Performance and Quality-of-Service Analysis of a
Live P2P Video Multicast Session on the Internet

Sachin Agarwal Jatinder Pal Singh Aditya Mavlankar Pierpaolo Baccichet Bernd Girod
Deutsche Telekom A.G., Laboratories Department of Electrical Engineering
Stanford University
Ernst-Reuter-Platz 7, 350 Serra Mall
10587 Berlin, Germany Stanford, CA 94305, USA
Email: {sachin.agarwal, jatinder.sing@telekom.de Email: {maditya, bacci, bgirog@stanford.edu

Abstract—We evaluate the performance of a large-scale live to peers participating in the multicast session. Many P2P
P2P video multicast session comprising more tham20, 000 peers multicast systems are designed to counter these challenges
on the Internet. Our analysis highlights P2P video multicaschar- through buffering, augmenting available bandwidth viadsee

acteristics such as high bandwidth requirements, high peechurn, d d redundant d loadi f the st ¢
low peer persistence in the P2P multicast system, significan Or super nodes, and redundant downioading of the stream a

variance in the media stream quality delivered to peers, redtively the peers. _
large channel start times, and flash crowd effects of populavideo In this paper, we analyze logs from a large-scale video

content. Our analysis also indicates that peers are widelypsead multicast session (comprising approximately 120,000rdist
across the IP address space, spanning dozens of countriesdan |p gqgresses) conducted via a commercial P2P multicast
hundreds of ISPs and Internet ASes. As part of the P2P multicst N o

evaluation several QoS measures such as fraction of streanolsks system. The analys!s yields seyeral qu?nt'tat've measmres
correctly received, number of consecutive stream blocks &, and  the analyzed P2P video streaming multicast session. We also
channel startup time across peers. We correlate the obserte map the peers’ IP address information into Internet BGP
quality with the underlying network and with peer behavior,  routing logs from the day of the multicast session and ptesen
suggesting several avenues for optimization and research P2P ¢\ /ara1 measurements that quantify the effects of largiesc
video multicast systems. P2P video multicast traffic on Internet service provideg@).

In addition, we also present quality measurements in teffms o
blocks of the video stream lost and channel startup times.
Peer-to-peer (P2P) live and on-demand video multicast hasMe dwell upon explaining some of the quality-related
become a notable Internet application offering diversee@id metrics in light of the network and user behavior analysis.
content to millions of viewers. Many P2P multicast syster@ur analysis may be useful to P2P system providers and to
providers develop P2P software clients for users who wa$Ps for better understanding the issues and the improwsmen
to connect to these P2P video multicast systems. Popyhassible in large scale P2P video multicast applications. |
commercial services available on the Internet include Brad S addition, the analysis points to various research dirastior

tem Multicast (ESM), Joost, Gridmedia, PPStream, PPLivignproving delivered media quality and efficiency of P2P dide
Zattoo, Vudo, Octoshape, Sopcast, Tvkoo, Roxbeam, Triblefulticast protocols.

etc. Many service providers have licensing agreements with

content providers for providing engaging content, with tae A K&y Results

sult that some P2P video multicast-supported contentatgliv  We state the key results of our analysis below in order to
systems have become popular with a large number of use@arify the focus and contributions of this work.

This popularity of P2P video multicast calls for a detailed « P2P video multicast is a bandwidth-intensive application.
study of the delivered quality-of-service of large-scalep- The peak aggregate bandwidth usage of the analyzed
resentative P2P video multicast systems in order to quantif  system was about 45 Gbps for a relatively modest 60,000
performance and to compare them with other Internet video peers in the system.
delivery platforms like IP-multicast and traditional Akam « Peer behavior was highly dynamic, particularly at the end

|I. INTRODUCTION

like [1] content delivery networks. of the video multicast, with 100s of peers joining and
Almost all P2P video multicast systems operate over the leaving the system every second. We also report a low

best-effort public Internet. The streaming bandwidth isally peer persistence - the median time for which peers stayed

provided through using the uplink bandwidth of participgti in the system was just 106 seconds for the 4-hour video

peers to serve video content to other peers. However, peer multicast session.

churn,i.e, peers joining and leaving the system, and varying « The total bandwidth contribution of peers fell short
network conditions such as bandwidth, delay and delay jitte of the total required bandwidth, the difference being
present challenges to delivering high quality video stream  augmented by the system provider’s bandwidth-injecting



server farms. Our analysis indicated that the injectatklivery model scales gracefully with user demands in loeter
bandwidth did not exceed 15% of the required bandwidtgeneous P2P networks. A majority of popular P2P systems
In addition, the majority of peers were net receivers are built around file sharing applications. These appbcesti
bandwidth, receiving more than they contributed to theypically distribute stored and not live content, and thevde
system. loaded content is played back only after the entire file hambe
o Most peers connected from behind Network Addrestownloaded. P2P live multicast applications, such as the on
Translation (NAT) devices; this corresponds to homanalyzed in this paper, are significantly more demanding in
broadband routers with NAT functionality. Effective NATQoS because of their real-time content delivery requirdsmen
translation needs to be incorporated into P2P clients inA number of P2P streaming multicast solutions are based
order for them to participate successfully in the P2Bround setting up an overlay tree with the content source
system and to improve the delivered quality by makingeing the root and terminals being the other nodes of the
their upload bandwidth available to the system. tree [11-13]. This approach has the disadvantage of limited
« The peers were geographically distributed in 100s of ISBBbustness against peer disconnections that can disrepnst
and university networks: 51 countries were representesception on downstream neighbors in the overlay tree. Many
and 731 Internet autonomous systems (ASes) [2] wegechniques [14] for alleviating this problem based on retiunt
discovered in our analysis. This diversity calls for sodata paths, multiple overlay trees, and multiple desanipti
phisticated QoS mechanisms to ensure acceptable deteding [15] have been proposed. An alternative approach of
ered quality for users. Intelligent network-aware reseureising mesh overlays is also popular and many P2P systems
allocation within the P2P system would also help isuch as SopCast [16], PPLive [17], Coolstreaming [18, 19],
improving delivered quality across the system. Roxbeam [20], and Gridmedia [21] use mesh-based overlays.
« Half the peers correctly received 95% of the medi@/e refer the interested reader to a good survey of P2P
stream, although there were bursts of consecutive streafulticast in [22].
losses on peers that may have resulted in lower mediarhe traffic characteristics of large scale P2P multicast
quality with frequent video frame-freezes and audio chagystems have been a topic of interest since the first P2P
nel disturbances. Advanced audio and video codecs, sysllticast systems [11-13, 23]. A survey and comparisonef th
as H.264 [3], may be able to partially offset these highpproaches and algorithms employed in various P2P multicas
losses. network overlays can be found in [24,25]. There have also
« There was significant variance in the fraction of correctlyeen recent studies of commercial P2P multicast systems
delivered stream (and hence, delivered quality) with diffor example, [26-32]) that study networking characteist
ferent Internet ASes. This indicates that uniform Qogf some commercial P2P systems such as SopCast [16,
across the peers was not being achieved, and that P, PPLive [17], Coolstreaming [18, 19], Roxbeam [20], and
video multicast needs to be optimized further in order tgridmedia [21]. The analysis in [34] was based on the same

address the network quality heterogeneity issue. log data and may be considered a small subset of this work
« Similarly, there is a large variance in the channel startufecause it did not present results on peer churn dynaméss, cl
time across different ASes. sification of the underlying IP network autonomous systems

« The average channel startup time across all peers WaSes), the relation between delivered quality (streamityua
32 seconds, significantly slower than IP-multicast whosghd startup times) and AS, peer bandwidth contributions ty
channel startup time usually less than 1 second. of Internet connections, geographical analysis of IP askirs,

etc.

The key distinction of our analysis from the papers cited

The paper is organized as follows. In Section Il we reviewhove is that we provide system-wide characteristics of a
related work in P2P systems, emphasizing recent work in PRi2  |arge-scale P2P multicast session, including thelityua
video multicast measurements. We present some backgrogfdhe stream delivered to users. Our analysis benefits from
information about the analyzed P2P system and our analygig centralized logging facility in the system that recoimys
methodology in Section Ill. Section Il presents the r%ul?rom each participating peer' This gives us a birds_eye ‘ﬂéW

of our analysis of the P2P multicast system in terms @he P2p system from the provider's point of view instead of

the network characteristics of the system and several Qg§ing limited to only network measurements or end-usentlie
related measurements. Section V summarizes our findinggasurements. We also combine information from Internet

Acknowledgements are provided at the end of this section.sGp routing logs collected on the day of the multicast sessio

to highlight several network-related issues of the P2Pioagdt

_ o _ _ session.
P2P systems are widely used to distribute audio and video

content in the Internet, and it is estimated that a majorigort i
of the bandwidth available on the consumer ISP networks

carries P2P traffic [4, 5]. It has been shown through analgsis We analyze the large scale Internet usage characterigtas o
7], simulations, and measurements [8—10] that the P2P gbntB2P streaming system in Section IV. For this purpose, we use

B. Organization

Il. RELATED WORK

. PRELIMINARIES



logs obtained from the P2P system provider for a 4 hour baseldress data of the clients and report on their geographical
ball game played in a developed country and streamed to oaed Internet-wide spread. We also extracted a classificatio
120,000 peers all over the world. Commercial consideratiothe underlying ASes taking part in the overlay network based
and agreements restrain us from divulging the name of tha BGP [36] routing information and derive the correlation
particular P2P system provider and details of the undeglyithetween a peers’ AS and its received QoS.

algorithms and protocols used by the particular providesys ~ We also derived several QoS measures from the log data,
from mentioning that the P2P overlay network has a messuch as the video stream available to the media decoder
based architecture and that the P2P system provider injestsclients as a percentage of the required video for perfect
additional bandwidth into the system to improve the QoS, atayback, channel startup time of the clients, and average
discussed in Section IV-A. We emphasize that the session wasnber of consecutive stream blocks lost by clients. Then,
an instance of a pre-planned multicast and not the streaming correlated this QoS information to the characteristits o
of some user-generated content that had suddenly becdhe underlying IP network and ASes. This linkage highlights
popular. This prior information of the event allowed the P2Bome of the issues and the improvements possible in P2P video
system provider to preemptively allocate additional baidttvy multicast if the underlying IP networks are taken into agtou
and seeds/supernodes in the overlay network in anticipafio while designing and running P2P video multicast systems.
the large number of peers.

The streamed content comprised of a constant bit rate (CBR)
windows-media encoded stream at 759 kbps (64 kbps autlie first present the peer dynamics, bandwidth usage and
+ 695 kbps video), encoded &0 frames per second andother system-wide characteristics in Section IV-A. Thee, w
640 x 480 pixels (VGA) video resolution - a resolution com-analyze the IP addresses and underlying IP networks of the
parable to standard definition TV. The stream was delivevedparticipant peers in Section IV-B. The quality of multimadi
the P2P clients via the P2P overlay network of the P2P systastream delivered in terms of fraction of the stream coryectl
provider. The software client of this P2P streaming systeraceived and number of consecutive stream blocks lost is
was available to users as a web-browser plug-in, allowipgesented in Section IV-C, where we also present the channel
them to easily download and integrate the peer client inttartup time analysis for all the peer clients in the system.
their web-browsers. The client used windows media player )

(WMP) software embedded in the web-browser to decode aftd Peer Behavior and Network Impact
playback the received video. Fig. 1 shows the number of peers in the streaming system for

Each P2P client logged data to a centralized logging senar 11 hour interval including the 4 hour long streamed bdkeba
at the P2P system provider’s control center. The infornmati@ame. The rate of users joining and leaving the system is also
presented in this work was extracted from these logs. Thétted. The steep rise in the number of peers at Homarks
log data was saved as a single file with each client-reportée start of the baseball game that ends just before Bour
information string indexed by the Coordinated Universah&i as characterized by the sharp drop in the number of peers
(UTC) time of receipt at the logging server and the IP addrelss the system before hou. These measurements indicate
of the client. One of the key challenges in analyzing the datiaat live P2P streaming system architects need to design the
was to re-build and aggregate the performance of the whaletocols to withstand high peer churn at the beginning and
P2P system on the basis of strings reported by individual P2Rd of video programs. Moreover, ISPs can expect to see such
clients over the run-time of the P2P video multicast sessioiarge and rapid fluctuations in network usage corresponing

Each client-reported information string included a uniquedeo start and end events. We can also expect to see “flash
identifier of the client because using the IP address asciwd” effects when content suddenly becomes very popular
unique identifier may be inaccurate given that the DHCP [38r relatively short durations of time (such as the end of the
IP addresses of clients may change during the course of traseball game).
multicast session. The information string, periodicaliported  As peers continued joining and leaving the multicast sessio
to the logging server every 5 minutes by each client, corthinduring the game, the number of peers kept increasing to a
information about the state of the media buffer in the P2Raximum of about 60,000 concurrent peers. There were steep
client, total bytes sent and received by the client, runtiimg rises in the joining and leaving rate of peers toward the end
of the client, channel id, connection firewall type, recgifitt of the game because people joined to see the climax and
packets, etc. In addition, special events such as clierttatd then stoped watching the game immediately thereafter. The
stop conditions were reported to the logging server as seonmaximum joining and leaving rates were 80 and 328 peers
they occurred. per second respectively. Some users stayed beyond the end of

We extracted several relevant parameters of the P2P streéime- game, this corresponds to people who do not close their
ing system from the logs, such as peer dynamics, numbervaéb-browser after the game, thus leaving the P2P streaming
clients, temporal variation of aggregate upload and doaahloclient active on their computer, which periodically rematt
bandwidth, peer persistence in the system, net bandwidifick to the logging server.
contributing peers versus net bandwidth receiving peerd, a Fig. 2 shows the aggregate peer bandwidth being used in the
the type of NAT/firewalls. In addition, we parsed the IRP2P streaming system. Two important features are notieeabl

IV. DATA ANALYSIS
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Fig. 2. Network bandwidth load: The aggregate download gridad data-
rates summed over all peers in the P2P streaming system aitedpbhs a
function of time. The difference between them is the bantwalipplied by
the system provider/content provider using server farmsuper-nodes to
inject bandwidth into the system.

Fig. 1. Peer churn: The total number of peers in the systertimae. Peers
joining and leaving rates during the course of the baselaaliegis also plotted.
The highest peer-churn of 328 peer leaves/second occurrie &nd of the
game.

TABLE |

. . . STATISTICS OF PEER PERSISTENCE IN THE SYSTE(BECONDS. THE
First, the sheer volume of network bandwidth required - the q1rEAMED CONTENT WAS ABOUTA Houres,ore142150035co?ms IN

aggregate download rate shot to o¥@rGbps at the end of the LENGTH.

game and the aggregate upload rate from peers rose steeply _

as well. From Fig. 1 the total number of peers just before the Mlnlmum 1
end of the game was about 60000, and given the bitrate of Ist Quartile| 18
the delivered video stream (759 kbps), this translates taab Median 106
45 Gbps. Second, the upload and download rates rise and fall Mean . 1307
steeply at the beginning and the end of the game respectively 3rd Quartile| 1205
corresponding to the number of peers in the system as shown Maximum | 68738

in Fig. 1. In this discussion it is worthwhile to note that the

peer clients in the access (edge) network served the video

stream to other peer clients. This presents a challenge i@, observed that many peers joined, left, and re-joined th
ISPs because provisioning more access network resourcepjp streaming system multiple times.

EXpensIve. Fig. 3 plots the histogram of the logarithm of the ratio of

A key observation in Fig. 2 is that the peers by themselvesimber of bytes downloaded to the number of bytes uploaded
do not provide all the bandwidth they consume because th¢ a peer. Most peers download more than they upload.
total upload rate is consistently lower than the total dmadl However, since many peers only stay connected to the overlay
rate. This difference is also plotted in the Figure. In ouietwork for a brief time, a net contributing (receiving) peé
discussions with the P2P system provider, we learnt th@iy. 3 may not contribute (receive) much in terms of actual
this shortfall is compensated by the system provider thlougiumber of bytes. The obvious asymmetry in number of net
“server farms” that inject bandwidth to make up for thejownloading and uploading peers calls for building inogegi
difference in aggregate upload and download bandwidth, Stin the P2P algorithms for peers to contribute bandwidth more
the lions share of the bandwidth is provided by peers. It {gillingly.
absolutely remarkable that the amount of provider-injgcte 5 likely explanation for the lower upload from most peers

bandW|dth remains almost cons_tant for Increasing number Qfy, ¢ many peer clients were connected through asymmetric
users during the multicast Session, sgggestm_g that P2P 0¥R,5dhand connections with limited upload capacity. In som
lays are scalable and cost-effective video delivery pfatfo  .,qeq the existence of firewalls and NAT routers may prevent

We observed that the persistence of many peers in theers from actively contributing bandwidth. Table 1l shows
system is quite short as many of them choose to join atttk classification of peer IP connections based on the type of
leave the system at short intervals. Table | shows the madsternet connections. Just und&r of the users have direct
important statistics of this behavior. Half of the peergysth connections to the Internet. A majority of users are behind
for 106 seconds or less in the system. This characteristicNAT devices; these are mostly commercial broadband Interne
also one factor responsible for the peer churn of Fig. 1. Wisers behind home routers that implement NAT.
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Fig. 4. Peer IP addresses per AS. Although just two ASes abedufor

more than half of all peer IP addresses, many other ASesinedtaery few
Fig. 3. Histogram of the logarithm of the ratio of bytes dovaded to |P addresses. This sparse peer population in many ASessr@ssignificant
bytes uploaded by peer clients. Most peer clients receiveentivan they inter-AS traffic.
transmit; these results may also indicate the need for bitichwharing

fairness algorithms in P2P streaming. TABLE IlI

IPv4 ADDRESS DISTRIBUTION IN TERMS OHP-SUBNET MASK PREFIXES

TABLE II
STATISTICS OF THE TYPE OFINTERNET CONNECTIONQPERCENW). MosT Unl ue Preﬁx 8 bltS 16 b|ts 24 b|ts
PEERS WERE BEHIND ANAT; EFFECTIVEP2PSTREAMING SYSTEMS NEED q
TO HAVE EFFECTIVENAT TRAVERSAL CAPABILITIES. Total 118 6314 | 69523
Statistics of IP addresses per prefix
Direct connectiony 8.98 Minimum 1 1 1
UPNP 6.53 1st Quartile | 2.25 1 1
Firewall 6.80 Median 9 2 1
NAT 70.24 Mean 1019.36| 19.05 1.73
Other/Unknown | 7.44 3rd Quartile 85 9 2
Maximum 17666 1017 78

B. Underlying IP Network Considerations

The log data recorded the IP addresses of all clients p@ato the physical network and traffic localization of P2P
ticipating in the P2P video multicast session. We identifiegirfeaming algorithms, as has been proposed in [4].
120,275 unique peer IP addresses in the logs. Table Il We sorted the IP addresses by entities, or the autonomous
shows the characteristics of the IP addresses of peers in slistems (ASes) [2], which owned these IP addresses. We
system. A high degree of similarity of the IP address prefixatched the IP addresses of the peers with the data from
of any two IP addresses is often a good indicator of tbe Cymru service [37] to obtain this classification. Our
two belonging to the same ISP. We observed 118 (of 2®halysis showed that31 ASes were represented in the data;
possible) different most significant 8-bit IP address pesfjx Fig. 4 shows the distribution of the number of IP addresses
1000s of 16-bit address prefixes, and 10s of thousandscehnecting to the P2P system in ASes. Two ASes located in
16-bit IP address prefixes, indicating that peers from matiye country of origin of the baseball game contained more
different IP networks participated in the multicast sessiothan half (63563) of the IP addresses in the system. But most
This diversity also highlights the advantage of P2P muiticaother ASes had very few peers, in fact 72% of the ASes had
over IP-multicast in the former being able to traverse rpidti 10 or fewer peers. This is significant because the lack of peer
Autonomous Systems (ASes) of the Internet and serve nidgmgighbors in the same AS results in higher inter-AS P2P ¢raffi
content to geographically distributed users. as peers upload (download) the video stream to (from) peers
A “whois” lookup on each of the IP addresses showe#l other ASes.
that peers fron637 different ISPs in51 countries connected We then used the AS classification tool from CAIDA [38,
to the P2P video multicast session. We conjecture that ti%8] to report Table IV about the types of ASes in the logs.
large spread in IP addresses in multiple ASes will becoriéne classification of ASes is based upon data extracted from
more pronounced when more globally popular content Isternet routing registries. The classifier [40] uses infation
streamed through P2P streaming systems. Hence, ISPs sumch as the AS number, the organization description retuoed,
P2P streaming systems could mutually benefit by sharingmber of inferred customers, and the number of /24 prefixes
information about the underlying mapping of the IP networkovering the advertised IP space to infer the type of AS.



TABLE IV

Mean =0.89323, Median =0.94856
CLASSIFICATION OF THE731PARTICIPATINGAUTONOMOUSSYSTEMS T T T T T

(ASES) BASED ON[38, 40]. 12000}
AS type Number found 10000}

T-2 (Small ISPs) 314
COMP (Customers) 20 5 8000

NIC (National Information Centers 87 g
EDU (Universities) 55 g oo
T-1 (Large ISPs) 20 ao00l
IX (Internet Exchange Points) 1

Not Classified 198 2000

0.1 »0.2 0.3 Q.4 0.5 0.6 0.7 0.8 0.9 1
The important message from the AS classification shown in Ratio of blocks received by WP to blocks needed by WP
Table 1V is the heterogeneity in the type of ASes. Although

[ A PR ; ig. 5. Histogram of ratio of blocks received by the mediaadier to blocks
we do not have individual peer-to-peer traffic Imc0rmatlor{r?eeded for perfect playback for the first 5 minutes on peerkigher ratio

we conjecture from our analysis that the P2P video multicagkresponds to higher user-perceived video quality witiefeframe-freezes.
session creates high volume streaming traffic that traserse

different types of ASes, paricularly since most peer clent TABLE V

had Very feW peer nelghbors |n the”‘ own AS STATISTICS OF THE VIDEO QUALITY iATIO FOR THE FIRST5 MINUTES AT
This may have economic consequences for ISPs, for ex- THE PEERS(11S BEST).

ample, heavy traffic from a ‘customer’ AS that buys Inter- Minimum_ 1 0.02

n_et _connect|V|ty increases the operating costs fo_r the ISP. 1st Quartile| 0.88

Similarly, many small ISPs buy whole-sale bandwidth from Median 0.95

large ISPs and pay for the usage in terms of the volume Mean 0.89

of data} transmltted. Large.amounts of EZP §tream|ng data 3rd Quartile| 0.98

traversing their networks will correspondingly increabeit Maximum 1

costs. In addition, many ISPs presently have reciprocaimge
agreements [41,42] with their peers for transmitting each

other’s traffic. Changes in the traffic patterns due to P2P - o . ) . .
video multicast may trigger the re-negotiation of such pegr the statistics of this video quality ratio (excluding peerth O

agreements. correctly received blocks). The median value of 0.95 inigdisa
that half of the peers correctly receive atleast 95% of the
C. Quality of Service required stream blocks. If the missing blocks were unifgrm|

1) Stream Quality: The P2P system delivers blocks of thelistributed and each block contained just a few frames then

video stream to peer clients who assemble these blocks i85 reception could be considered favorably. However srror
the video stream and serve them to the media decoder. Thdlock reception at a peer client were not uniformly spread
logs provide video quality information about the first 5 ntiei  OVer the incoming stream and each block contained at least
video quality reported by each peer client. In particulagte 1 second of video (hence, atleast 29 frames). We therefore
peer reports the number and the order of stream blockaalyzed the length of consecutive missing blocks on the pee
correctly served to the media decoder (in this case, Windofkents and present our findings below.
Media Player - WMP). In order for a block to be correctly Many video decoders use “copy previous” error conceal-
served to the media decoder, it should arrive before theopllay ment to hide missing frames in the video stream from users.
deadline of frames contained in it, and it should be freEhis means that in the event of not receiving a certain frame,
of errors. In this analysis, we assume that partially reskivthe last correctly rendered frame is displayed on the sgreen
blocks are not decodable by the media decoder. resulting in the frame-freezes that are sometimes seeml@ovi

The ratio of the number of stream blocks correctly served payback. The effectiveness of this error concealmentidyic
the number of blocks required for perfect decoding is indicalecreases with consecutive frames because the correlation
tive of the percentage of video stream correctly download#ee video information of frames that are apart from eachrothe
by the host. Each block’s playout length is of the order of 4 usually small. Hence, long bursts of lost blocks are very
least 1 second, and therefore, specific information aboidtwh detrimental to overall video quality and so measuring their
type of video frames are lost is less important given thahealength is an important metric of delivered video quality.
block contains multiple frames of different types (rechlat Fig. 6 shows the histogram of the average number of
the frame rate of the transmitted video is 29 fps). consecutive blocks lost during a disruption on the peersr@h

Fig. 5 shows the histogram of the ratio of blocks received tre two important insights. First, there is a significant bem
the total blocks needed for perfect decoding and Table V shoef peers that lose multiple consecutive blocks. Second, the
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Fig. 6. Histogram of the average number of consecutive kslockver Average fraction of correctly received stream
delivered to peers during the first five minutes.

Fig. 7. Histogram of the average fraction of correctly deiad stream blocks
to ASes. Note that a large number of peer clients were in ABastad a

video quality in terms of the Iength of frame freezes diﬁer{grge_ average fractiqn of correctly delivered stream tﬂods !nd_icated by the
widely across the peers. relatively large median value of 0.95 for the video qualiffio in Table V.
An important point to note about the 40000 peers in Fig. 6 3500
marked as not having lost any blocks is that 18650 of these
peer clients receive no stream at all and hence, do not lose soo0f
any blocks. We believe that this lack of reception of blocks
on peers may be due to the inability to successfully connect 2501
to the overlay network due to firewall or connectivity issues
and/or due to the low peer persistence as shown in Table I.
We classified the ASes according to the average fraction of
correctly received blocks on the peers in the ASes with the ai
of studying the variation in delivered quality across diffiet
ASes. In this analysis, we ignored those ASes whose peer
clients did not receive any part of the video stream, leaving |
us with 478 ASes (out of the total 731 ASes). In addition,
because the fraction of correctly received blocks also népe 0
on several peer client factors such as the type of Internet 0 2 sffnup de|ay[§é’c] 8 100
connection, peer client hardware, etc., we only considéred
149 ASes with 10 or more peers, and averaged the fraction':d'ﬁ_- 8. Hist‘ogram of the “channel startup time”: the timg &mbas to
. . wait before video playback starts. The average channelptdime was 33
correctly received blocks on the peers in these 149 ASes. . .onds.
Fig. 7 reports a large variance in the delivered video qualit
across the ASes, and indicates that the delivered quality to
a peer is highly dependent on the AS of the peer. P2#Rleo stream until it is ready for playback on the video media
video streaming system providers may need to optimize theiecoder. We plot the histogram of the channel startup time of
algorithms in order to improve video quality to differenthe peer cliens in Fig. 8. The minimum, median, and average
ASes - for example - by placing bandwidth injection servestartup times are 4, 27, and 32.55 seconds respectively9Fig
farms closer to ASes with low average fractions of correcthgports a large variance in the channel startup times across
delivered stream blocks in order to improve their the dedide ASes, further highlighting the difference in the qualityusfer
QoS. The ultimate goal of P2P video streaming applicatioesperience in terms of channel startup times across ASes.
- having an effective, scalable, distributed, applicatiayer The channel startup time can be attributed to minimum
content delivery protocol to serve niche content across thaffering requirements of media decoding software such as
whole Internet - will depend on whether these quality protde Windows Media Player. The variation in startup time can
can be satisfactorily addressed. be attributed to different network conditions and streamin
2) Channel Sartup Time: Another important quality pa- protocol dynamics. In addition, most of the peers do not
rameters for Internet video streaming is the amount of timehave direct IP connections to the Internet but are behind
takes to buffer the stream before video playback. This tinfieewalls and NAT routers as noted earlier in Table Il. These
is the aggregate delay in connecting to the P2P streamimgterogeneous characteristics of the Internet connexctdd
system, contacting peers, receiving video, and bufferireg tfurther variability to the startup time.

2000 -
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across the peers participating in the system. The depeadenc
of received video quality and channel startup time on the AS
> clearly indicates that effective P2P video streaming sgste
WORSE QoS cannot be agnostic of the underlying networks, insteads ISP
] and P2P video streaming providers could work together to
improve delivered quality.

The less-than-ideal delivered quality observed in thiskwor
points to several research and development opportunitfes.
enlist some of these below.

« Creation of P2P video multicast systems that are resilient
to peers joining and leaving frequently.

« Efficient placement of provider-injected bandwidth
servers in carefully chosen parts of the Internet to assist

10 20 30 40 50 60 70 poorly performing ASes.

Average start-up time « Inclusion of incentive mechanisms in the P2P algorithms
for inducing peers to share more upload bandwidth and
improve the QoS delivered to other peers, especially in
light of the large variance in delivered video quality
between ASes, as seen in our analysis.

We emphasize that the analyzed P2P system was streamint) Building faffecf[ive NAT anq fire-wall traversal algorithms
a live event to the peer clients and so preemptive caching of and services into peer clients. _
content on clients was not possible. In case of pre-recorde¢ Better traffic localization algorithms in order to reduce
content, the first few minutes of video content can be pro- the burden on the Internet core by reducing the amount

actively cached on peer clients for a much quicker channel ©f traffic moving across the Internet.
startup time on the peers. « Better inter-ISP real-time traffic monitoring tools thatfla

inefficient and excessive inter-AS traffic due to P2P video
V. CONCLUSION AND FUTURE WORK multicast.
Use of adaptive-QoS techniques such as channel coding
and intelligent packet (re-)scheduling to improve the
fraction of correctly received stream blocks on peers.
« Using powerful seeding servers that supply initial bursts

. . . . . of stream blocks to connecting peers in order to reduce
real-time requirements for video streaming. Our analy$is o

a large scale commercial P2P streaming system reveals these the channel startup time.
9 merci g sy v » Optimization of audio/video codecs for the high packet
network characteristics such as large aggregate netwark lo

) ) . loss of P2P video multicast networks.
high peer churn, flash-crowd like effects when peers rapldly. Suitable buffer management and preemptive content

join the P2P streaming system, and end-game eff_ects when caching algorithms that reduce channel startup times.
peers leave the system en mass as soon as the live content ) ) _
becomes uninteresting or ends. We believe that large scale P2P video multicast systems

Our analysis indicates that large scale P2P video streamifyf have to address many of the issues listed above in order
systems may need to explicitly augment bandwidth becaU8ebecome the video content distribution platforms of choic
the total bandwidth that peers contribute (upload) is ofess ©ON the Internet.
than the bandwidth used by peers (download). We report a very
large traffic foot-print of the P2P video multicast sessibtha ACKNOWLEDGMENT

network edge (access network). Moreover, high churn and IovF/] h hank th ider f iding d
peer persistence in the system are inherent characteristtic | '€ authors thank the P2P system provider for providing data
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because peers usually stay connected to download the wH? ful discussions.
data file in the latter case.
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P2P video streaming is now a mainstream Internet applitatio *
with several commercial grade systems having large user
bases. The traffic characteristics of P2P streaming sysieens
significantly different from other P2P applications givéret
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