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Abstract—This paper studies the conditions under which
P2P sharing can increasethe capacity of IPTV sewices over
FTTN networks. For a typical FTTN network, our study shows
a) P2P sharing is not bene cial when the total trafc in a
local video ofce 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
experiencedin the southbound segmentof a local video of ce
(equivalently a northbound segmentof an FTTN switch); and
d) sharing among all FTTN sewing communities is not needed
when network congestion problems are solved by using some
other technologiessuch as program pre-cachingor replication.
Based on the analytical results, we design and implement the
MediaGrid platform for IPTV sewices which monitors FTTN
network conditions and decideswhen and how to share videos
among peersto maximize the sewice capacity. Simulations and
bounds both validate the potential bene ts of the MediaGrid
IPTV sewice platform.

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

|. INTRODUCTION

Internet TV (IPTV) representsa prime opportunityto in-
tegrate video, voice, and data onto a single IP network. It
promisesto offer viewers an innovative set of choicesand
controlovertheir TV content.Two majorU.S.telecommunica-
tion companiesAT&T and Verizon,have recentlyannounced
signi cant investmentsto replacethe copperlines in their
networks with ber optic cablesto createsufcient capacity
for deliveringmary TV channelgo residentialcustomersThe
LightSpeedorojectin AT&T, for example,aimsto reachabout
18 million U.S. householdswith a high-bandwidthdigital
network in the next threeyears.Thetrendis similarin Europe
and Asia. Major citiesin Japanfor example,alreadyprovide
high-speednetworks which allow customerso obtain video
over IP. In China,regulatory changesare being consideredo
allow the re-broadcasbf traditional TV contentover IPTV
infrastructures.

Therearetwo typesof IPTV deployment:Fiberto the Node
(FTTN) andFiberto the Premisg(FTTP).In FTTN, ber optic
cablesareusedto connecthe centralhub of a network service
provider to a neighborhoodhodewithin feetof customer
homes,on average . Copperwires arethenusedto connectthe
nodeto eachindividual home.lt 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 usedin the last feet and the available
bandwidthis limited to Mbps. In contrast,FTTP
brings ber directly to eachindividual customehomeandcan
provideupto  Mbpsbandwidth.The deploymentof FTTP
canbe expensie, however. It is estimatedhat FTTP requires
approximately ve times the capital investmentof FTTN. In
addition,the deploymentof FTTP cantake four timesaslong
asthatof FTTN. Consequentlythe currentplan for AT&T is
to deploy FTTP only in new constructionand multi-dwelling
units. In contrast,FTTN is more e xible and cost ef cient,
making it most suitablefor existing neighborhoodsThe 20-
25 Mbps bandwidthofferedby FTTN is typically enoughto
supportseveral high-quality TV streamsaswell ashigh-speed
InternetandVoice over IP (VolP) servicesFor this reasonwe
will focuson a capacitymodelandalgorithmdesignto provide
insight into engineeringa high-capacitylPTV network. We
will usethe LightSpeedprojectfrom AT&T as an example.
However, the analyticalmodel presentedn the papercan be
appliedto IPTV servicesover FTTP and xDSL networks in
general.
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Fig. 1. SystemModel

The network architectureof project LightSpeedconsists
of a small numberof national superhead-endsand a large
numberof local video hub of ces asshawn in Figurel. The
superhead-endslisseminatédroadcasvideosandon demand
videosto local videohubof ces, whichin turn distributevideo
contentto the customers.

To provide video on demand(VOD) service,the service
provider caninstall multiple mediasenersat variouslocations
acrossa contentdistribution network (CDN) to dispersethe
bandwidth contention; however, the costsof deploying and
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solutionis to usea peerto-peer(P2P)communicatiorsystem.
In suchsystemsenduserg(i.e., peers)nterestedn le sharing
participateas both clients and seners, typically through an
applicationoverlay network. Whena userlocatesan interest-
ing le from anotheruser the downloadinghappendirectly
betweerthe two without goingthrougha centralsener. While

early P2P systemsand P2P analysisare mostly usedfor le

downloading[4] [5], recentlythere have beenseveral efforts
on using the peerto-peerapproachto supportlive streaming
[3] 18] [12] [13] [16] andVOD streamind1] [6] [7] [11]. The
P2Papproachavoids the deploymentproblemof IP multicast
serviceaswell asthe network bottleneckat the video sener.

In this paper we discussand analyzethe conditionsunder
which P2Pvideo sharingcan increasethe maximumnumber
of concurrenviewerssenedby alocal videohubof ce taking
particularcarein modelingthe constraintsof the underlying
physical infrastructure.Based on theseresults, we develop
the MediaGrid IPTV platform and simulate MediaGrid P2P
streamingalgorithmsto maximize the numberof concurrent
viewers.

The contritutions of the paperare the following: 1) This
is the rst paperwhich studiesthe bene t of P2Psharingfor
IPTV servicesover FTTN/XDSL Networks; 2) Becausethe
servicebottleneckis mostlikely to be in the local video hub
of ce, ouranalyticresultsindicatethatP2Psharingfor viewers
within a local community hasthe greatestpotential bene t,
while P2P sharing for all viewers globally may actually
decreasethe service capacity of FTTN/XDSL networks; 3)
We analyzethe conditionsunderwhich P2Psharingfor IPTV
serviceshecomedene cial; 4) Giventhe network constraints
for a good-quality IPTV service,we designthe MediaGrid
platform which monitorsthe network conditionsand decides
whenandhow to sharevideosamongviewers;5) We develop
a comprehensie simulation model to validate the analytical
resultsandthe bene ts of the MediaGrid P2P platform.

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

Il. FTTN NETWORK MODEL

As shavn in Figurel, videostreamingsenersareorganized
in two levels - a local video hub of ce which consistsof a
clusterof streamingsenersor proxiesto sene viewersdirectly
andnationalsuperheadendSHE) of ces which candistribute
videosto 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 connectso a
setof FTTN switchesthroughoptical ber cablesEachFTTN
switch connectsa community of IPTV service customers
throughtwisted-paircopperwires.

A communityconsistsof all homeswhich areconnectedo
the sameFTTN switch. The uplinks (north-links) of service
routersin the local of ce connectto national SHE of ces
by high-speedoptical ber networks. The parametersused
throughoutthe paperare detailedbelow.

,download bandwidthinto a home (22 Mbps); ,
uploadbandwidthout of ahome(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 streamingseners in a local
of ce (upto 200Gbps); , maximumcapacityof the north-
link of serviceroutersin a local of ce (10 Gbps); , average
streamingbit rate for a video (must be at least the video
encodingbit rate,6 Mbps for high-de nition programsand 2
Mbpsfor standardde nition programs); , maximumnumber
of concurrentviewers supportedby an FTTN switch;
fractionof viewersin acommunitywho getvideosfrom peers,
not from alocal of ce; , maximumnumberof communities
connectedo a local video hub of ce; , maximumnumber
of concurrentviewerssupportedoy alocal of ce; , number
of viewers who receve videos from peerswithin the same
community; , numberof viewerswho receve videosfrom
peersin othercommunities.

A. NetworkConstaints for Corventional IPTV 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:

. Second,the downlink and uplink bandwidthsof
an FTTN switch must eachbe able to support concurrent
viewersin a community: and . Third,
the total numberof communitiessened by a local of ce is
boundedby the total downlink throughputin a local of ce:

or . Fourth,the maximum
numberof concurrentziewerssupportedy alocal videoof ce
is .

The trafc on the uplinks of a local of ce (bounded
by ) dependson the video distribution policy used
by an IPTV service provider. To reducethe 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
popularvideosare availablein local video hub of ces sothat
theuplinks of local video of ces will notbecomeabottleneck.

Using AT&T ProjectLightspeedas an example,we assume
that a local of ce with a cluster of video seners can

support up to bps streamingthroughput. Given the

networking constraint, Mbps, which is greater
thanthe 6 Mbps encodingrate of a high-de nition video, the

maximumload onthesouth-linkof anFTTN switchto support
192 concurrentiewersis 1.152Gbps,which is muchsmaller
than 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 communitiessened by a local video of ce, , is

87 (= ) andthe maximumnumberof concurrent
viewerssupportedy alocal videoof ce is
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Note that in this example, the bottleneckis , the link
capacitybetweena local of ce andan FTTN switch.

B. NetworkConstaints for MediaGrid IPTV services

To simplify the discussionthe constraintanalysisconcen-
trates only on thethe none-orall case.Each peer gets data
entirely from either the sener 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 sener.

1) Casel: P2P sharing among peers within a commu-
nity: Among concurrentviewersin a community
of themwill getvideosfrom peerswithin the samecommunity
and will get videos from seners. The following
constraintamustbe satis ed for good quality IPTV services:

P2P viewers getsvideo from peersin its community so the
uploadedP2Pvideotrafc is . Thereforethe total traf c
generatedby P2P sharing for the south-links (downlinks)
of an FTTN switch is . In this case,the capacityof the
southboundlinks (downlinks) of an FTTN switch must be
greaterthan the sum of video streamingtrafc
coming from video seners and the total P2P video trafc
asshavn in constraintC1. Given the increasedupload
traf c, P2Psharingwithin a communitymay not be feasibleif
the downlink bandwidthof an FTTN switchis the bottleneck.
However, P2P sharing decreaseghe load on the uplinks
of the FTTN switch as shovn 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.

Let out of 192 viewersgetvideo from peersin their
community Then,the maximumload in the south-link of an
FTTN switchis bps,comparedo 1.152
Gbpsin examplel. The maximumloadonthe north-link of an
FTTN switchis bps,comparedo 1.152
Gbpsin example 1. The maximum numberof communities
supportedby a local of ce, (=

), comparedo 87 communitiesn examplel. The
maximumnumberof concurrentviewers supportedy a local
video of ce, , comparedo in
examplel.

This example shavs that P2P sharing reducesthe load
betweena local of ce and an FTTN switch (the north-link
of an FTTN switch) andthereforereduceshe possibility that

is a bottleneck.This example also shawvs that without
upgrading existing network infrastructure,P2P sharing can
signi cantly increasethe numberof concurrentviewers that
canbe sened 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 sened by a local of ce. Within a com-
munity,  viewersget all their videosfrom peerswithin the
samecommunityand  viewersgetthe entireor partof their
videosfrom peersin othercommunitieswhere
The following constraintamustbe satis ed to guaranteegood
quality IPTV service:

The maximumtrafc in the uplink of an FTTN switch occurs
wheneachof the  viewersgetits entire video from peers
outsideits community To maximize the capacityof a local
of ce, we balancethe video sharingtrafc amongpeersin
all communities. When an equilibrium has been reached,
eachcommunity will upload bps to other communities
and recevve bps from other communitiesfor P2P video
sharing. Thus, the total video streamingdownload trafc in
the uplink (north link) of an FTTN switchis
bpscomingfrom the local of ce senersand bpscoming
from peersin other communitieswhile the uploadtrafc is
bpsto supportpeersin othercommunities Therefore,in
balance the total trafc on the uplink of an FTTN switch is

From the above constraintsjncreasingP2P sharingamong
peersacrossall communitieg(i.e. increasing ) increaseshe
trafc on both the uplink and the downlinks of an FTTN
switch, but reduceghe load on the uplink of alocal of ce. So,
if is the bottleneck,applying P2P technologyfor peers
in all communitiesof a local of ce is bene cial. However,
evenin this case,anIPTV serviceprovider could apply other
contentdistributiontechnologiegi.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) Bottlene& Observations:Fromthe analysisof theabove
threecaseswe canderive the following conclusions:

P2Ptechnologyis usefulwhensomeof the network links
in FTTN switchesor local video hub of ces are the
bottleneck.

If is the bottleneck, P2P sharing does not help
becauseary peersharingincreaseghe downlink traf c
of an FTTN switch.

If is the bottleneck, P2P sharingamong viewers
in all communitiesof a local of ce helpsto reducethe
load on . However, if a serviceprovider can apply
othertechnologiedo 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 reducethe load
on thesecongestedinks. However, P2P sharingacross
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communitiesncreaseshe possibility that or is
a bottleneck.Therefore P2Psharingacrosscommunities
shouldnot be usedwhen or is the bottleneck.

C. Boundsfor MaximumConcurent 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 numberof concurrentviewers
supporteddy alocal video of ce, , canbeincreased
either by increasing or . In practice, the number of
communitiesconnectedo a local hubof ce, |, is determined
by the numberof POPs(point-of-presencesgonnectedio a
local of ce and the numberof available locationsto install
bers and FTTN switches.Increasing requiressigni cant
planningandcapitalinvestmento rent/tuy new spaceo install
IPTV network equipmentThereforeto increase , it is more
economicato increase . In thefollowing, we assumehat is
x edatthetime of deployment.Our MediaGridP2Pstreaming
technologyfocuseson increasing to maximize , the total
numberof concurrentviewers sened by a local of ce.

Without P2P sharing,the numberof concurrentviewersis

—— and Q)
— — 2)
When MediaGrid P2P sharingis applied, let be the

number of viewers in a community and be the fraction
of theseviewers who receve videos from peersinstead of
streamingseners. From Constraintsl and 2, we have

and )
4
Normally, increasess increasessinceas increasesthere

is a betterchancethat a video hasalreadybeenviewed and

storedin the set-topboxesof somepeers,anda betterchance

it canbe downloadedfrom a peer We assumea modelwhere
is a constantand

when or
otherwise.
We pick representatie valuesof and

in Egn.() andEqn.() to seethe effect on viewer capacity

Figure2 shovstwo capacitysurfacesplottedagainstvarying
uplink, anddownlink, throughputsTheinclined P2P
surface shavs the maximum number of usersthat can be
supportedas per Eqn.(4)boundedby the minimum . The
other surface (No P2P) shavs the service capacity of the
local video of ce using a centralizedFTTN architecture As
shawvn, P2Psharingis not bene cial when valueis small.

B25=50Gbps

P
%10

'-szP

Total viewers, N
e
L

FTTM throughput B13 (bps)

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

Thereforeijt is crucialto determinethe thresholdvalueof

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

From the above discussionsye designthe MediaGrid P2P
streamingalgorithmsto maximize the numberof concurrent
viewersin a communityby monitoringbandwidthconstraints,
the network trafc and the availability of videosin peers.
In the next two sections,we study the maximum number of
concurrentviewers supportedby a local of ce by simulating
the MediaGrid P2P streamingalgorithm on a FTTN/xDSL
network ervironment.

I1l. MEDIAGRID P2P ALGORITHM

Thereare threekey novel aspectsof our MediaGrid video
sharing algorithm. First, it explicitly takes into accountthe
capacitylimitations of the underlyingphysicalnetwork infras-
tructure, not the overlay network of peersas other systems.
Secondto avoid along delaybeforethe startof the requested
program,the algorithm allocatesenoughsupportingpeersto
collectively sene a video at or above the streamencoding
rate, while at the sametime ensuringthat each peer upload
ratedoesnot exceedits uplink capacity Third, unlike existing
streamingP2P approacheshat deal with peerdisconnections
by special streamencodingsthat either add redundang or
gracefully degradestreamquality in responsdo failures(the
approachesve call passiveerror handling), in MediaGrid,the
local of ce eithersubstitutes failed peerwith a differentpeer
or senes the missing contentitself, thereby utilizing active
error handling

Becauseour analysis showvs that P2P sharing is mostly
bene cial within a community and is actually likely to be
detrimentalfor cross-communityor global sharing,we will
concentratéhere on P2P sharingwithin a single community
In MediaGrid,thelocal of ce senermaintaingull information
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ProcessRequest(Stredsn Viewer V)
/I Requesfor streamS receved from viewer V
If the FTTN switch of the viewer satis es Constraintl
with and
PeerSet SelectPeers(S)
/I Find a setof peersin the viewer's communityto sene request
If PeerSet
Sendmessaga&JsePeers(EncodingRate(S),Peer&etjiewer V
terminate
endif
endif
if thereis enoughtotal of ce download capacity
and bandwidthof link to the viewer's FTTN switch
Sene streamsS to viewer V directly
else
SendRequestDenied(jo viewer V
end

ReplacePeer(&ver V, PeerP)
/I Requesto replacea failed peerP from viewer V
Let S be the streambeing viewed by V,
andn be the numberof peersservingthe streamto V.
P' = FindPeer(S);
if P* NULL
sendReplacementPeer(Ptp V
elseif thereis enoughtotal of ce download capacity
and bandwidthof link to the viewer's FTTN switch
sendUseOfce() to V // In response) will requeststreamseggments|
that peerP usedto sene from the of ce directly
endif
end

Fig. 3. MediaGrid Sener Algorithm

abouteachcommunity including which viewersare currently
watching which programs,which programsare available for
uploadfrom eachpeer the currentuplink anddownlink band-
width consumptiorby eachpeerandeachFTTN switch, and
thetotal load on the of ce communicatioriinks. Viewerssend
to the of ce two kinds of requestsProcessRequestquestsa
streamandReplacePeandicatesthatoneof the peersserving
themfailed. The of ce processeshesemessageaccordingto
the MediaGrid Sener algorithmshavn in Figure 3.

When the client receives UsePeersnessageit divides the
streamingrate equally among the peers, calculateswhich
streamsegmentsto requestfrom eachpeerandthe necessary
buffering before startingto renderthe stream,and sendsthe
appropriaterequestgo the peers.The detailsof this algorithm
are omitted for brevity.

The most intricate part of the algorithm is the imple-
mentation of the SelectPeersand FindPeerfunctions. The
dif culty arisesif a peerableto sene rare contentis already
assignedo sene more commonlyavailable content.Because
of the severely limited uplink capacity it will not be able
to sene more than one video. This leadsto the needto
dynamicallyreassigrpeersto viewers.This reassignmenuill
occurtransparentlyto the viewer. 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 sener chosepeersP1 and
P2 to sene it. If anotherviewer requestsstreamB, without
dynamicreassignmentPeersP1 and P2 are unableto sene

IFuturework will explore dividing the streamingrate unequally

it becausedheir capacityis usedup; the sener would have to
sene the new viewer directly. However, if the sener reassigns
the rst viewerto peersP3 and P4, the secondviewer canbe
sened by P1andP2. Selectingpeersfor a given requestmay
trigger cascadingreassignmenbf previously selectedpeers,
or global schedulingof all currentlysened streamsamongall
the peerswhich could causdong delayspotentiallyexceeding
clients' buffer capacity To avoid suchglobal schedulingour
SelectPeeralgorithmresortsto heuristics.The main points of
the SelectPeerslgorithmare?

Given the current valuesfor the peer uplink capacity
(1 Mbps) and stream encoding rates of 2 Mbps and
6 Mbps, we assumepeeruplink capacityis lessthanthe
streamcodingrate.
For easeof managementhe algorithmattemptgo select
the fewestpeerswith sufcient aggreateuplink capacity
for servingthe streamln particular togethemwith thepre-
vious assumptionthis meansthat eachpeercan upload
to only oneviewer at a time.
When more than enoughfree (i.e., unassigned)peers
with the requestedtreamexist, we select peerswhere
, as follows. Let be the
most popular streamamong streamsstored at peer
We select peers with the least popular streams
, amongall the candidategpeers.Therationaleis
that peerswhosemostpopularstreamis not very popular
will probablynot needto sene a future request.
Whennot enoughfree peersexist, we attemptto free up
additionalpeersby reassigninghe streamshey currently
sene to otherpeers.Let  be the setof busy peersthat
have the requestedtreamand  be the numberof 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 thatthe morepopularthe currentlysened
streamis, the morelikely it is to nd anotherpeerthat
couldtake overthis stream$ delivery. Thus,thealgorithm
sortspeersin  in the decreasingrderof popularity of
the streamshey are currently serving,andthenfor each
peer in thelist, attemptsto nd anidle peerthat has
the streambeingsened by . This stepcompletesonce
the rst peersare freed up, or until it went though
the entire candidatelist , in which casethe algorithm
returnsa failure (and empty peerset).
If the overall setof peersfor a requestedstreamhave
beenfound,theviewersof reassignedtreamsarenoti ed
to switchto new peers.

IV. SIMULATION
A. SimulationModel

To study the impactof MediaGrid P2P delivery on system
scalabilityandcapacity we performedan event-drivensimula-
tion study Basedon our earlieranalysiswe simulatea system
comprisedof the local of ce and one community

2The FindPeeralgorithmis a specializatiorof SelectPeeto one peerand
is not discussedurthet
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We assumehe samebehaior for every nodein the com-
munity: an idle peer requestsa streamwith probability of
2% every time tick. A time tick occurs every minute. A
peer may download only one streamat a time. When a peer
issuesa request,it selectsone of 1000 programsaccording
to Zipf's popularitydistribution. Eachstreamlasts60 minutes
andhasa datarate of either2 Mbps (standardde nition TV)
or 6 Mbps (HDTV). Oncedownloaded the programremains
availableat the peerfor a periodcalledthe streamtime-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, and a non-operationapeeris turnedon with
probability 0.5% on every tick. This meanghat every peeron
averagespends ve timeslongeron than off.

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

We begin by examiningthe behavior of the systemutilizing
today's componentsharacteristicsthe FTTN switch support-
ing the communitysizeof 192 usersuserdownloadbandwidth
of 22 Mbps and uploadbandwidthof 1 Mbps, andthe of ce-
to-FTTN link bandwidthof 1.244 Gbps.Figure 4 shaws the
number of viewers sened by the local of ce for standard
de nition TV programsundernormaldemandandfor HDTV
under normal demand.Fewer concurrentconnectionsat the
of ce impliesgreatersystemscalabilitybecausehe of ce can
sene more communitieswithout overload.This gure shaws
that, for standard-de nitionTV, P2Pdelivery reducegheload
onthelocal of ce by over50%.However, thebene tsdiminish
greatly for high-de nition TV, becauseexisting peer uplink
capacityis not adequatdor servingHDTYV, sinceone stream
delivery requirescooperatiorof six operationalpeers.

The above result might seemdiscouragingoecauseHDTV
will be more prevalentin the nearfuture. However, sincethe
hardwarewill alsoimprove,we next explorehow hardwareim-
provementampacttheseresults.Becausehe previous graphs
shav the system stabilizesafter 1000 minutes, each point
in the graphsbelov representghe averagevaluesobsened
between1500 and 2000 minutes.

Figure 5(a) shavs the total numberof concurrentviewers
in the community that the system can support with and
without P2R as a function of the total numberof usersin
the community Note that becausethe requestrate is the
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Fig. 5. Fullled HDTV streamrequestsa) The total numberof concurrent
requestsin a community that can be supportedby the local of ce, b)The
concurrentrequestssened by the of ce andby the peers.

samein both casesthe differencebetweencurvesis dueto

denieduserrequestsThe graphshavs thatthe systemwithout
P2P saturatesat a community size around 500, while P2P
shaws no saturation. In fact, a larger community size makes
it more likely to nd six operationalpeersfor delivering a
givenstreamwhich mitigatesthe HDTV problemthat limited

P2P bene ts. Figure 5(b) explains the underlying reasonfor

this phenomenotby splitting the total concurrentviewersinto

those sened by the of ce and by the peers.It shawvs that
the load on the of ce grows very slowly and never exceeds
around220 concurrentstreamsThe additionaldemanddueto

a larger communitysizeis absorbedy otherpeers.Thus,we

can scalethe HDTV delivery just by increasingthe number
of downstreamportson an FTTN switch, evenif the peerlink

capacitystaysthe same.Sinceit is highly likely that HDTV

will replacestandardlV in the nearfuture, we concentraten

HDTYV for the restof our simulationstudy
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Fig. 6. The effect of uplink bandwidthon HDTV delivery, a) 200 minutes
TTL, b) 1000 minutesTTL.

Next, we examine how HDTV delivery and P2P bene ts
are impactedby potential bandwidthgrowth in peeruplinks
aswell asin thelink betweerthe of ce andthe FTTN switch.
The communitysize is 1000 for theseexperiments.Figure 6
shaws, for different stream TTL values (i.e., durations of
retentionin peers cache),the concurrentrequestsa system
cansene with andwithout P2R andthe numberof concurrent
requestsenedby peersin thecaseof P2Pdelivery. To provide

3Slight growvth beyond 500 usersis due to the repeatedviewings of
previously downloadedprogramswhich are satis ed from cachesof set-top
boxes.
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a basis for comparison,the gure also shavs the number
of requestssened by an ideal systemwith unconstrained
capacity Any differencewith the ideal caseindicatesdenied
requests.

We candraw several conclusionsfrom theseresults.First,
a higher peer uplink bandwidth mitigateslimited TTL and
causesa rapid increasein P2P benets. For TTL of 200
minutes,doublingthe uplink bandwidthto 2 Mbps morethan
doublegthe numberof concurrentequestsenedby thepeers,
and increasingit to 4 Mbps eliminatesary deniedrequests.
For TTL 1000, just increasingthe uplink bandwidth from
1 to 2 Mbps allows the overall systemto sene virtually
all requestedstreams.This result also highlights the tradeof
betweerthe peers storagecapacityanduplink bandwidth.The
systemcan sene all the demandby either having peerswith
enoughstorageto retain downloadedTV programsfor 1000
minutesand an uplink bandwidthof 2 Mbps, or by having
peerswith enoughstorageto only maintain streamsfor 200
minutesbut with 4 Mbps uplink bandwidth.

Second,the number of requestssened by the peersin-
creasesvhen the uplink bandwidthincreasesall the way to
6 Mbps (the streamdata rate), meaningthat the of ce can
connectmore communities.This resultindicatesthe bene ts
of providing the uplink bandwidthof the streamdatarate. At
the sametime, expandingbandwidthbeyond the streamdata
ratedid not provide ary additionalbene t in our experiments,
even though a peer could in this casesene more than one
requestsimultaneouslyFinally, only P2P delivery allows the
systemto adequatelysene a community of this size, as the
traditionalsystemwill haveto dery over half theuserrequests.

T T y T T T T
total # of concurrent viewers —+—
# of users being served by peers —-x-—
total # of concurrent viewers wio p2p

T T y T T T T
total # of concurrent viewers —+—
# of users being served by peers —-x--- 4
total # of concurrent viewers w/o p2p

500 - 500 -

e
; 400

300 - 300
K
200 - 200 ...

00 . 100 |
.

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
office/FTTN link bandwidth (Gbps) office/FTTN link bandwidth (Gbps)

a b

Fig. 7. The effect of of ce-to-FTTN bandwidthon HDTV delivery, a) 200
minutesTTL, b) 1000 minutesTTL.

Finally, we examinethe impactof increasinghe bandwidth
of the of ce-to-FTTN link. Figure 7 shavs the number of
concurrentrequestssened by the systemwith and without
P2Pfor differentstreamTTL values,aswell asthe numberof
concurrentrequestsenedby peersin the P2Pcase assuming
the x ed peeruplink capacityof 1 Mbps. We can seethat
doublingthe capacityof the of ce-to-FTTN connection(from
1.2 Gbpsto 2.4 Ghps) allows the systemto sene virtually
all the demandfor a given communitysize even without P2P
delivery. Of course,the peersstill help becausehey reduce
the load on the of ce and allow the of ce to sene a larger
numberof communities Also, only P2Pallows the systemto
scalewith the growth of the community Thus,P2Pallows the
systemto immediatelybene t from more portsin the FTTN

switcheswithout correspondindgncreasedn the FTTP's uplink
bandwidth.

V. CONCLUSIONS

As IPTV servicesare deployed aroundthe world, scaling
the networking infrastructureto sene an increasingnumber
of customersunder a reasonablecost structure becomesa
top priority to the broadbandservice providers. Given the
constraintsof the IPTV serviceinfrastructure,we analyzed
the network conditions under which P2P video sharing is
bene cial. We also designedthe MediaGrid platform and its
P2Psharingalgorithmto monitor theseconstraintsand maxi-
mize the servicecapacity Finally, we developedanalyticand
simulationmodelsto computeandcompareP2Pvideo sharing
bene tsfor anIPTV serviceprovider. Our work demonstrates
that the serviceproviders shouldinvestin client devices that
have sufcient storageandbandwidthfor supportingeffective
P2Pvideo sharing.

For future work, to help us gain valuableinsights and to
validateour designswe planto deploy the MediaGridsystem
in real IPTV infrastructures.
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