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Abstract— This paper studies the conditions under which
P2P sharing can increase the capacity of IPTV services over
FTTN networks. For a typical FTTN network, our study shows
a) P2P sharing is not bene�cial when the total traf�c in a
local video of�ce is low; b) P2P sharing increasesthe load
on FTTN switches and routers in local video of�ces; c) P2P
sharing is the most bene�cial when the network bottleneck is
experienced in the southbound segmentof a local video of�ce
(equivalently a northbound segmentof an FTTN switch); and
d) sharing among all FTTN serving communities is not needed
when network congestion problems are solved by using some
other technologiessuch as program pre-caching or replication.
Based on the analytical results, we design and implement the
MediaGrid platform for IPTV services which monitors FTTN
network conditions and decideswhen and how to share videos
among peers to maximize the service capacity. Simulations and
bounds both validate the potential bene�ts of the MediaGrid
IPTV service platform.���������
	���
��

IPTV, P2P, Content distribution network,
FTTN,FTTP, xDSL, Video-on-Demand.

I . INTRODUCTION

Internet TV (IPTV) representsa prime opportunity to in-
tegrate video, voice, and data onto a single IP network. It
promisesto offer viewers an innovative set of choicesand
controlover theirTV content.Two majorU.S.telecommunica-
tion companies,AT&T andVerizon,have recentlyannounced
signi�cant investmentsto replace the copper lines in their
networks with �ber optic cablesto createsuf�cient capacity
for deliveringmany TV channelsto residentialcustomers.The
LightSpeedprojectin AT&T, for example,aimsto reachabout
18 million U.S. householdswith a high-bandwidthdigital
network in thenext threeyears.Thetrendis similar in Europe
andAsia. Major cities in Japan,for example,alreadyprovide
high-speednetworks which allow customersto obtain video
over IP. In China,regulatorychangesarebeingconsideredto
allow the re-broadcastof traditional TV contentover IPTV
infrastructures.

Therearetwo typesof IPTV deployment:Fiber to theNode
(FTTN) andFiberto thePremise(FTTP).In FTTN, �ber optic
cablesareusedto connectthecentralhubof a network service
provider to a neighborhoodnodewithin ������� feetof customer
homes,on average.Copperwiresarethenusedto connectthe
nodeto eachindividual home.It is expectedto provide ��� to��� Mbps network capacity. This is a signi�cant improvement
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over the current network infrastructurewhere copper wires
are commonly used in the last ������� feet and the available
bandwidth is limited to ��� ������� � Mbps. In contrast,FTTP
brings�ber directly to eachindividual customerhomeandcan
provide up to ��� Mbps bandwidth.The deploymentof FTTP
canbe expensive, however. It is estimatedthat FTTP requires
approximately� ve times the capital investmentof FTTN. In
addition,thedeploymentof FTTPcantake four timesaslong
asthat of FTTN. Consequently, the currentplan for AT&T is
to deploy FTTP only in new constructionandmulti-dwelling
units. In contrast,FTTN is more �e xible and cost ef�cient,
making it most suitablefor existing neighborhoods.The 20-
25 Mbps bandwidthoffered by FTTN is typically enoughto
supportseveralhigh-qualityTV streamsaswell ashigh-speed
InternetandVoiceover IP (VoIP) services.For this reason,we
will focusonacapacitymodelandalgorithmdesignto provide
insight into engineeringa high-capacityIPTV network. We
will use the LightSpeedproject from AT&T as an example.
However, the analyticalmodel presentedin the papercan be
applied to IPTV servicesover FTTP and xDSL networks in
general.

Fig. 1. SystemModel

The network architectureof project LightSpeedconsists
of a small numberof national superhead-endsand a large
numberof local video hub of�ces asshown in Figure1. The
superhead-endsdisseminatebroadcastvideosandon demand
videosto localvideohubof�ces, which in turndistributevideo
contentto the customers.

To provide video on demand(VOD) service, the service
providercaninstall multiple mediaserversat variouslocations
acrossa contentdistribution network (CDN) to dispersethe
bandwidth contention;however, the costs of deploying and
maintainingtheseextra servers can be very expensive. One
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solutionis to usea peer-to-peer(P2P)communicationsystem.
In suchsystems,endusers(i.e.,peers)interestedin �le sharing
participateas both clients and servers, typically through an
applicationoverlay network. Whena userlocatesan interest-
ing �le from anotheruser, the downloadinghappensdirectly
betweenthetwo without goingthrougha centralserver. While
early P2Psystemsand P2Panalysisare mostly usedfor �le
downloading[4] [5], recentlytherehave beenseveral efforts
on using the peer-to-peerapproachto supportlive streaming
[3] [8] [12] [13] [16] andVOD streaming[1] [6] [7] [11]. The
P2Papproachavoids the deploymentproblemof IP multicast
serviceaswell as the network bottleneckat the video server.

In this paper, we discussandanalyzethe conditionsunder
which P2Pvideo sharingcan increasethe maximumnumber
of concurrentviewersservedby a local videohubof�ce taking
particularcare in modeling the constraintsof the underlying
physical infrastructure.Basedon theseresults, we develop
the MediaGrid IPTV platform and simulateMediaGrid P2P
streamingalgorithmsto maximize the numberof concurrent
viewers.

The contributions of the paperare the following: 1) This
is the �rst paperwhich studiesthe bene�t of P2Psharingfor
IPTV servicesover FTTN/xDSL Networks; 2) Becausethe
servicebottleneckis most likely to be in the local video hub
of�ce, ouranalyticresultsindicatethatP2Psharingfor viewers
within a local community has the greatestpotential bene�t,
while P2P sharing for all viewers globally may actually
decreasethe service capacity of FTTN/xDSL networks; 3)
We analyzetheconditionsunderwhich P2Psharingfor IPTV
servicesbecomesbene�cial; 4) Given the network constraints
for a good-quality IPTV service,we design the MediaGrid
platform which monitorsthe network conditionsand decides
whenandhow to sharevideosamongviewers;5) We develop
a comprehensive simulation model to validate the analytical
resultsand the bene�ts of the MediaGridP2Pplatform.

The rest of the paperis organizedas follows. We start by
providing a detaileddescriptionof the IPTV systemmodel
and derive capacityboundsbasedon this model. Simulation
resultsare presentedin Section IV. SectionV endswith a
concludingremark.

I I . FTTN NETWORK MODEL

As shown in Figure1, videostreamingserversareorganized
in two levels - a local video hub of�ce which consistsof a
clusterof streamingserversor proxiesto serveviewersdirectly
andnationalsuperheadend(SHE)of�ces which candistribute
videos to local video hub of�ces basedon existing policies
or on demand.We focus on the video on demand(VOD)
function of the IPTV system.Eachlocal of�ce connectsto a
setof FTTN switchesthroughoptical �ber cables.EachFTTN
switch connectsa community of IPTV service customers
throughtwisted-paircopperwires.

A communityconsistsof all homeswhich areconnectedto
the sameFTTN switch. The uplinks (north-links) of service
routers in the local of�ce connect to national SHE of�ces
by high-speedoptical �ber networks. The parametersused
throughoutthe paperaredetailedbelow.

 "!$#
,download bandwidth into a home (22 Mbps);

 %!'&
,

uploadbandwidthout of a home(1 Mbps);
 )(+*

, total capacity
of south-boundlinks (downlinks) of an FTTN switch (24
Gbps);

 �(-,
, capacity of the north-boundlink (uplink) of

an FTTN switch (1.24 Gbps);
 /.$*

, maximumthroughputin
a local of�ce, determinedby capacitiesof service routers,
optical network cablesand/or streamingservers in a local
of�ce (up to 200Gbps);

 .0,
, maximumcapacityof thenorth-

link of serviceroutersin a local of�ce (10 Gbps); 1 , average
streamingbit rate for a video (must be at least the video
encodingbit rate,6 Mbps for high-de�nition programsand2
Mbps for standardde�nition programs);2 , maximumnumber
of concurrent viewers supportedby an FTTN switch; 3 ,
fractionof viewersin a communitywhogetvideosfrom peers,
not from a local of�ce; 4 , maximumnumberof communities
connectedto a local video hub of�ce; 5 , maximumnumber
of concurrentviewerssupportedby a local of�ce; 687 , number
of viewers who receive videos from peerswithin the same
community; 6:9 , numberof viewerswho receive videosfrom
peersin othercommunities.

A. NetworkConstraints for ConventionalIPTV Services

To provide a good-quality IPTV service, the following
network conditionsmust be met. First, the download band-
width to the home must be greaterthan the streamingrate: ;!0#=< 1 . Second,the downlink and uplink bandwidthsof
an FTTN switch must eachbe able to support 2 concurrent
viewers in a community:

 )(>*?< 1@2 and
 �(-,A< 1@2 . Third,

the total numberof communitiesserved by a local of�ce is
boundedby the total downlink throughputin a local of�ce: .0* < 4  (-, < 4B2C1 or 4ED  .$*GF�H 2C1�I . Fourth,themaximum
numberof concurrentviewerssupportedby a localvideoof�ce
is 4B2 .

The traf�c on the uplinks of a local of�ce (bounded
by

 /.0,
) dependson the video distribution policy used

by an IPTV service provider. To reduce the load on the
national of�ces, popular videos are distributed to local
of�ces during off-peak hours. In this case,an IPTV service
administratorcan apply a distribution policy wherethe most
popularvideosareavailablein local video hub of�ces so that
theuplinksof local videoof�ces will notbecomea bottleneck.J;K:L�MONQPR��S
Using AT&T ProjectLightspeedas an example,we assume
that a local of�ce with a cluster of �T��� video servers can
support up to �T����U bps streaming throughput.Given the
networking constraint,

 !$#WV ��� Mbps, which is greater
thanthe 6 Mbps encodingrateof a high-de�nition video, the
maximumloadon thesouth-linkof anFTTN switchto support
192concurrentviewersis 1.152Gbps,which is muchsmaller
than

 (>*XV ��Y Gbps.Similarly, the maximum load on the
north-link of an FTTN switch is 1.152 Gbps.However, this
almostsaturates

 �(>,
, the capacityof the link. The maximum

numberof communitiesserved by a local video of�ce, 4 , is
87 (= �T����U F ���Z�[����U ) andthe maximumnumberof concurrent
viewerssupportedby a local videoof�ce is \�]_^)�T��� V �T�C]���Y .
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Note that in this example, the bottleneckis
 )(>,

, the link
capacitybetweena local of�ce andan FTTN switch.

B. NetworkConstraints for MediaGrid IPTV services

To simplify the discussion,the constraintanalysisconcen-
trates only on thethe none-or-all case.Each peer gets data
entirely from either the server or peers.The task of serving
video streamson a P2P network can be sharedby several
peers.However, the analysis presentedhere can be easily
extendedto the casewherea viewer can get part of a video
from his/herpeersandpart from the local video of�ce server.

1) Case1: P2P sharing among peers within a commu-
nity: Among 2 concurrentviewers in a community, 687 V 2�3
of themwill getvideosfrom peerswithin thesamecommunity,
and 2`�a6 7 will get videos from servers. The following
constraintsmustbe satis�ed for goodquality IPTV services:b � �@ (+* < H 2)cd6 7 I-1 V 2 H �ecf3'Ig1b � �G (>, < H 2h�i6 7 I-1 V 2 H �j�O3'Ig14 D  .$*GF�kZH 2 H �j�O3'Ig1�Iml5 V 4B2nDo2  .0*@FpkqH 2 H �j�i3rIg1�Iml
P2Pviewers getsvideo from peersin its community, so the
uploadedP2Pvideo traf�c is 1�6 7 . Therefore,the total traf�c
generatedby P2P sharing for the south-links (downlinks)
of an FTTN switch is ��6 7 . In this case,the capacityof the
southboundlinks (downlinks) of an FTTN switch must be
greater than the sum of video streamingtraf�c

H 2E�s6�70Ig1
coming from video servers and the total P2P video traf�c��6:7>1 as shown in constraintC1. Given the increasedupload
traf�c, P2Psharingwithin a communitymaynot befeasibleif
thedownlink bandwidthof an FTTN switch is the bottleneck.
However, P2P sharing decreasesthe load on the uplinks
of the FTTN switch as shown in constraintC2. Therefore,
P2P sharing for IPTV within a community will have the
most bene�t if the infrastructurebottleneckis on the uplink
bandwidthof an FTTN switches.J"K:L�MtN8Pu�nv
Let 6 7 V ��� out of 192 viewersget video from peersin their
community. Then, the maximumload in the south-linkof an
FTTN switch is

H 2/ci6 7 Ig1 V ���w]���Y�U bps,comparedto 1.152
Gbpsin example1. Themaximumloadon thenorth-link of an
FTTN switch is

H 2x�d6 7 Ig1 V ������y bps,comparedto 1.152
Gbps in example 1. The maximum numberof communities
supportedby a local of�ce, 4 V �z��] (=

 .0*GFpkqH 2 H �{�d3'Ig1�Iml V�T����U F ������y ), comparedto 87communitiesin example1. The
maximumnumberof concurrentviewerssupportedby a local
video of�ce, 5 V �T�C]/^��T��� V ��������Y , comparedto �T��]���Y in
example1.

This example shows that P2P sharing reducesthe load
betweena local of�ce and an FTTN switch (the north-link
of an FTTN switch) andthereforereducesthe possibility that %(>,

is a bottleneck.This example also shows that without
upgradingexisting network infrastructure,P2P sharing can
signi�cantly increasethe numberof concurrentviewers that
canbe served by a local video of�ce.

2) Case 2: P2P sharing among peers in a local hub
of�ce: In the secondcase,we considerP2P video sharing
amongall viewers served by a local of�ce. Within a com-
munity, 6:7 viewersget all their videosfrom peerswithin the
samecommunityand 6B9 viewersget theentireor partof their
videosfrom peersin othercommunities,where 6�7�c|6:9 V 2�3 .
The following constraintsmustbe satis�ed to guaranteegood
quality IPTV service: (>* < V}H 2)cd6 7 cf6 9 Ig1 < 2 H �~cd3'I-1 (-, < H 2h�O6 7 cf6 9 I-1 < 2 H �j�O3'Ig14 D  .$*�FpkqH 2��O6 7 cf6 9 Ig1
l5 V 4B2nD?2  .$*GF�kZH 2��O6 7 cd6 9 I-1�l
The maximumtraf�c in the uplink of an FTTN switch occurs
when eachof the 6B9 viewers get its entire video from peers
outsideits community. To maximize the capacityof a local
of�ce, we balancethe video sharingtraf�c amongpeersin
all communities.When an equilibrium has been reached,
eachcommunity will upload 6 9 1 bps to other communities
and receive 6 9 1 bps from other communitiesfor P2Pvideo
sharing.Thus, the total video streamingdownload traf�c in
the uplink (north link) of an FTTN switch is

H 2��E6 7 �E6 9 I-1
bpscomingfrom the local of�ce serversand 6 9 1 bpscoming
from peersin other communitieswhile the upload traf�c is6 9 1 bpsto supportpeersin othercommunities.Therefore,in
balance,the total traf�c on the uplink of an FTTN switch isH 2��O6:7��i6:9�I-1hcf��6:9z1 .

From the above constraints,increasingP2Psharingamong
peersacrossall communities(i.e. increasing689 ) increasesthe
traf�c on both the uplink and the downlinks of an FTTN
switch,but reducestheloadon theuplink of a local of�ce. So,
if
 .0,

is the bottleneck,applying P2Ptechnologyfor peers
in all communitiesof a local of�ce is bene�cial. However,
even in this case,an IPTV serviceprovider could apply other
contentdistribution technologies(i.e. cachingor replication)to
distribute video �les from nationalof�ces to the local of�ces
to reducethe load on the uplink of the local of�ce. So, P2P
sharingamongall communitiesmay not be needed.

3) Bottleneck Observations:Fromtheanalysisof theabove
threecases,we canderive the following conclusions:� P2Ptechnologyis usefulwhensomeof thenetwork links

in FTTN switches or local video hub of�ces are the
bottleneck.� If
 %(+*

is the bottleneck,P2P sharing does not help
becauseany peer sharingincreasesthe downlink traf�c
of an FTTN switch.� If
 .0,

is the bottleneck,P2P sharing among viewers
in all communitiesof a local of�ce helpsto reducethe
load on

 .0,
. However, if a serviceprovider can apply

other technologiesto distribute video �les from national
SHE of�ces to the local of�ces, P2Psharingmay not be
needed.� If
 (-,

or
 .$*

is the bottleneck,P2P sharing within
a community reducesthe load on the north link of an
FTTN switch and its local of�ce. In this case, P2P
sharing within a community helps to reduce the load
on thesecongestedlinks. However, P2P sharingacross
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communitiesincreasesthepossibility that
 �(-,

or
 /.$*

is
a bottleneck.Therefore,P2Psharingacrosscommunities
shouldnot be usedwhen

 )(>,
or
 ;.$*

is the bottleneck.

C. Boundsfor MaximumConcurrent Viewers Supportedby a
Local Video Hub Of�ce

Sincethe bene�t of P2Psharingamongall communitiesis
limited, we only considerP2P sharingwithin a community
in the following study. The number of concurrentviewers
supportedby a local video of�ce, 5 HmV 4B2�I , canbe increased
either by increasing 4 or 2 . In practice, the number of
communitiesconnectedto a local hub of�ce, 4 , is determined
by the numberof POPs(point-of-presences)connectedto a
local of�ce and the numberof available locationsto install
�bers and FTTN switches.Increasing 4 requiressigni�cant
planningandcapitalinvestmentto rent/buy new spaceto install
IPTV network equipment.Therefore,to increase5 , it is more
economicalto increase2 . In thefollowing, weassumethat 4 is
�x edat thetimeof deployment.OurMediaGridP2Pstreaming
technologyfocuseson increasing2 to maximize 5 , the total
numberof concurrentviewersserved by a local of�ce.

Without P2Psharing,the numberof concurrentviewers is

5����g� . � V 4B2����m� . ��D  ;.$*1 and (1)2 ���g� . � D �x�Z� �  (+*1��  (>,1�� (2)

When MediaGrid P2P sharing is applied, let 2 � . � be the
number of viewers in a community and 3 be the fraction
of theseviewers who receive videos from peersinsteadof
streamingservers.From Constraints1 and2, we have

5 � . � V 4B2 � . � D  /.$*H �j�O3'Ig1 and (3)

2�� . � D �x�Z� �  (>*H �ecf3'Ig1 �  (-,H �j�O3'I-1e� (4)

Normally, 3 increasesas 2 increases,sinceas 2 increases,there
is a betterchancethat a video hasalreadybeenviewed and
storedin the set-topboxesof somepeers,anda betterchance
it canbe downloadedfrom a peer. We assumea modelwhere� is a constantand3 V � 2�� . � when � 2�� . ����� � or3 V � otherwise.

We pick representative valuesof 4 V ��� and � V ��� Y��j�iY
in Eqn.(� ) andEqn.(Y ) to seethe effect on viewer capacity.

Figure2 showstwo capacitysurfacesplottedagainstvarying
uplink,

 (>,
anddownlink,

 (+*
throughputs.The inclinedP2P

surface shows the maximum number of users that can be
supportedasper Eqn.(4)boundedby the minimum 2�� . � . The
other surface (No P2P) shows the service capacity of the
local video of�ce using a centralizedFTTN architecture.As
shown, P2Psharingis not bene�cial when

 �(>*
valueis small.

Fig. 2. CapacityBoundsin a local video hub of�ce wheren=30,z=1.4e-4

Therefore,it is crucial to determinethethresholdvalueof
 (+*

and allow P2P sharingonly when the capacityof the south
link of a FTTN switch is greaterthan the thresholdvalue.
In practice, the valuesof 3 and 2�� . � dependon a number
of factorssuchasthe sharingpolicy, video distribution, client
storage,clientbandwidthconstraintsandvideoaccesspatterns,
etc.

From the above discussions,we designthe MediaGridP2P
streamingalgorithmsto maximize the numberof concurrent
viewersin a communityby monitoringbandwidthconstraints,
the network traf�c and the availability of videos in peers.
In the next two sections,we study the maximumnumberof
concurrentviewers supportedby a local of�ce by simulating
the MediaGrid P2P streamingalgorithm on a FTTN/xDSL
network environment.

I I I . MEDIAGRID P2P ALGORITHM

Thereare threekey novel aspectsof our MediaGrid video
sharingalgorithm. First, it explicitly takes into accountthe
capacitylimitationsof theunderlyingphysicalnetwork infras-
tructure,not the overlay network of peersas other systems.
Second,to avoid a long delaybeforethestartof the requested
program,the algorithm allocatesenoughsupportingpeersto
collectively serve a video at or above the streamencoding
rate, while at the sametime ensuringthat eachpeer upload
ratedoesnot exceedits uplink capacity. Third, unlike existing
streamingP2Papproachesthat deal with peerdisconnections
by special streamencodingsthat either add redundancy or
gracefullydegradestreamquality in responseto failures(the
approacheswe call passiveerror handling), in MediaGrid,the
local of�ce eithersubstitutesa failedpeerwith a differentpeer
or serves the missing content itself, therebyutilizing active
error handling.

Becauseour analysis shows that P2P sharing is mostly
bene�cial within a community and is actually likely to be
detrimentalfor cross-communityor global sharing,we will
concentratehereon P2Psharingwithin a single community.
In MediaGrid,thelocalof�ce servermaintainsfull information
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ProcessRequest(StreamS, Viewer V)
// Requestfor streamS received from viewer V

If the FTTN switch of the viewer satis�es Constraint1
with ���8�������n� and �~�����n�

PeerSet= SelectPeers(S)
// Find a setof peersin the viewer's communityto serve request
If PeerSet��n�

SendmessageUsePeers(EncodingRate(S),PeerSet)to viewer V
terminate

endif
endif
if thereis enoughtotal of�ce download capacity
andbandwidthof link to the viewer's FTTN switch

Serve streamS to viewer V directly
else

SendRequestDenied()to viewer V
end

ReplacePeer(Viewer V, PeerP)
// Requestto replacea failed peerP from viewer V

Let S be the streambeingviewed by V,
andn be the numberof peersservingthe streamto V.
P' = FindPeer(S);
if P' �� NULL

sendReplacementPeer(P')to V
elseif thereis enoughtotal of�ce download capacity
andbandwidthof link to the viewer's FTTN switch

sendUseOf�ce() to V // In response,V will requeststreamsegments
that peerP usedto serve from the of�ce directly

endif
end

Fig. 3. MediaGridServer Algorithm

abouteachcommunity, including which viewersarecurrently
watchingwhich programs,which programsare available for
uploadfrom eachpeer, thecurrentuplink anddownlink band-
width consumptionby eachpeerandeachFTTN switch, and
thetotal loadon theof�ce communicationlinks. Viewerssend
to the of�ce two kinds of requests:ProcessRequestrequestsa
streamandReplacePeerindicatesthatoneof thepeersserving
themfailed.The of�ce processesthesemessagesaccordingto
the MediaGridServer algorithmshown in Figure3.

When the client receives UsePeersmessage,it divides the
streamingrate equally among the peers1, calculateswhich
streamsegmentsto requestfrom eachpeerandthe necessary
buffering beforestartingto renderthe stream,and sendsthe
appropriaterequeststo thepeers.Thedetailsof this algorithm
areomitted for brevity.

The most intricate part of the algorithm is the imple-
mentation of the SelectPeersand FindPeerfunctions. The
dif�culty arisesif a peerable to serve rarecontentis already
assignedto serve morecommonlyavailablecontent.Because
of the severely limited uplink capacity, it will not be able
to serve more than one video. This leads to the need to
dynamicallyreassignpeersto viewers.This reassignmentwill
occurtransparentlyto theviewer. For example,considerpeers
P1, P2, P3, and P4 and let P1 and P2 have two streams,
A and B, and P3 and P4 only have streamA. Assumea
viewer requestedstreamA andthe server chosepeersP1 and
P2 to serve it. If anotherviewer requestsstreamB, without
dynamic reassignment,PeersP1 and P2 are unableto serve

1Futurework will explore dividing the streamingrateunequally.

it becausetheir capacityis usedup; the server would have to
serve thenew viewer directly. However, if theserver reassigns
the �rst viewer to peersP3 andP4, the secondviewer canbe
served by P1 andP2.Selectingpeersfor a given requestmay
trigger cascadingreassignmentof previously selectedpeers,
or global schedulingof all currentlyservedstreamsamongall
thepeers,which couldcauselong delayspotentiallyexceeding
clients' buffer capacity. To avoid suchglobal schedulingour
SelectPeersalgorithmresortsto heuristics.Themainpointsof
the SelectPeersalgorithmare:2� Given the current values for the peer uplink capacity

(1 Mbps) and stream encoding rates of 2 Mbps and
6 Mbps,we assumepeeruplink capacityis lessthanthe
streamcodingrate.� For easeof management,thealgorithmattemptsto select
thefewestpeerswith suf�cient aggregateuplink capacity
for servingthestream.In particular, togetherwith thepre-
vious assumption,this meansthat eachpeercan upload
to only oneviewer at a time.� When more than enough free (i.e., unassigned)peers
with the requestedstreamexist, we select4 peers,where4 VW�%��� � H 6_I F  "!'& , as follows. Let 6:�j9¡  Hu¢ I be the
most popular streamamong streamsstored at peer

¢
.

We select 4 peers
¢

with the least popular streams6:�~9'  HR¢ I , amongall thecandidatepeers.Therationaleis
thatpeerswhosemostpopularstreamis not very popular
will probablynot needto serve a future request.� Whennot enoughfree peersexist, we attemptto free up
additionalpeersby reassigningthestreamsthey currently
serve to otherpeers.Let £ be the setof busy peersthat
have the requestedstreamand ¤ be thenumberof peers
we needto free up. The algorithm tries to free the ¤
peersin the decreasingorder of the popularity of the
streamsthey are currently serving.The rationalebehind
this heuristicis thatthemorepopularthecurrentlyserved
streamis, the more likely it is to �nd anotherpeerthat
couldtakeover this stream'sdelivery. Thus,thealgorithm
sortspeersin £ in the decreasingorderof popularityof
the streamsthey arecurrentlyserving,andthenfor each
peer

¢
in the list, attemptsto �nd an idle peerthat has

the streambeingserved by
¢

. This stepcompletesonce
the �rst ¤ peersare freed up, or until it went though
the entire candidatelist £ , in which casethe algorithm
returnsa failure (andemptypeerset).� If the overall setof 4 peersfor a requestedstreamhave
beenfound,theviewersof reassignedstreamsarenoti�ed
to switch to new peers.

IV. SIMULATION

A. SimulationModel

To study the impactof MediaGridP2Pdelivery on system
scalabilityandcapacity, we performedanevent-drivensimula-
tion study. Basedon our earlieranalysis,we simulatea system
comprisedof the local of�ce andonecommunity.

2The FindPeeralgorithm is a specializationof SelectPeerto onepeerand
is not discussedfurther.
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We assumethe samebehavior for every nodein the com-
munity: an idle peer requestsa streamwith probability of
2% every time tick. A time tick occurs every minute. A
peermay download only one streamat a time. When a peer
issuesa request,it selectsone of 1000 programsaccording
to Zipf 's popularitydistribution. Eachstreamlasts60 minutes
andhasa datarateof either2 Mbps (standardde�nition TV)
or 6 Mbps (HDTV). Oncedownloaded,the programremains
availableat thepeerfor a periodcalledthestreamtime-to-live
(streamTTL). A peermay be turnedoff and on by its user.
An operationalpeer is turned off with probability 0.1% on
every time tick, anda non-operationalpeeris turnedon with
probability0.5%on every tick. This meansthatevery peeron
averagespends� ve times longeron thanoff.

B. Simulationresults
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Fig. 4. The number of concurrentconnectionsto local of�ce from one
community, a) StandardTV, normal demand(1/50 requestsper minute per
idle user),b) HDTV, normaldemand.

We begin by examiningthebehavior of thesystemutilizing
today's componentscharacteristics:theFTTN switchsupport-
ing thecommunitysizeof 192users,userdownloadbandwidth
of 22 Mbps anduploadbandwidthof 1 Mbps,andthe of�ce-
to-FTTN link bandwidthof 1.244 Gbps.Figure 4 shows the
number of viewers served by the local of�ce for standard
de�nition TV programsundernormaldemand,andfor HDTV
under normal demand.Fewer concurrentconnectionsat the
of�ce impliesgreatersystemscalabilitybecausetheof�ce can
serve morecommunitieswithout overload.This �gure shows
that, for standard-de�nitionTV, P2Pdelivery reducesthe load
onthelocalof�ce by over50%.However, thebene�tsdiminish
greatly for high-de�nition TV, becauseexisting peer uplink
capacityis not adequatefor servingHDTV, sinceonestream
delivery requirescooperationof six operationalpeers.

The above result might seemdiscouragingbecauseHDTV
will be moreprevalent in the nearfuture. However, sincethe
hardwarewill alsoimprove,wenext explorehow hardwareim-
provementsimpacttheseresults.Becausethe previous graphs
show the system stabilizesafter 1000 minutes, each point
in the graphsbelow representsthe averagevaluesobserved
between1500and2000minutes.

Figure 5(a) shows the total numberof concurrentviewers
in the community that the system can support with and
without P2P, as a function of the total numberof usersin
the community. Note that becausethe request rate is the
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Fig. 5. Ful�lled HDTV streamrequests,a) The total numberof concurrent
requestsin a community that can be supportedby the local of�ce, b)The
concurrentrequestsserved by the of�ce andby the peers.

samein both cases,the differencebetweencurves is due to
denieduserrequests.Thegraphshows thatthesystemwithout
P2P saturatesat a community size around 500, while P2P
shows no saturation3. In fact, a larger communitysizemakes
it more likely to �nd six operationalpeersfor delivering a
givenstream,which mitigatestheHDTV problemthat limited
P2Pbene�ts. Figure 5(b) explains the underlying reasonfor
this phenomenonby splitting the total concurrentviewersinto
those served by the of�ce and by the peers.It shows that
the load on the of�ce grows very slowly and never exceeds
around220concurrentstreams.Theadditionaldemanddueto
a larger communitysizeis absorbedby otherpeers.Thus,we
can scalethe HDTV delivery just by increasingthe number
of downstreamportson anFTTN switch,even if thepeerlink
capacitystaysthe same.Sinceit is highly likely that HDTV
will replacestandardTV in thenearfuture,we concentrateon
HDTV for the restof our simulationstudy.
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Fig. 6. The effect of uplink bandwidthon HDTV delivery, a) 200 minutes
TTL, b) 1000minutesTTL.

Next, we examine how HDTV delivery and P2P bene�ts
are impactedby potential bandwidthgrowth in peeruplinks
aswell asin the link betweentheof�ce andtheFTTN switch.
The communitysize is 1000 for theseexperiments.Figure 6
shows, for different stream TTL values (i.e., durations of
retention in peer's cache),the concurrentrequestsa system
canserve with andwithout P2P, andthenumberof concurrent
requestsservedby peersin thecaseof P2Pdelivery. To provide

3Slight growth beyond 500 users is due to the repeatedviewings of
previously downloadedprograms,which aresatis�ed from cachesof set-top
boxes.
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a basis for comparison,the �gure also shows the number
of requestsserved by an ideal system with unconstrained
capacity. Any differencewith the ideal caseindicatesdenied
requests.

We can draw several conclusionsfrom theseresults.First,
a higher peer uplink bandwidth mitigates limited TTL and
causesa rapid increasein P2P bene�ts. For TTL of 200
minutes,doublingthe uplink bandwidthto 2 Mbps morethan
doublesthenumberof concurrentrequestsservedby thepeers,
and increasingit to 4 Mbps eliminatesany deniedrequests.
For TTL 1000, just increasingthe uplink bandwidth from
1 to 2 Mbps allows the overall system to serve virtually
all requestedstreams.This result also highlights the tradeoff
betweenthepeer'sstoragecapacityanduplink bandwidth.The
systemcan serve all the demandby either having peerswith
enoughstorageto retain downloadedTV programsfor 1000
minutesand an uplink bandwidthof 2 Mbps, or by having
peerswith enoughstorageto only maintainstreamsfor 200
minutesbut with 4 Mbps uplink bandwidth.

Second,the number of requestsserved by the peers in-
creaseswhen the uplink bandwidthincreasesall the way to
6 Mbps (the streamdata rate), meaningthat the of�ce can
connectmore communities.This result indicatesthe bene�ts
of providing the uplink bandwidthof the streamdatarate.At
the sametime, expandingbandwidthbeyond the streamdata
ratedid not provide any additionalbene�t in our experiments,
even though a peer could in this caseserve more than one
requestsimultaneously. Finally, only P2Pdelivery allows the
systemto adequatelyserve a communityof this size, as the
traditionalsystemwill haveto deny overhalf theuserrequests.
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Fig. 7. The effect of of�ce-to-FTTN bandwidthon HDTV delivery, a) 200
minutesTTL, b) 1000minutesTTL.

Finally, we examinethe impactof increasingthebandwidth
of the of�ce-to-FTTN link. Figure 7 shows the number of
concurrentrequestsserved by the systemwith and without
P2Pfor differentstreamTTL values,aswell asthenumberof
concurrentrequestsservedby peersin theP2Pcase,assuming
the �x ed peer uplink capacityof 1 Mbps. We can see that
doublingthecapacityof theof�ce-to-FTTN connection(from
1.2 Gbps to 2.4 Gbps) allows the systemto serve virtually
all the demandfor a given communitysizeeven without P2P
delivery. Of course,the peersstill help becausethey reduce
the load on the of�ce and allow the of�ce to serve a larger
numberof communities.Also, only P2Pallows the systemto
scalewith thegrowth of thecommunity. Thus,P2Pallows the
systemto immediatelybene�t from more ports in the FTTN

switcheswithoutcorrespondingincreasesin theFTTP'suplink
bandwidth.

V. CONCLUSIONS

As IPTV servicesare deployed aroundthe world, scaling
the networking infrastructureto serve an increasingnumber
of customersunder a reasonablecost structurebecomesa
top priority to the broadbandservice providers. Given the
constraintsof the IPTV service infrastructure,we analyzed
the network conditions under which P2P video sharing is
bene�cial. We also designedthe MediaGrid platform and its
P2Psharingalgorithmto monitor theseconstraintsandmaxi-
mize the servicecapacity. Finally, we developedanalyticand
simulationmodelsto computeandcompareP2Pvideosharing
bene�ts for an IPTV serviceprovider. Our work demonstrates
that the serviceprovidersshouldinvest in client devices that
have suf�cient storageandbandwidthfor supportingeffective
P2Pvideo sharing.

For future work, to help us gain valuableinsights and to
validateour designs,we plan to deploy theMediaGridsystem
in real IPTV infrastructures.
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