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Abstract—The success of file swarming mechanisms such asthat we callmesh-based P2P streamirg this approach par-
BitTorrent has motivated a new approach for scalable strearmg ticipating peers form a mesh-shaped overlay and incorporat
of live content that we call mesh-based Peer-to-Peer (P2P) gyarming (or pull) content delivery. File swarming mecha-
streaming. In this approach, participating end-systems (opeers) nisms €.g, [3], [4]) leverage the elastic nature of the content
form a random mesh and incorporate swarming content delivey Q. S0 L 9 i
to stream live content. Despite the growing popularity of ths and the availability of the entire file at the source to effedy
approach, neither the design tradeoffs nor the basic perfanance utilize available resources and scale. More specificahly, i
bottlenecks in mesh-based P2P streaming are well understdo  file swarming mechanisms source distributes differentgsec

In this paper, we follow a performance-driven approach 10 ¢ 5 file among participating peers which enables them to

design PRIME, a scalable mesh-based P2P streaming mechanis h their bi d activel tribute thei .
for live content. The main design goal of PRIME is to minimize exchange their pieces and actively contribute their ougol

two performance bottlenecks, namelybandwidth bottleneck and ~ bandwidth. Individual peers receive different segmentshef
content bottleneck. We show that the global pattern of delivery file in a pseudo-random order and potentially at differetesa

for each segment of live content should consist of aiffusion |ncorporating swarming content delivery into mesh-bas2g P
phase which is followed by aswarming phase. This leads 10 gyeaming mechanisms for “live” content is challenging for

effective utilization of available resources and also mimizes . . L . L
content bottleneck to accommodate scalability. Using paeit two reasons{i) Ensuring the in-time delivery for individual

level simulations, we carefully examine the impact of ovedy Packets of streaming content is difficulti Since the content
connectivity and packet scheduling scheme at individual pgs is progressively generated by a live source, the avaitshili

on the overall performance of the system. Our results reveal new content for delivery is limited. This reduces the diitgrs
fundamental design tradeoffs of mesh-based P2P streamin@rf ¢ 5\ qilable pieces among participating peers which in turn
live content. S . . .
degrades the utilization of their outgoing bandwidth.

As we discuss in Section Il, a few mesh-based P2P stream-
ing mechanisms have been recently proposed [5]-[10]. How-

Peer-to-Peer (P2P) overlays offer a promising approachdeer, to our knowledge, none of these studies have answered
streamlive video from a single source to a large numbethe following important questions:
of receivers (or peers) over the Internet without any specia
support from the network. This approach is often calRzP
streaming The goal of P2P streaming mechanisms is to
deliver high quality stream to individual peers in a scatabl
fashion. To gracefully scale with the number of participgti
peers in a session, a P2P streaming mechanism should be
able to effectively utilize the contributed resources (eam
outgoing bandwidth) of individual peers. Achieving thisas In this paper, we address these two important questions.
challenging due to the heterogeneity and asymmetry of accdde first contribution of this paper is the designRRIME, a
link bandwidth and the dynamics of participatiare( churn) new mesh-based P2P streaming mechanism for delivery of live
among peers. content. We follow gperformance-driverapproach to design

A well known approach to P2P streaming is to organiZzéRIME. Towards this end, first we identify two performance
participating peers into multiple, diverse tree-shapeeriays bottlenecks in mesh-based P2P streaming that could lirit th
where each specific “sub-stream” of the live contenttished utilization of available resources and thus limit the sbaity
through a particular tree from source to all interested peeds follows:(i) A peer experienceandwidth bottleneckhen
(e.g, [1]). This approach has at least two important limitationdtS aggregate available incoming bandwidth from the oyerla
(i) in the presence of churn, maintaining multiple tree-shapéinot sufficient to fully utilize its incoming access link riuk
overlays with desired properties could be very challengingidth. (i) A peer experiencesontent bottleneckvhen there
[2]. (i) the rate of content delivery to each peer througis not sufficient amount of useful content among its neighbor
individual trees is limited by the minimum throughput amonép effectively utilize its available bandwidth from them.ew
the upstream connections which could be even smaller thefiow that the probability of bandwidth bottleneck directly
the bandwidth of a single sub-stream. depends on the connectivity of the overlag( the incoming

Recently, the success of file swarming mechaniseng,( and outgoing degrees of individual peers). We then derige th
BitTorrent) has motivated another approach to P2P stregmiproper connectivity for individual peers that minimizeseth

probability of bandwidth bottleneck among them.
An earlier version of this paper appeared in the proceediohsEEE

INFOCOM 2006. This material is based upon work supportedteyNSF e ShOW that the probability of content bottleneck among
CAREER Award CNS-0448639. peers directly depends on the global pattern of content de-

I. INTRODUCTION

« How can swarming content delivery be incorporated into
a mesh-based P2P streaming mechanism for live content
to effectively scale with peer population?, and

o What are the fundamental tradeoffs and limitations in

design of such a scalable mesh-based P2P streaming

mechanism for live content?



livery from source to all peers in the system. We introdudamps) from parents to ensure proper diffusion of content
the “organized view” of a random mesh and then derivilarough the overlay. Besides this requirement, the acttitel-c
the desired pattern of content delivery for a single packea for selecting packets from individual parents does raseh
that minimizes the probability of content bottleneck among significant impact on the performance of content delivery a
peers and thus maximizes the utilization of resources atwhg as load is properly balanced among parents.
accommodates scalability. We demonstrate that the desif@d Incorporating some light weight coordination mechanism
pattern of delivery should consist of two phas@sa diffusion (i.e., careful packet swapping and loss detection) at source can
phase where data rapidly flows away from source, and sggnificantly improve overall performance of content defiy
followed by (ii) a swarmingphase where peers exchange the{vii) The more distorted the overlay becomes, the lower the
packets. We derive the required “packet-pulling” strateqy diffusion rate of new packets through the overlay becomes,
individual peers that its collective behavior across alenge and the lower the delivered quality to individual peers vebul
leads to the desired pattern of delivery. The two-phase vidwe.
of the content delivery leads to two important insigh(i$: It The rest of this paper is organized as follows: We briefly
reveals the impact of overlay connectivity and source bielmavdescribe closely related studies in Section Il. In Sections
on the performance of content delivei§ii) It demonstrates Il and IV, we describe two key components of PRIME,
some fundamental limitations of the system by illustratingamely overlay construction and content delivery mechmasjs
the relation between peer population, overlay connegtaitd respectively. Section V presents simulation-based etials
minimum buffer requirement at individual peers. of PRIME and illustrates some of the key tradeoffs and
The second contribution of this paper is the detailed pdimitations in the design of mesh-based P2P streaming for
formance evaluations of PRIME using packet level simuldive content. Section VI concludes the paper and sketches ou
tions. We show that the notion of diffusion and swarminéuture plans.
phases offers a powerful method to identify the performance
bottlenecks of a mesh-based P2P streaming mechanism. We
carefully examine the performance of PRIME in scenarios
with limited resources and untangle the effect of different In this section, we focus on a few previous studies that
parameters on overall performance of PRIME. Our results nate most related to our work. CoopNet [1] and SplitStream
only reveal a few fundamental design tradeoffs and linotati [11] both organize participating peers into multiple, dise
in incorporating swarming content delivery into mesh-lmasdrees and push each sub-stream of the content through a
live P2P streaming but also shed an insightful light on trgpecific tree. This enables all participating peers to doute
dynamics of swarming content delivery in these systems.eSottheir outgoing bandwidth and also limits the impact of a
of our main findings can be summarized as follows: peer departure to a single tree. In our recent study [2], we
() Ensuring the same ratio of bandwidth to degree amomgmpare multi-tree and mesh-based P2P streaming appsache
participating peers minimizes the bandwidth bottlenecthim and show that(i) in the presence of churn, maintaining
overlay, multiple trees with desired properties is challenging, &id
(i) There is a sweet range for peer degree over which swarthe delivered quality in multi-tree approach is very seéwsit
ing content delivery exhibit good performance and effedtiv to variation in throughput of individual connections.
scales with peer population. The lower bound of this range isChunkySpread [12] is a more recent multi-tree approach to
6 but the upper bound is determined by peer bandwidth. P2P streaming. ChunkySpread uses frequent signaling among
(iii) The minimum buffer requirement at each peer is directlyarticipating peers that allows participating peers tofqren
proportional to the total duration of the diffusion and smarg load balancing and latency reduction by changing theirmare
phases for a single packet. Minimum duration of diffusiowhile avoiding loops within each tree. Authors focus on dasi
phase depends on the depth of the overlay whereas the marid evaluations of multiple trees in resourceful environtae
mum duration of swarming phase depends on the connectiwitith balanced load and low latency. However, the perforneanc
of the overlay. Bi-directional overlay requires larger taufng of actual content delivery in the presence of packet level
at individual peers due to the lower diversity in connegfivi dynamics (and loss) and the impact of overlay propertges, (
which adversely affects swarming content delivery. node degree, peer bandwidth) have not been explored.
(iv) In a properly connected overlay with sufficient amount of CoolStreaming/DONet [13] is a mesh-based approach
resourcesi(e., aggregate outgoing bandwidth among peers Where participating peers initially form a mesh [14]. Howev
not smaller than their aggregate incoming bandwidth) eeithonce each peer identifies proper parents, it requests eashtpa
the heterogeneity and asymmetry of access link bandwidth provide a specific sub-stream of the content. In essence,
(even the presence of free-riders) nor the location of higboolStreaming eventually organizes participating peets i
bandwidth peers affects delivered quality to individuabe multiple trees and incorporates push-based content dglive
However, free-riders may be able to prevent the delivery §f5]. Using prototype implementation, authors conduct ex-
specific packets if they are positioned in a way that limiteel t periment over PlanetLab and report on their experience with
flow of delivery for those packets.€., affect the connectivity large scale deployment of this system. Authors presenageer
between regions of the overlay). delivered quality to the participating peers as a functieerp
(v) The packet scheduling scheme at individual peers shouldgrees (over a small range from 2 to 6) and churn. While this
pull any newly generated packets (with the highest timestudy clearly demonstrates the scalability of mesh-bag® P
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streaming, it does not demonstrate the fundamental trégleof BuhiBu=2 s
in the design of mesh-based P2P streaming mechanisms. % : Lyt
A couple of studies have proposed to add the notion of “de- =
livery window” to Bittorrent in order to support “streamihg
content delivery €.9, [5], [6], [8]). These studies appear to { &
be targeting playback streaming applications and have only «
evaluated the proposed protocol in scenarios with a plefty ot
excess resources. Therefore, the performance of thesensyst

in a resource-constrained or dynamic scenarios is unknown. o
Degre

Finally, a growing number of P2P streaming systeragy, Degree o
y 9 9 g sy Eg( Utilization of gaccess link bandwidth across (gjifmrqaeer degree and

. . N L1,
WW|t_V-00mv SopcaSt-Com) are becoming available for broagious level of heterogeneity, when all peers have the sae@ming and
casting streaming content to a large group of end-systems owutgoing degree regardless of their bandwidth

the Internet. However, no technical details about thesesys ) outbw, inb
is available. roughly estimated as\/IN(———=,>%<) where outbw,,

outdegy 'indeg.

In this paper, we systematically examine the effect @ftdegp, inbw,, indeg. denote the outgoing bandwidth and
packet scheduling and overlay properties on the performarRUtgoing degree of peep, and incoming t;?ndmdth and
of mesh-based P2P streaming mechanisms for live contdAEoming degree of peer, respectively. 'fsstd:;i<;?5:;2’
explore the underlying causes for observed behavior, altf outgoing access link of the parent is the bottleneck and

identify fundamental tradeoffs and limitations of mestséd thus the incoming access link of the child may not be fully

tilizatio
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P2P streaming. To our knowledge, none of the previous studlilized. In contrast, 772 > 122, the bottleneck is at the
have achieved these goals. incoming access link of the child and the outgoing access lin

of the parent may not be fully utilized.

This observation suggests that to maximize the utilizatibn
both incoming and outgoing access link bandwidth of all peer

Participating peers in PRIME maintain mndomly con- in a randomly connected overlay, the same ratio of “bandwidt
nected anddirected overlay (.e., a mesh-shaped overlay).to degree” should be used for both the outgoing and incoming
There is a parent-child relationship between connectedspeeonnections ofall peers. More specifically, the following
and content is always delivered from parent to children.  condition should be satisfied for any two randomly selected

Each peer maintains connections from multiple parengeers: and; in the overlay: prf:fﬁf;:;ff:jZé
and serves multiple children. All connections are initthtsy We call this bandwidth-degree conditiorThis condition im-
children. When a peer needs more parent(s), it contactplées that all connections in the overlay have roughly the
bootstrapping node to learn about a random subset of otlsame bandwidth obwpf, or bandwidth-per-flow. In essence,
participating peers in the system and then requests thdmsepf is a configuration parameter that directly translates
peers to serve as its parent. All connections in the overldye (potentially heterogeneous and asymmetric) acceks lin
are congestion controlled (using RAP [16] or TFRC [17])bandwidth of individual peers (and the source) to their prop
Each peer tries to maintain a sufficient number of parentls thacoming and outgoing degrees.
can collectively fill its incoming access link bandwidth.cBu  To illustrate the effect of bandwidth-degree condition ba t
an overlay is easy to maintain and very resilient to churatilization of access link bandwidth, we condustsimulations
Furthermore, incoming and outgoing connections of each paehere 200 peers with heterogeneous (but symmetrical) acces
are more likely to have diverse paths which in turn reduces think bandwidth bw;, andbw;) form a directed and randomly
probability of a shared bottleneck among them. The key desigonnected mesh. All peers use the same incoming and out-
question for the overlay construction mechanisnthiew to  going degree regardless of their bandwidth. All connedtion
determine the incoming and outgoing degrees of individuate congestion controlled using RAP [16]. Figure 1 depicts
peers?” We note that PRIME can certainly incorporate othehe average utilization of incoming access link bandwidth
(distributed or central) peer discovery and parent sedectiand its 10th and 90th percentiles (as bar) only among high
techniques. However, as long as the incoming and outgoibgndwidth peers for two levels of bandwidth heterogeneity
degrees of individual peers are not affected, other detdils where ‘;j“T’L is equal to 2 and 8. We examine each level
these techniques do not have any impact on our results. of bandwidth heterogeneity with three different values of
Deriving Proper Peer Degree:Suppose that each peer alwaypeer degree (namely 8, 12 and 16), and different fraction
has sufficient amount of useful content to send to its childreof high bandwidth peersn{,) for each degree. Across all
Then, the aggregate rate of content delivery to each peer tleese scenarios, the incoming access link of low bandwidth
pends not only on its number of parentg( incoming degree) peers has always been utilized. Figure 1 indicates that if al
but also on the number of children.g, outgoing degree) peers use the same degree, increasing the degree of bandwidt
of each one of its parents. Without loss of generality, wieeterogeneity decreases the average utilization of adirgss
assume that congestion only occurs at the edge of the netwdrkndwidth among high bandwidth peers especially when the
i.e., at the incoming or outgoing access links of participatinfyaction of high bandwidth peers is sma#.g, ’Z“T’L =8 and
peers. Therefore, the average bandwidth for a congestiop=10%). Setting the peer degree based on the bandwidth-
controlled connection between paremtto child ¢ can be degree condition in all these simulations results in a high
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utilization (>95%) of access link bandwidth among all peer§i) each packet should be delivered withihA seconds from
with low variations £3%) in all the above scenarios. Thdts generation time to ensure in-time delivery.
utilization of access link bandwidth with bandwidth-degreAvoiding Content Bottleneck: Suppose all connections have
condition is not shown in Figure 1 for clarity. In summaryroughly the same bandwidthb\pf), then the maximum
accommodating the bandwidth-degree condition ensurds thaount of data that a child can receive from a parent during
each peer can receive content at the maximum rate and dassinterval (A) is equal toD = bwpf*A. This amount of
not experience abandwidth bottleneckin practice, some data is called alata unitand may consist of several packets
connections might experience bottleneck in the core rathgossibly from different descriptions) that are selectgdte
than the edge of the network. This may affect the utilizatiopacket scheduling scheme at a child. When one (or multiple)
of access link bandwidth for the children that receive conteparent(s) of a child do not have a data unit worth of new
through these connections. This problem can be addresseccbyitent to deliver during an interval, the child cannot yull
(i) allowing children with low utilization of incoming accessutilize the bandwidth of the corresponding connection(s] a
link bandwidth to have extra parents afij allowing parents experiencegontent bottleneck
with poor utilization of outgoing access link bandwidth to The goal of the packet scheduling scheme at individual peers
accept extra children beyond the limit that is specified by ths to maximize their delivered quality while minimizing ihe
bandwidth-degree condition. buffer requirement. This goal can be achieved by minimizing
the probability of content bottleneck among peers which in
turn maximizes the utilization of the outgoing bandwidth
among all peers and thus accommodates scalability. The prob
PRIME incorporates swarming content delivery which congbility of content bottleneck among peer®( the availability
bines push content reporting by parents witpull content of new data units at individual parents) directly depends on
requesting by children. Each peer simultaneously receivif® global pattern of content delivery from the source to all
content fromall of its parents and provides contentath of participating peers through the overlay. Therefore, tdgiea
its children. Each peer, as a parent, progressively repbes scalable P2P streaming mechanism, first we identify theaglob
availability of its new packets to all of its children. Givéime pattern of content delivery that minimizes the probabititfy
available packets at individual parents,packet scheduling content bottleneck among peers. Then, we derive the retjuire
scheme at each peer periodicaliye( once perA second) packet scheduling scheme at individual peers that leadseto t
determines an ordered list of packets that should be regdiesiesired global pattern.
from each parent to maximize the utilization of their aviaiéa
bandwidth. These lists are sent to corresponding pareath EA. Organized View of a Random Mesh

parent simply delivers requested packets by each child in_ . : : .
the provided order and at the rate that is determined by t To identify the desired global pattern of content delivery,

. . Irst we present an organized view of a randomly connected
congestion control mechanism. The overall performance gﬁd directed mesh. Towards this end, we define the distance
content delivery depends on the collective behavior of t '

) S Qﬁ eerp from the source as the length of the shortest path
packet scheduling schemes across all participating pgégs. in?mps]; from the source to peﬁrthrouggh the overlay Theg
assume that the content is encoded with Multiple Descnpti% : '

IV. CONTENT DELIVERY IN PRIME

. . " peers that have the same distancendiops from source can
Coding (MDC). This enables each peer to maximize i e grouped intdevel n, as shown in Figure 2.

delivered quality by pulling a proper number of description Consider an overlay wittP homogeneous peers where all

In the context of live P2P streaming applications, Sourj)eeers have the same incoming and outgoing degreéeof
progressively generates a new segment of content once evety ... <o rce degree dég.,.. The organized view reveals

ith L A Id ; Kfie important properties of this overlay as follows [18]:
V.V't cons(;acutn:je tmestampst({'c— l’tm]) apross_li'i lflfscr.'p'lThe population of peers at level (or pop(n)) is limited to
tions, andt,,. denotes source’s playout time. To effective (n)<degsre*deg™1), (i) The number of levels, afepth,
accommodate swarming, peers should maintain a loos s

. ; o7 ) uch an overlay is limited tdepth > logaeq(P/degsrc),
synchronized pla_yout tlme V.Vh'Ch i A se_conds b_ehmd (iii) For a randomly selected peer in the overlay, the probability
source’s playout time. Maintaining synchronized playdontet

e i of having a parent at levet is equal to2ee(n) Typically, a
maximizes the overlap among buffered data at dn‘ferentspe(?{eer in leveln, except for peers in the l:fottom level, has a

by providing roughly w*A seconds worth of content thatSingle parent in leveh — 1, (deg-1) parents in the same or

can be swarmed among peers. This also facilitates Pargiter levels, anddeg children in leveln + 1. Peers in the

selection because each participating peer with open slot ttom level (epth = n) often have a single parent in level
serve as a parehtThe relative playout delay between the

S A n — 1, anddeg children in the same or higher levels.
source and participating peers has two implicatidijseach
peer should buffer at least* A seconds worth of content, and ) )
B. Pattern of Delivery for a Single Segment
Iwhile this may seem intuitive, some of the P2P streaming mi@sins In this subsection, we derive the global pattern of content
[9] have assumed that a child peer has to delay its playoutpacento its delivery for a single segment that minimizes the prob@bilit
parents to provide more time for content delivery. This apph could lead .
of content bottleneck among peers. Consecutive segments

to a long delay between source and some peers, and wouldtlienithoices . .
of parent peers to only those peers that have earlier plajmet of the stream can be delivered through the overlay using a



level 1

Diffusion iswmiﬂg/” /ﬁ\ phase of a segment, all peers in the overlay have at least one
data unit of that segment. During the swarming phase of a
o segment, peers pull the missing data units of the segment
V’?l from their parents that are located in the same or lower tevel
®© ) Therefore, all the connections from parents in leyeb their
/" children in the same or higher leveél(:i<j) are exclusively
@‘:’l@ @) utilized for swarming. These connections are calagrming
e connectionsind shown with curly arrows in Figure 2. We also
Fig. 2. Organized view of a mes -based overlay with 17 pdess.clarity, call their corresponding parents awarming parentsNote
only a subset of connections are shown. !
that almost all the swarming parents are located at the fmotto
roughly similar pattern. Intuitively, to minimize the numb leveP. This means that the outgoing bandwidth of peers at
of intervals for delivery of a segment, first different datahe bottom level is primarily utilized for the swarming of
units of the segment should be rapidly delivered (or diff)seindividual segments.
to different subset of peers. Then, participating peers canWe recall that all peers in the same diffusion sub-tree wecei
exchange (or swarm) their data units and contribute theftre same data unit of a segment during the diffusion phase.
outgoing bandwidth until each peer has a proper number Biis implies that only those swarming parents that are kxtat
data units for that segment. This observation motivatesoa twon different diffusion sub-trees can immediately providesa
phase approach for delivery of a segment as follows: data unit to a child at the end of the diffusion phase. For
1) Diffusion Phase of Delivery:Once a new segment becomesxample, in Figure 2py can immediately obtain a new data
available at the source, peers in level 1 can collectively pwnit from p;5 but not fromps. If all the swarming parents
all data units of that segment during the next inter¥al of a child i are located on different diffusion sub-trees, the
Then, peers in level 2 can collectively pull all data units ofhild can pull {ndeg;—1) new data units from all parents in a
the new segment during the following interval and so omingle swarming intervalg(g, p12 in Figure 2). Otherwise, the
Therefore, it takes at leagkepth* A seconds until data units child experiences a content bottleneekg, py in Figure 2)
of a newly generated segment (by source) reaeh (iffuse) and thus requires more than one swarming interval to obtain
all participating peers in the system. The time that it tafkes the remaining data units. During these extra intervals,esofm
all peers to receive a data unit of a newly generated segméagatswarming parents will obtain new data units of the target
is called thediffusion timeof that segment. segment, and can pass them along. For examplereceives
To rapidly diffuse a new segment to peers in lower levels new data unit fromp;; after one interval and can pass it to
of the overlay, all the connections between peers in levelpy in the next interval.
(n<depth) to their children in leveh+1 should be exclusively  In a randomly connected overlay, the probability of ex-
used for the diffusion of new data units. These connectioperiencing a content bottleneck during the swarming phase
are calleddiffusion connectionand the corresponding parentsiepends on the relative value of peer's incoming degree and
are calleddiffusion parentsDiffusion connections are shownthe number of diffusion sub-trees with a unique data unit as
with straight arrows in Figure 2. The number of diffusiorwell as the population of peers in the bottom level of each
connections into level is at least equal to the population ofdiffusion sub-trees. For a given overlay, the minimum numbe
peers in leveh (i.e., degs,.*deg™ 1)) which is exponentially of swarming intervals (0K»;») is determined such that nearly
increasing withn. all peers can receive their required number of data unis (
The above pattern of content delivery has the followinghaximum deliverable quality) of a segment. In Section V,
implications: First, the diffusion phase of a segment takege show how the value ok ,,;, is affected by other system
exactly depth intervals ordepth* A seconds. Second, eactparameters. In summary, the required buffering at indigldu
peerp in level 1 as well as all of its descendant peers ipeers or their relative playout delay compare to souias, (
a sub-tree rooted irp receive the same data unit of each,* A seconds) should be sufficiently long to accommodate
segment during the diffusion phase of that segment, but @ith diffusion and swarming intervals for almost all peeys b
different intervals depending on their levels. Each suchla s satisfying the following condition:depth+K,,:,) <w.
tree of peers that is rooted in a peer in level 1 is called a
diffusion sub-tree The number of diffusion sub-trees in an . . )
overlay is equal to the population of peers in level 1dey,,.. C- Receiver-driven Packet Scheduling
In Figure 2, one of the three diffusion sub-trees that isedot The packet scheduling algorithm at each peer determines
at peer 1 is shaded. Third, when the bandwidth of a diffusigaquestedi(e., pulled) packets from individual parents. We
connection is less thaowpf, all the downstream peers in theassume that each packet can be uniquely identified by its de-
corresponding diffusion sub-tree experience contentdimtk scription id and a timestamp. The packet scheduling algarit
during the diffusion phaseWe emphasize that the diffusiontakes the following input paramete($; the target qualityi(e.,
sub-trees are implicitly formed as the results of pull packe
scheduling among peers. Therefore, the diffusion suls@e®  2we note that a small fraction of peers in non-bottom levelshefoverlay
not explicitly formed among peers and thus do not need to Ke<depth) may have a child in the same or higher levels. However, gitren
. . small population of peers at higher levels, the number ofe¢hmnnections is
maintained. relatively small. Therefore, for clarity of discussion, we not consider these
2) Swarming Phase of Delivery:At the end of the diffusion swarming connections from non-bottom levels.



diffusion of new packets to lower levels of the overfay

N b§ _&3 .0%59 [II) Requesting Playing Packet&\ny missing packets within
-§-§ 0&‘4}0 ‘\g?és the playing sub-window is requested from the parents aecord
q}}@' (3‘;’ &f' ing to the scheduling and parent selection algorithm dbeedri
in (1V).
i H, HH B H H IV) Requesting Swarming Packetthe scheduler requests
] e i > a subset of packets in the swarming sub-window that are
g,“ A A 40“ ﬁmw bl available among parents and needed by the receiver. The
requested packets are determined in two steps as foll@vs:

Selecting Timestampshe scheduler determines the number
of missing packets for each timestamp within the swarming
ﬁub-window by simply comparing the target quality with the
number of unique packets (from different descriptions} tha
has already received for each timestamp. This step geserate
a list of timestamps for packets that can be pulled from
swarming parentg(ii) Assigning PacketsTo select a random

Fig. 3. Buffer state at an scheduling event

number of descriptions) that are being played, (i) the ex-
ponentially weighted moving average (EWMA) of congestio
controlled bandwidth from each parentu(ma_bw(3)), (iii)
available packets at individual parents that are requiretd
(iv) its own playout time ;) as well as the packets that it

has already received., its buffer state). Given the abovesubset of required packets, the scheduler shuffles the flist o

information, the packet scheduling algorithm should detee lected ti h d dall . hi ¢
requested packets from each parent in order to maximize l??eeec ed imestamps and sequentially examines eachames

utilization of their available bandwidth. To relate the ket y taking t_W(? related aF:t|ons: . L
scheduling algorithm at each peer with the global pattern® D€Scription SelectionDetermining a proper description:
of content delivery, we divide the relevant packets at each Such that the corresponding packet (timestamp, descrip-
scheduling event into the following sub-windows based on {ion) is available among parents but missing at the child,

their timestamps as shown in Figure 3: and _ o o
o Parent Selection Assigning the identified packet to a

« Playing Sub-window Packets in this sub-window are 5 ent that can provide it and has unused bandwidth.

:zozteglgee(;y ::g”g::ﬁ:rzg ZTJXir:mStSr:chz?rcekrit sgﬁ:éilﬁfhe description for a given timestamp could be determined
q 9 b% selecting arandomor rarest description from the useful

event. L .
o Swarming Sub-windowPackets in this sub-window aredeSCI’IptIOﬂS among parents. The. parent can be §e|ectgn‘ eith
|’<a_1ndomly or based on the minimum ratio of its assigned

partially delivered and a random subset of missing pac . . . .
ets in this sub-window should also be requested durir?aCkets to its total packet budgéeg(, the fraction of its packet

; . b%dget that has been already assigned). Given the average
this scheduling event. . .

I S . bandwidth from each parent, we can estimate the total budget

« Diffusion Sub-windowThis sub-window represents those ; : a_bw(i)xA

of each parent during one interval{’5==—-"=). The latter

packets with the highest timestamps that have becomerent selection criteria tends to proportionally balatice

available since the last scheduling event. These packggssi ned packets amona parents durina the schedulinossioce
are available only at the diffusion parent(s) and no 9 h gp 9 g

. e criteria and ordering for selection of description and
of these packets have been requested (and thus is nho : . L ;
available) yet. parent of each required timestamp result in six variants of

the scheduling algorithm. We examine these six variants of
The packet scheduling scheme at each peer is invoked oBgfeduling algorithm in Section V-C.

every A seconds and takes the following steps:

[) Quality Adaptationit compares the average value of aggrep. source Behavior

gate rate of data delivery>( ewma_dr(i)) from all parents

with the target qualityi(e. the number of requested descripb

tions). If the aggregate rate of delivery is sufficient to @oe

modate another description, the target quality is incrédse

one descriptioni,e., [F Cx(n+1) <> ewma_dr(i) THEN

The maximum available quality in the system is determined
y the aggregate quality.€., number of descriptions for each
timestamp) that are delivered from the source to all of its
children in level 1. This quality in turn depends on two

n = n+1. When the aggregate rate of delivery is not sufficier%‘cmrs; () the aggregate bandwidth from the source to al

to sustain the current number of descriptions and the emailamc its children, and(i} _the rate of d_eI|very for new packets
g - from source to peers in level 1 which we cdiffusion rate

. o "or example, if the same packet is requested (and thus sent)
one intervalA, the target quality is reduced by one. to multiple peers in level 1, the diffusion rate might be

I Requestlng Dn‘fus_,lo_n Packet_$he_schedu|er_ requeStS.anysignificantly lower than the aggregate bandwidth from seurc
available packets within the diffusion sub-window until al . . e .
. %n contrast, if all packets are unique, the diffusion rate is

such packets are requested or the bandwidth of the parent(s)

are fully utilized. Note that only diffusion parents havecka  4Using this mechanism for requesting diffusion packetsfusién parents

ets within diffusion sub-window. This strategy ensuresidapare not explicitly identified. However, one can explicitigentify diffusion
parents and request the diffusion packets from them. Thegevarious
techniques for identifying diffusion parents such as theepawhich reports

3Packets fromt,, till the start of playing sub-window are being playedpackets with highest timestamp or the one with minimum hopntdrom
during this interval and should be already available in théeb. source.



100

80 iy
60

40

Degree=4 —+—

Percentage of population (CDF)
Percentage of population (CDF)

| 20k
Unidir.(Bw 700 Kbps) —+-
Unidir.(BW 1.5 Mbps) -t
Bidir.(BW 700 Kbps) -

Percentage of population with quality > 90 %

Degree=20 --m-- | Degree=20 --m--
5 10 15 20 25 30 35 40 0 5 10 15 20 25 0 5 10 15 20 25
( Segvee Percentage of content bottleneck in diffusion Percentage of content bottleneck in swarm

a
Fig. 4. (a) Percentage of peers with delivered quati§0% across different degrees in uni- and bi-directional @] (b) and (c) Distribution of content
bottleneck across different degrees in diffusion and swaespectively.

equal to the aggregate bandwidth from source. We recall thatA key challenge in the evaluation of PRIME is that changing
source’s outgoing degree is determined by the bandwidthsingle parametee(g, source bandwidth) may have multiple
degree condition to ensure high utilization of its accesk li related (and potentially conflicting) effects on systemfqer
bandwidth. Therefore, if source’s access link bandwidth mance. A unique feature of our evaluation is to carefully
equal to (or larger than) the stream bandwidth, it can delivantangle multiple effects of each parameter throughout our
the full quality stream to the system if its aggregate bawithvi evaluations.
is used properly. If the diffusion rate is equal to the streasimulation Setting: We use the following default settings
bandwidth, then we observe proper behavior across lowiarour simulations: the physical topology is generated with
levels since the packets are simply multiplied by peer d=gee Brite [19] using 15 ASs with 10 routers per AS in top-
they are pulled towards lower levels. In practice, the fellty down mode, the overlay is directed, the bandwidth-degree
two issues can reduce the diffusion raf®:the independent condition is satisfied, and the delay on each access link is
packet scheduling by individual peers in level 1, may result randomly selected between [5ms, 25ms]. Core links have
requesting duplicate packets from source, &iijdthe loss of high bandwidth (ranging from 4 to 10 Gbps) and thus all
delivered packets to level 1. connections experience bottlenecks only on the access. link
Source is the only node in the system that can keep traglrthermore, all connections are congestion controllédgus
of delivered packets to each peer in level 1, and thus eaRWP [16], and all routers use RED queue management.
diffusion sub-tree. Therefore, source can minimize theepot  The delivered stream has 10 descriptions and all descrip-
tial overlap among the delivered content to different diftn  tions have the same constant bit rate of C = 160 Kbps.
sub-trees and maximize the diffusion rate. In PRIME, sour@urce performs loss detection and packet swapping. Each
implements two related mechanisms to achieve this goal gser simulates the streaming consumption of deliveredetnt
follows: First, it performs loss detection for deliveredcpats after w x A seconds startup delay, amdl is 6 seconds in all
to each child peer and keeps track of the number of actuadiimulations®. Each simulation was run for 400 seconds. Our
delivered copies for each packet. Second, any requesté@tpagesults represent the behavior of the system during thelgtea
with timestampts that has already been delivered to othestate after all peers have identified their parents and their
peers, is swapped with a rarest packet with closest timgstapnir-wise connections have reached their average banwidt
within the a recent windowt-A, ts] where A>>RT'T. More  Furthermore, our reported results are averaged acrosspheult
specifically, the requested packet is swapped with a pabkét truns of each scenario with different random seeds. We only
has not been delivered at all or has the minimum number fofcus on theesource constrainscenarios where supply is less
delivered copies. Performing loss detection ensures that than or equal to the demand for resources.,(bandwidth),
packet swapping mechanism effectively balances the numher, resource index is less or equal to one. This allows us to

of copies of delivered packets. stress test the protocol and ensures that the observedibehav
is not a side effect of excess resources.
V. PERFORMANCEEVALUATION The following two scenarios are used as theference

We usens simulations to evaluate the effect of key desigicenariosin our evaluations: 200 homogeneous peers \{ijth
parameters on the performance of PRIME over a wide rané@o Kbps and(ii) 1.5 Mbps access link bandwidth. Source
of scenarios. Using packet level simulations has two ingpart Pandwidth is set to the minimum value that ensures the
advantages compare to evaluation through experiments odfivery of sufficient stream quality®z==) to the overlay.

a testbed such as PlanetLab as follos:it enables us to I the flr_st_ scenario source bandwidth is 800 Kbps and in the
investigate the effects of packet level dynamics (and paci&&cond it is 1.6 Mbps.

loss) on system performance while capturing importantitleta We also use the following methodology to decouple and
(e.g, location of losses at different parts of an overlgii).it Separately quantify the impacts of bandwidth and content
allows us to construct a wide range of evaluation scenanos b

controlling key variables such as peer propertieg {level of _5V_V_e hav_e examined different values fdx. Note thatA_ dpe_s not have a
bandwidth heterogeneity and asymmetry), resource a\mj}ab significant impact on system performance as long as it iscserffily larger

o than RTT. We have examined different values forand selected 6 seconds
and overlay connectivities. as a reasonable value.
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bottlenecks on delivered content from each parent. Eagdte rather than the peer degree. We examine the effect of
parent always sends packet to its children at the rate thatidss rate for higher peer degrees in further details latehis
determined by a congestion controlled mechanism regardlsgction.

of its useful content. At each packet transmission time to aTo verify our explanation, Figures 4(b) and 4(c) depict
particular child, if there is an outstanding list of requeest the distribution of content bottlenecks in the diffusiondan
packets from that child, the outgoing packet carries the firswarming phases among peers with peer bandwidth 700 Kbps
requested packet in the list. Otherwise, the parent sendsfana few peer degrees, respectively. The percentage oéobnt

especially marked packet with the same size. bottleneck in the diffusion (or swarming) phase is the perce
age of congestion controlled bandwidth from the diffusion (
A. Peer Connectivity swarming) parent(s) that is not utilized for content delwve

Our goal is to examine the following questiéHow does (i.e., the percentqge o_f delivered packets that are especially
the connectivity of individual peers.., peer degree) affect marked). Comparing Figures 4(b) and 4(c) shows that the per-
the performance of content delivery in PRIME?Given a centage of content bottleneck is cle_arly h|ghgr|nthe sviggm
group of peers with certain bandwidth, increasing peerekegrphase across all degrees as we discussed in subsection IV-B.
improves the connectivity among peers but reduces the vaftigthermore, as we increase the peer degree from 4 to 6, the
of bandwidth-per-flow (obwpf) for each connection. Figure Percentage of content bottleneck in both phases significant
4(a) depicts the percentage of peers that receive at ledst géecreases due to the improved diversity among swarming
of the maximum deliverable quality.€., 222) as a function Parents. However, any further increase in peer degree (fatyo
of peer degree in the two reference scenarios. Note that f#) reverses this trend and rapidly increases the percerag
a fix population of peers, changing peer degree decreases GAgteNnt bottleneck in both phases due to the increasing loss
depth of the overlay. Therefore, for proper comparison, wéte:
adjust the value ofs based on thelepth of each overlay as Loss Rate: To further examine the effect of packet loss on
follows: w = depth + 3. The number of swarming intervalssystem behavior for large peer degrees, Figure 5(a) plaia(f
is constant across these simulatioA&=@). Figure 4(a) shows top to bottom) the aggregate transmission rate from a parent
two interesting points(i) in each reference scenario, there i§0 all of its children, the parent's access link bandwidtid an
a sweet range of peer degree over which a majority of peé@ggregate throughput to all of its children. The gap between
receive a high quality streangji) the sweet range of peerthe top two lines shows the bandwidth associated with lost
degree has the same lower bound (degree = 6) in both scenapiaekets at the outgoing access link of the parent peer wherea
but its upper bound depends on the bandwidth-degree ratiéhe gap between the bottom two lines represents the bartuwidt

The poor performance of the system for small peer degre@OCiated with lost packets at the incoming access link of
(degree:6) is due to the limited diversity of swarming parentgll children, collectively. This figure shows that the aggte
which leads to content bottleneck among peers. When pé@foughput from a parent peer to all of its children rapidly
degree is small, the number of diffusion sub-trees will b@rops with increasing peer degree. More interestingly,levhi
proportionally small because of the bandwidth-degree EondPsses mostly occur at the parent’s outgoing access linkna n
tion. This in turn proportionally reduces the probabilityat negligible fraction of losses also occur at the incomingeasc
the randomly selected swarming parents for each peer wolilek of children as well. This suggests that throughput ahso
be located on different diffusion sub-trees and thus irsgea connections are limited by the parent's outgoing access lin
the probability of content bottleneck among peers regasdldoandwidth while others are limited by the child’s incoming
of peer bandwidth. The rapid drop in the delivered qualit§ccess link bandwidth. This may seem surprising because the
for large peer degrees is the result of significant increase handwidth-degree condition already limits individual oes-
loss rate of individual connections. Figure 4(a) clearlpwh tions’ throughput at the parent's outgoing link.
that the upper bound for the reference scenario with peerWe further investigate the effect of loss rate by examining
bandwidth 1.5 Mbps is almost twice as the the upper bound fibre distribution of normalized average throughput (noineal
peer bandwidth 700 Kbps. This demonstrates that the upfgrthe correspondingwpf) and its deviation across all con-
bound of the sweet range of peer degree is a function of lassctions for different peer degrees in Figure 5(b) and 5(c),
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respectively. These two figures paint an insightful picturhe following question“How does the distribution of the
on how the dynamics of congestion controlled bandwidtéwwerage path length (in hops) among delivered packets to
affect the location of bottleneck for individual conneci As individual peers change as peer degree increades, the
peer degree increases, the distribution of normalizeda@eer overlay becomes more connected)Figure 6(b) presents this
throughput across all connections does not change but thistribution for average path length among peers for sévera
distribution of its deviation shifts towards higher valués peer degrees in the reference scenario with peer bandwidth
a nutshell, the larger deviation in per-connection bantlwid700 Kbps when the number of swarming intervals is equal to
with larger peer degrees result in bottlenecks at both gendé,,;,,. This figure reveals the following two important changes
and receiver ends of individual connections. This in turim the average path length to individual peers as overlay
reduces the throughput of individual connection which eausconnectivity improvesfi) the average path length to individual
bandwidth bottleneck for the corresponding child peersl apeers monotonically decreases with peer degree primauity d
content bottleneck for all the descendant p&ers to the decrease in overlay depth) the distribution of average

It is worth noting that session level simulators that haverbe path length among peers becomes more homogeneous. This is
used in many of the previous studies, are unable to captisgre ttlue to the increase in the diversity of swarming parents kvhic
important behavior. in turn evens out the probability of content bottleneck amon
Buffer Requirement: The poor performance outside the swegteers. The increasing homogeneity of average path length wi
range of peer degree indicates that the number of swarmipger degree also implies that lost packets are requested fro
intervals is inadequate for the delivery of the required bem the same parent during the following swarming interval(s)
of data units to most peers due to the content bottlenecither than through a longer path from other swarming parent

This raises the following questiorfHow many swarming Bi- vs Uni-directional Connectivity: Maintaining bi-

!ntgrvals are requm_ed N a given scenario so _that the Myirectional connections between peers affects their octine
Jorlty of peers receive a h'g.h q_uahty s_tream?F|gure 6(a) ity. This raises the following questiofis the performance
de_p_|cts the nurgber ?f d'ﬁqs'%n mterve_llse(.,_ (%[epth)l;nd trle of content delivery affected over an undirected overlayd(an
minimum number of required swarming interval& (., = why)?”. To investigate this issue, we examine the reference

wm”'d.ep th)l :;sla dfl;r;:tlon[;)f ,Ffer de%reﬁ n 9%00/th rfeferencgcenario with 700 Kbps bandwidth but enforce bi-directlona
scenarios (labeled aky,,-Unidir) such that 90% of peers ., tions among peers. The percentage of peers thataecei

of peers with high quality in a bi-directional overlay is 10%

0% less than the uni-directional overlay over the sweegean
eer degree. Figure 6(a) also shows the valuekof;,

for these bidirectional overlays as a function of peer degre

E‘qlaure 6(a) indicates that bi-directional overlays requat

least one extra swarming interval for peer degrees between

4 and 16. To explain this result, we note that bi-directional

connections reduce the number of swarming shortcuts among

minimum value of 3 intervals within the sweet range of pe
degree. However, further increase of peer degree beyon
threshold results in a linear increase My,,;,, until it reaches

the minimum buffer requirement for individual peers in tarm
of the number of intervals as a function of peer degie=, (
Wmin=depth+K ;). It also illustrates the direct relationship

Ee‘i\;veeanmg atnd ?prfI_for d!ff\%en_t peetr_ detgr?r:es. ftoct of diffusion sub-trees and thus increase the percentage ¢éwbn
a e;n ot ~on ?E et![very.f e Tvetsdlg? e te) eltect of Kottieneck during the swarming phase. More specifically, fo
peer degree on the pattermn of content delivery by examinig , giffusion connection from a parent to a child, there is a

6Conducting similar simulations with TFRC revealed that TFBxhibits swarming co_nn_ect|on in the r_ever_se direction tha_t Co_nneCtS
lower loss rate but results in even lower utilization thanfRAn a nutshell, two peers within the same diffusion sub-tree which is not
when peer degree is large, aggressive congestion consultsen high loss g effective swarming shortcut. In a bidirectional overlay,
rate and thus complicates the packet scheduling whereastlsrnongestion fecti . h b diff b
control mechanisms reduces the loss rate at the cost of latilgmation of € ective swarming shortcuts between different sub-trases

resources. established through connections between peers in the same
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level. Since most such “intra-level” connections are ledatt at each peer depends on the aggregate available contengjamon

the bottom level, peers in higher levels of the overlay regjuiits swarming parents. As the number of high bandwidth peers

a larger number of swarming intervals. Figure 6(c) depibts t decreases, a larger fraction of their swarming parentsiesly|

distribution of average path length for the above bidi@tél to be low bandwidth peers. This in turn reduces the aggregate

overlays as well as the corresponding unidirectional @yex| available quality among their swarming parents and in@gas

(that were shown in Figure 6(b)) for easy comparison. Thitke probability of experiencing content bottleneck amoiggh

figure indicates that the distribution of average path lengbandwidth peers. We have also examined other scenarios with

over the bi-directional overlay is around one hop longenthalifferent levels of bandwidth heterogenei%{l) and observed

the uni-directional overlay for peer degree of 4. Howeviee t that the level of heterogeneity does not have any impact on

difference in path lengths between bi- and uni-directiavalr- the delivered quality to high bandwidth peers.

lays rapidly diminishes with increasing peer degree. Nbtd t Location of High Bandwidth Peers: Another important

the number of ineffective swarming shortcuts is roughlyaququestion in an overlay with heterogeneous peers‘imes

to the number of diffusion connections which is a functiothe location of high bandwidth peers in the overlay affeet th

of the number of peers. Therefore, for a fixed population, @&rcentage of content bottleneck among thenT&’ examine

the peer degree increases, the extra connections musligstalhis issue, we explore a heterogeneous scenario where only

useful swarming shortcuts. This in turn improves the diigrs 10% of peers have link bandwidth of 1.5 Mbps and the re-

of swarming parents and reduces the average hop count (amaining peers have link bandwidth of 1 Mbps. We enforce the

its deviations) for individual peers as shown in Figure 6(c) overlay construction mechanism to only place high bandwidt
peers at the top level (as source’s children) or at the bottom

B. Bandwidth Heterogeneity level. Figures 7(a) and 7(b) show the percentage of content

To investigate the effect of bandwidth heterogeneity, Wbottleneck for these two cases (labeled as “top” and “bdttom

consider the reference scenario with peer bandwidth 1.53V f%;ngor_g[?r? ns;:rswlr:hng;?gﬁltjsmsfsr:lgorse' d P(igg":ﬁetr&i ?ﬁggf
(bwy) and reduce the link bandwidth for a fraction of peer Wi P ! v u P

to bw,. As we showed in Section Ill, the bandwidth-degre e overlay and thus reduces the required number of diffusio

condition ensures a high utilization of access link amorg tervals. However, it also reduces the connectivity among

. e diffusion sub-trees and thus increases the probalfity
peers even when peers have heterogeneous bandwidth. cor?tent bottleneck in swarming phase. In contrast, plali
percentage of content bottleneck for low bandwidth peers i gp ' , Plasiog

heterogeneous scenarios is lower than homogeneous sar:;engJ en?r:N;jr:z ?r?j;sir?ct:rt::sz(s)tttzz ::ecxvr?tleﬂ;gggt}ilémctarcezlssiﬁstlj?ixﬁ/j;io
since some of their swarming parents are likely to be hi P

bandwidth peers with higher available quality. Therefave, gp ase. However, this effect is compensated by the higher

focus on delivered quality to high bandwidth peers. The ﬁr(?:é)nnectlvny_among the diffusion sub_-trees Wh'Ch. decrsase
. . . . e probability of content bottleneck in the swarming phase
guestion is*How are the delivered quality and buffer require-

. . In summary, the location of high bandwidth peers affects the
?;nndtvsifdrg;]gg:;r;ci\:wdth peers affected by the percentaganof IBrobability of content bottleneck in diffusion and swargbut

Figures 7(a) and 7(b) show the distribution of conter“ dogs not have a significant impact on the minimum buffer
bottleneck among high bandwidth peebs€1.5 Mbps) with requirement e., w).
different percentage of low bandwidth peers (1 Mbps) from
diffusion and swarming parents, respectively. These figure. Packet Scheduling
show that the percentage of high bandwidth peers has

o . S 4, Section IV-C, we presented the choices for description
minor impact on the content bottleneck in both phases. Elgusr lection lecti d th d f their seladt
g , parent selection, and the order of their seladt

gfja:i)na?gez(i?f)ussig?w\gn?j ;nv:/r;?rrn;cheﬁzze;nwzoenrfetﬁte bgtrgi?fg)acket scheduling and concluded that these choices leax to s
9 gp P \riants of the packet scheduling algorithm. In this sutiee¢

of high bandwidth peers is small. In the diffusion phas%ve compare the performance of these six variants of the

this is due to the decrease in the total number of overla . . ; .
. o . heduling algorithm. We consider the reference scenatto w
connections and the resulting increase in the overlay dep . )
. agecess link bandwidth of 700 Kbps and assume that all peers
In the swarming phase, the percentage of content bottlenec . . : .
i N S T use the same packet scheduling algorithm. Figure 8(a) tepic
;F?Q‘ o w,%‘ the percentage of peers that receive 90% of the maximum
[T sk deliverable quality as a function of peer degree for theze si
packet scheduling algorithms whete = depth + 3. This
figure illustrates two interesting points: First, except fbe

two scheduling algorithms that randomly select the parent,

ol

40

Percentage of population (CDF)
°

High BW peers=25% —— High B pers=25% —— the performance of other algorithms is very similar within
j High BW peerSTSO% e High BW peer5f50% ke . . . .
21 saipees: e | | oo persrse the sweet range of peer degree. This implies that neither the
N e s | | ot o criteria for selecting the description of a packet nor theeoiof
0 05 1 15 2 25 3 35 4 450 1 2 3 4 5 6T selection (between description and parent) significaritBcts
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the performance. Second, the percentage of peers thaveecei

Fig. 7. (a) and (b) Distribution of content bottleneck amdmigh BW peers a hlgh quahty stream in the two Iow-performlng algorlthms

in heterogeneous scenarios from diffusion and swarm pareespectively.
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(labeled asParent Random — Desc. Random/Rare) is very —and buffer requirement at individual peers change with peer
similar, and roughly 20% lower than other algorithms withipopulation?”. Figure 9(a) shows the duration of diffusion
the sweet range of peer degree. phase (or overlaydepth) and the minimum duration of
Intuitively, those scheduling algorithms that assign akeac swarming phaseX,,.,) and the minimum buffer requirement
to a random parent are more likely to experience conteftr w,,;,) as a function of peer population in the reference
bottleneck due to the higher frequency @éadloclk during scenario with link bandwidth of 700 Kbps and peer degree
parent selection. A deadlock event occurs when a requirefi6. This figure provides a good evidence on the scalability
packet is available among some parents but it can not bEPRIME protocol. As the peer population increases, oyerla
requested since the bandwidth budget of those parents depth slowly grows but the duration of the swarming phase
fully allocated for delivery of other packets. To verify ¢hi (with a proper peer degree) remains constant. To expla@ thi
hypothesis, Figure 8(b) depicts the distribution of fregmyeof we note that increasing peer population does not affect the
deadlock i.e., the fraction of packets whose scheduling leadsumber of diffusion sub-trees. This means that the diversit
to a deadlock) among peers for all six scheduling algorithna§ swarming parents for individual peers does not changke wit
when peer degree is 12. Figure 8(b) clearly shows that tpeer population. Therefore, the observed content bottlene
median frequency of deadlocks is roughly four times higber fand the required number of swarming intervals for individua
scheduling algorithms that use random parent selectior. Tieers does not change with peer population. We have observed
random parent selection may not request all the unique packiie same behavior for different degrees within the sweeggean
from individual parents. Therefore, a fraction of bandwidtof peer degreeThe observed trend in this result suggests that
budget from individual parents is used for the delivery ofvithin the sweet range of peer degree, PRIME can effectively
packets that are available at other parents. utilize available resources in the system and provide maxim
Closer examination of the two low-performing schedulinguality to peers in a scalable fashion if the buffer size is
algorithms reveals that these two algorithms can achiewel gdogarithmically increased with peer population.
performance with an extra swarming interval. This raises
_the following interesting ques_tioi‘Does an _extra swarming e gource Behavior
interval accommodate the delivery of missing packets tjitou ) _ ) )
longer paths to reduce the frequency of deadlocks- In this section, we examine the effect_of the following
ure 8(c) depicts the distribution of average path length (RO Orthogonal aspects of source behavior on the system
hops) across delivered packets for one of the high-perfogmiP€rformance(i) Packet swapping and loss detection, iid
scheduling algorithm RarentMin. — Desc.Random) as a Source bandwldth. i
reference and one of the low-performing scheduling alparit Packet Swapping & Loss Detection\We explore the effect of
(ParentRandom — Desc. Random) (with a proper number of source coo_rdmanon in the reference scenario with 700 Kbps
swarming intervals) across different peer degrees. Figgp Nk bandwidth where source bandwidth add,;, are 800
reveals that the average path length for the low-performifgPPS @nd 3, respectively. This configuration ensures alfpee
scheduling algorithm with longer swarming is around 209C€!V€ @ high quality stream. Figure 9(b) shows the dediter
longer for all peer degrees. This suggests that 20% of pedi@lity from source to level 1ig, diffusion rate to level
that have poor performance in Figure 8(a), can leverage the @S & function of peer degree in three different caggs:
extra swarming interval to request the deadlocked packes f SCUrce without any coordinatiofij) source with only packet
another swarming parent. The larger number of swarmirdj'@PPing, andiii) source with both packet swapping and loss
intervals increases the pool of swarming packets and deese etection. Note that the outgoing bandwidth from source is

the probability of deadlock event. fully utilized across these cases and its aggregate thputgh
to level 1 is not affected by the coordination mechanism.

Figure 9(b) shows the diffusion rate slowly decreases with
peer degree in all three cases due to the increase in loss
We examine the scalability of PRIME protocol by addressate (as we described in Figure 5(a)). However, incorpogati
ing the following question:How does the delivered quality packet swapping significantly increases the diffusion ,rate

D. Peer Population
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and adding loss detection leads to further improvement d@ffects on the performance of content delivery in PRIME.
the diffusion rate. Figure 9(c) depicts the distributiontbé When a peer leaves the overlay, the aggregate bandwidth to
number of delivered copies for individual packets to level its children is dropped until each child manages to establis
in the above three cases when peer degree is 10. This figareonnection to a new parent. The effect of parent departure
clearly illustrates that incorporating packet swappind #men on delivered quality to a child depends on the efficiency of
loss detection progressively balances out the number aésopthe parent discovery (time to connect to a new parent) and the
of delivered packets to level 1. In essence, incorporatiegé amount of buffered content at the child among other things.
two mechanisms enables us to deliver certain quality with@ver a longer term, churn could change the bandwidth-to-
lower source bandwidth or to improve delivered quality for degree ratio among peers in the overlay. We call such an
given source bandwidth. overlay adistorted overlay where the bandwidth-to-degree
Source Bandwidth: Another key question is'How does condition is not satisfied. We focus on this long-term effect
source bandwidth affect delivered quality and buffer regrui of churn on content delivery since it is more significant than
ment at individual peers?”Figure 10(a) shows the effectthe transient effect and it does not depend on protocoliipec
of excess source bandwidth (beyond the stream requirdetails.

bandwidth of 700 Kbps) on the following properties in the To examine the performance of content delivery over a
reference scenario with 700 Kbps and peer degredi)6: distorted overlay, we consider the reference scenario petr
aggregate throughputto level (li) diffusion rate (i) overlay pandwidth of 700 Kbps, peer degree 6 and= depth + 3
depth and (iv) total buffering at each peewj. The X axis where bandwidth-degree condition is satisfied. We emulate
represents the normalized value of excess source bandwihyistorted overlay by removingh% of randomly selected

: SourceBW —7T00Kbps H ; H i . h ..
.e., 700K bps . Figure 10(a) illustrates that 'aneaSEeers from the reference scenario without allowing renmajni

ing source bandwidth has two effects: First, it increas@s theers to establish new connections. We can control the level
source degree (due to the bandwidth-degree conditiony T@F distortion by changingh (percentage of departed peers).
slowly reduces the overlay depth and thus decreases therbuffhe resulting distorted overlay represents the snapshtteof

requirement at individual peers as shown in Figure 10(a)verlay structure as peers join and leave the system.
Second, increasing source bandwidth (with packet swappingA

and loss detection) initially increases the number of diffa population across different levels of the overlay becomesem

sutb-treet? \_At"th un;]quet?lontent f’md thus |r_prrloves tr:_? ddftu?;]imbalanced compare to a properly connected overlay and the
rate until it reaches the maximum available quality a epth of the overlay may increase.

source. In a fixed peer population, by increasing the number_ s L )
of unique diffusion sub-trees, population of each sub-tree Figure 10(c) depicts the distribution of average delivered

decreases which results in a lower probability of having #H@lity among peers for different levels of distortion. hi
inefficient swarming connection (inter-level swarming gho 19Ur€ reveals that the delivered quality to peers is rather
cuts). Therefore, increasing source bandwidth reduces fH'Sitive to the level of distortion and rapidly drops @s
percentage of content bottleneck during the swarming passe®@sses 30%. One key question*is the drop in delivered

shown in Figure 10(b). Once the delivered quality to leves 1 @uality due to the drop in the utilization of access link
saturated, any further increase of source bandwidth gult bandwidth (.e., bandwidth bottleneck) or the inability of peers

adding redundant diffusion sub-trees (that do not haveumiqto utilize the available bandwidth.¢., content bottleneck)?”

content). This reduces overlay depth and slightly reducEgures 11(a) shows the distribution of incoming access lin
content bottleneck during the diffusion phase. utilization among peers for different levels of distortiorhis

figure indicates that the utilization of access link bandtvid
) drops with the number of departed peers. However, comparing
F. Peer Dynamics Figures 10(c) and 11(a) illustrates that the drop in detider
So far we have not considered the effect of the dynamigsiality is visibly larger than the drop in access link utiiion
of peer participation (or churn) in our simulations. In giee, when level of distortion in the overlay is roughly larger tha
churn may have both short-term (or transient) and long-ter8®%. This suggests that both bandwidth and content botkene

s the level of distortion increases, the distribution oépe
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contribute into the drop in quality as the overlay becomesamais relatively skewed among peers. While decreasing resourc
distorted. index results in lower average delivered quality among peer
To identify the underlying causes for content bottleneck ithe shape of its distribution becomes slightly more skewed.
distorted overlays, we examine average diffusion rate e eaVhen the amount of resourcese(, outgoing bandwidth) in
level of the overlay as distortion increases in Figure 11(bthe system is insufficient, a random subset of peers are e@nabl
Figure 11(b) demonstrates that the diffusion rate at the tég establish connection to the adequate number of paredts an
level is not affected by the percentage of departed peersthss receive lower quality. The extent of the observed defici
long as the number of peers in level 1 is not affected. Howeveér resources is variable among peers which leads to a skewed
the diffusion rate at all lower levels is rapidly dropped encdistribution of delivered quality among them.
more than 30% of peers depart. A closer examination of the
overlay connectivity revealed that when a large fraction (?_f| Presence of Free-rid
peers depart, some diffusion sub-trees become discomthecté -nders
(especially at the higher levels) from the rest of the owerla A key challenge in any P2P system is to gracefully accom-
e.g, a peer in level 1 does not have any child. Such an evenpdate (or at least limit the potential damage by) uncoepera
has a ripple effect and reduces the diffusion rate to allohet tive peers that do not contribute any resourice, (free-riders).
levels of the overlay. This implies that increasing the nembWe examine the effect of free-riders on PRIME performance
of swarming intervals does not improve delivered quality ifh the reference scenario with incoming peer bandwidth 700
these scenarios. We have conducted simulations and codfirrféps, and peer degree 6. We focus on a scenario when
this observationIin summary, as the overlay becomes morgsource index is one to investigate any direct impact da-fre
distorted, the delivered quality to individual peers arepiped fiders on performance(as opposed to the effect of insufficient
due to both bandwidth and content bottleneck. The contégfources).
bottleneck is caused by the imbalance in peer degrees thaFigure 11(c) also depicts the distribution of deliveredlgya
leads to the disconnections of some diffusion sub-trees framong peers when 10% and 50% of peers are free-riders.
the rest of the overlayNote that the details of peer discoveryThis figure reveals that as long as there is sufficient regourc
and parent selection mechanisms could affect the imbalarigethe system, the presence of free-riders should not have

in peer degree in the presence of churn. any significant effect on the performance of content dejiver
The exception is the scenario when free riders disconnect a
G. Limited Resources particular diffusion sub-tree from the rest of the overlay.

. . .such an event, the data units that are delivered through the
In all the previous subsections, we assumed that partual.-

pating peers have symmetric access link bandwidth and th lzconnected diffusion sub-tree can not reach other peers i
downlink bandwidth is equal to the stream bandwidth. In su overlay during the swarming phase and thus delivered

. . ality to the rest of the overlay is dropped proportionally
a scenario, the aggregate demand and supply for bandwilth ar . :
equal, andesource indeXRl) (i.e. the ratio of demand to the gurel1(c) presents such an event (with the line labeled as

“1_Er 0/ 0, -ri
supply for bandwidth) is one. In practice, the uplink bandihi RI:1-Fr:50%-Heter) where 50% of peers are free-riders aed t

: - ; . rest has heterogeneous outgoing bandwidth (25% 240Kbps,
that a peer is able or willing to contribute might be less than 2506 2.5Mbps). In essence, presence of a group of free-riders
incoming bandwidth. Therefore, the aggregate resources '

b Hicient t i . deli bl litv o ects the connectivity among sub-trees and the perfocaman
not be suthicient to provide maximum deliverable quUaiity 1o ¢ e delivery even if available resources are sufficie
peers. In such a resource constraint scenario, the keyiques

e . ) . - 0 E:Iearly, the larger the percentage of free-riders or thesaio
is *Is the drop in quality fairly similar across participating their distance to the source, the more likely that a diffosio
peers?”. '

. . o . .. sub-tree b di ted. | fut K, I
Figure 11(c) depicts the distribution of delivered quahty?u ree becomes disconnected. ih oulr Tullre work, we pian

among all peers in the reference scenario with incoming pe(e)vrOIeSign light weight techniques to detect free-ridershe t
i . . pverlay and minimize their adverse impact on content dgfive
bandwidth 700 Kbps, peer degree 6 and consistent bandwuﬁh- y P 4
degree.rat-lo among peers for resource |_ndex Vallj'es 1-0.nﬂ'8 & 7Maintaining the resource index at one implies that coopergieers have
0.6. This figure shows that the distribution of deliveredlgya to contribute more bandwidth than they use.
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VI. CONCLUSIONS ANDFUTURE WORK [11] M. Castro, P. Druschel, A.-M. Kermarrec, A. R. A. Nanaiyd A. Singh,

. . “SplitStream: High-bandwidth content distribution in a operative
In this paper, we presented PRIME, the first mesh-based enf),imnmem,u inéqospzooe,. owe

P2P streaming mechanism for live content that can effegtivé12] V. Venkataraman, K. Yoshida, and P. Francis, “Chunkgag: Hetero-
incorporate Swarming content delery. We argued that the, S0 UTSILELTES E16 S Wuitesstionn 0,
bandwidth-degree condition should be satisfied by the ayerl overlay network for live media streaming,” iINFOCOM, 2005.
construction mechanism in order to minimize the bandwid{4] S. Xie, G. Y. Keung, and B. Li, “Measurement of a largeiscPeer-to-
bottieneck among participating peers. We aiso derived e py,o) €55/ 1 1060 Sieani Sy, P00 L
tern of content delivery that can incorporate swarming itheor Vide Streaming: Theory and Practice,” Tech. Rep., 2006.
to effectively utilize the outgoing bandwidth of partictpey [16] R. Rejaie, M. Handley, and D. Estrin, “RAP: An end-toderate-based
peers and thus minimize the content bottleneck in the system fﬁg%eggowl” ‘igggo' mechanism for realtime streams in thermet,” in
This in turn led us to the desired packet scheduling algorith17; s. Fioyd, M. Hénmey, J. Padhye, and J. Widmer, “Equabased
at individual peers. Through extensive ns simulations, we congestion control for unicaqt applications,” 8iGCOMM 2000.
examined the effect of key factors on PRIME performancé®] Qt‘rgﬂﬁ?iﬂgf?‘inﬂ‘gsF;Di\e);})%gU”ders‘a”ding Mesh-basedr-f-Peer
and identified a few fundamental design tradeoffs. [19] A. Medina, A. Lakhina, |. Matta, and J. Byers, “BRITE: Mpproach
We_ are cqrrently extending t_hi_s work along several d| to Univer:sal ,To$olé)gg Gaenr:jergtiogé_éﬂA§gSJeiZ%0%ﬁerin_ o pop
mensions. First, we are examlnl_ng the. effect of Oﬂgglr{éo] gt.re'\g;%ngrgérvi.ce to Residential LJJSGI:S,"lﬁEE CCNGC 2003.1
churn on PRIME performance, in particular on ensuring
the bandwidth-degree condition. Second, we are evaluating
PRIME performance in scenarios where the distribution of
outgoing bandwidth is very skewed or in the presence of free
riders [20]. Third, we also use PRIME to conduct systemati
comparison between tree-based and mesh-based P2P stre
ing mechanism [2]. Fourth, we have prototyped PRIME an(
currently conducting experiments over PlanetLab. Finallg
plan to incorporate the notion of “contribution awarendssd
PRIME.
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