro-
tocolsweassumedin oursimulations.Evenwhen � increases(i.e.,C approachesunity), therequiredserver bandwidthfor this simple
protocolincreasesonly asthesquareroot of ���q� . For example,
when33%of theclient bandwidthis usedfor prefetching( ���ç�
and C��ð��MrÙ ), the requiredserver bandwidthis only ��MÕÔ » � Ì 8
which is about2.173timesthelowerbound.

Althoughit is possibleto furtherdecreasetherequiredserverband-
width by usingmoresophisticatedprotocols,or finetuningthesim-
pleprotocolwedescribedhere,thepayoff from suchanexerciseis
fairly limited. Recall that in the last section,our simulationre-
sultshave shown thatwhen C��Þ��MrÙ , thesophisticatedearliesttar-
getfirst mergingalgorithmwediscussedrequiresserverbandwidth
roughlyequalto 1.69timesthelowerbound—allowing only a lim-
ited“room for improvement”over the2.173timesthelowerbound
achievedusingtheprotocoldescribedabove.

7. CONCLUSION
In thispaper, wehaveanalyticallyderivedtight lowerboundsonthe
requiredserverbandwidthfor protocolsin amulticastenvironment
whenaccessto streamingobjectsis notsequential.In particular, we
haveshown thatin suchsystems,therequiredserverbandwidthfor
any protocolproviding immediateservicegrows asthesquareroot
of the requestarrival rate,andthat the requiredserver bandwidth
of any protocolproviding delayedserviceis inverselyproportional

to the maximumallowablestart-updelay. The robustnessof our
analyticalresultshave beenconfirmedusingextensive simulations
underrealisticworkloads.Also, theimpactof limited client receiv-
ing bandwidthwasinvestigated.Finally, basedon ourfindings,we
proposeda practical,near-optimalmulticast-baseddelivery proto-
col, which resultsin a server bandwidthrequirementthat is fairly
closeto its lower boundunderbothabundantandlimited client re-
ceiving bandwidthassumptions.

Our findingssuggestthat for non-sequentialaccess,multicastde-
livery is not a panaceafor scalability. Therefore,for large-scale
contentdelivery applicationsthat requirenon-sequentialaccessof
large electronicartifacts, for example, interactive video delivery
andreal-timesoftwaredistribution, we shouldseekalternative or
complementarytechniquesthat increasethe scalabilityof stream-
ing deliverymechanisms.Suchtechniquesincludecaching,buffer-
ing, andreplication,amongothers.
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APPENDIX: Variable SegmentSizeAnalysis
Assumethat the segmentsize is a randomvariable, following a
distribution with a generaldensityfunction ï 
Xñ�� , Ié5Òñ�5Ó¾ . The
meansegmentsizeis 4 . We hopeto follow thestepsin Section3
to computethelowerboundon therequiredserverbandwidth.

Let 0t��1 and 0t�u�}1 be asdefinedin Section3. First we needto
compute�T�Ã
bi�� , the arrival rateof 0t����1 . Assumean arbitrary �
occursat time i . The probability that this � is alsoan event of0t�u�}1 canbecomputedas 

W
ñ ï 
bñ¨�4 @jñx� À  ñ

ï 
bñ¨�4 i ñ @jñ½M (6)

This expressionis explainedasfollows. Here sóò « s ­¤ is the proba-
bility densitythattheevent � occursasaclient requestsasegment
of length ñ . Note that it is morelikely � occursastheresultof a
longerrequest.If ñ�5?i , thencertainlytheevent � is alsoanevent
of 0t�u�}1 . In thiscase,

 
W sóò « s

­¤ @jñ givesthecumulativeprobability.
If ñ?�6i , thenwith probability

 
s , theevent � is alsoaneventof

0t� � 1 . In this case, À  sóò « s ­¤  
s @jñ givesthecumulativeprobability.

It is not difficult to verify thatthedeterministicmodelin Section3
is aspecialcase.

For thegeneralcase,equation(6) cannotbesolved.

We have consideredseveral specialcaseswith variablesegment
sizesincluding: (i) uniform distribution ï 
bñ¨�e� Á£�¤ , B²5lñ�5Þ��4 ;
and(ii) exponentialdistribution ï 
bñ���� Á¤ F³© sHô ¤ , ñ = B . Although
we areable to computeequation(6) and the exact expressionof�T��
bio� , whenweproceedasin Section3, thederivationof thelower
boundbecomesincreasinglycomplex.
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