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Abstract: Current peer-to-peer systems are network-agnostic, gien
erating large volumes of unnecessary inter-ISP traffic.h@lgh recent
work has shown the benefits of ISP-awareness on bulk traapfaica-

tions, no studies have focused on optimizing P2P live stiegusystems.
These are harder to design, as data must be diffused to aivVees within

short delays.

In this paper we propose a novel scheme for ISP-friendly rbested live
streaming. Each peer maintains two distinct sets of ovankighbors,
used respectively for local and global stream propagatodynamic un-

choke mechanism minimizes inter-ISP traffic in normal opieraenabling
it promptly when local diffusion is impaired, e.g., whentfascal sources
become suddenly unavailable. Our scheme is independehtathunk
scheduling algorithm, and thus can be applied to a wide rafggisting

systems.

We have integrated our ISP-friendly scheme to our P2P Inemsting pro-
totype, and evaluated its performance through emulatidrPdanetlab ex-
periments. Our results show that our scheme adapts quicldizurn and
network partitions, and achieves up to a ten-fold redudtidransit traffic.
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1. Introduction ISP traffic by up to a factor of 10 for a 4-ISP topology.
Moreover, our dynamic unchoke algorithm provides quick

Peer-to-peer applications have become the dominanfidaptation to network partitions, reducing the probajoilit

source of Internet traffic, surpassing by far web and e-mail. MSSing playback deadlines. L
In 2004, P2P file sharing applications such as BitTorrent, 'S paper makes the following contributions: 1) we

Kazaa and eDonkey were already generating more th(,jmoresentanovelmechanism for ISP-friendly mesh-based live
50% of the Internet's backbone traffic [1]. Today, file shar- Stréaming, which is scheduling-independent and thus can

ing is still extremely popular, and P2P video streaming is on P€ @Pplied to a wide range of existing systems, 2) we show
the rise. In 2007, PPlive [2], a P2P-video company, reportednalytically that our scheme can achieve near-optimal di-
an average of 1.5 million active users [3]. Many other sys- [USions, 3) we validate our design by performing an experi-

tems, such as TVants [4] and SopCast [5], are also widely Mental évaluation of our prototype. _ _
used on the Internet. This paper is organized as follows. Section 2 describes

While P2P has been widely welcome by end-users, it related work. Section 3 presents our design and Section 4

has also become a headache for Internet Service Providerg?me |mplementat||on dleta|_ls. Secélosn 5 _conéams trlledlsasurllt
(ISPs). Current P2P algorithms are network-agnostic, i.e. of our experimental evaluation, and Section 6 concludes the

they construct an overlay without any knowledge of the paper.

underlying network topology. As a result, peers often ex-

change data with users located on different ISPs, instead of2. Related wor k
favoring those connected to the local ISP. This behavior pro

duces large amounts of unnecessary inter-domaintraffic [8]  Recent studies have shown that network-agnostic P2P
generating a high financial cost for ISPs. systems can generate large amounts of inter-domain traf-

A solution to this problem consists in biasing overlay fic. Karagiannis et al. [8] analyzed BitTorrent traffic at the
neighbor selection using the information obtained from an access-link of a university network of 20,000 users. They
ISP-aware service [9, 10, 11]. This leads to clustered over-found that 50 to 90% of data chunks are downloaded from
lays which closely follow the underlying physical topology external sources despite being locally available. Hei et
As a consequence, inter-domain traffic is significantly re- al. [25] performed a measurement study of PPLive [2], a
duced, lowering the financial burden for ISPs and freeing widely-deployed P2P live streaming system. They deployed
up wide-area bandwidth for end-users. However, this ap-peers in North America, and observed that 70-90% of the
proach has only been evaluated with bulk-transfer applica-download traffic originated from peers located in Asia.
tions, e.g., BitTorrent [6], whose traffic is elastic andghu Several research efforts have been directed towards re-
can be manipulated rather easily. Conversely, streaming apducing inter-ISP traffic. Shen et al. [7] propose to cache
plications must ensure a minimum sustained rate, and, moreP2P content in ISP-controlled devices. While effective? P2
importantly, must deliver packets to all receivers within a caches need to be designed for each application, and are not
short delay. Thus, any streaming traffic optimizations must without legal risks for the ISP due to unauthorized exchange
also ensure that the QoS is not impacted. of copyrighted material.

In this paper, we propose a novel mechanismthat reduces A different approach consists in biasing a peer’s neigh-
inter-ISP traffic in P2P live streaming applications. Uelik bor selection towards topologically close nodes. Aggar-
previous schemes [9, 10], our system creates a large numwal et al. [9] propose an Oracle server that returns a list
ber of links between peers located in different ISPs. This of peers located close to the requestor. Their study is
results in a highly clustered primary overlay, augmented by mainly based on simulation, and focuses on file sharing ap-
a large number of secondary inter-cluster links. Moreover, plications. Choffnes et al. [11] suggest leveraging endgti
secondary links are dynamically unchoked to provide both CDNs, which are already network-aware, instead of deploy-
high network efficiency and good reactivity to sudden net- ing ad-hoc servers. They evaluate their solution by provid-

work changes. ing an extended version of Azureus, a popular file-sharing
We show analytically that this scheme allows near- client, and collecting measurements of its real behavior.
optimal diffusion provided inter-cluster rates are adgdst A similar but more sophisticated scheme has been re-

appropriately. We propose a heuristic that approximatescently proposed by Xie et al. [10]. They suggest using an
these rates by having each peer adjust its unchoke level actSP-controlled tracker that provides a richer set of nekwor
cording to the contents of its local download buffer. We related information, and performs traffic-engineering op-
evaluate the performance of our prototype by deploying timizations. Although their evaluation focuses on file-
up to 320 clients in an emulated environment [14] and on sharing, the authors include one live streaming experiment
Planetlab [15]. Our results show that our overlay quickly which shows that backbone traffic is reduced by a factor of
converges to a highly clustered topology, reducing inter- 2.5.



Lua et al. [28] propose a network-aware live streaming of inter-cluster links to ensure that chunks are diffusedbg!
system where the overlay is constructed according to theally with minimal inter-ISP traffic. In Section 3.4 we show
network latency between peers, i.e., the Round-Trip-Time. that the combination of these two mechanisms can lead to
Since RTTs do not necessarily capture the relationships benear-optimal diffusions, provided the unchoke level is ad-
tween ISPs, their design may generate excessive inter-ISRusted appropriately. We now describe both mechanisms in
traffic. more detail.

3. Design 3.2. Overlay construction

In this Section we first introduce the goals and rationale ~ We assume that the network cost between any two nodes
of our design, and then describe the details of our overlayis known. We construct a directed overlay containing two

construction and dynamic unchoke algorithms. types of edges: primary and secondary. The former are
created preferentially between nearby peers (i.e., n&twor
3.1. Goals and design rationale cost between them is low), while the latter connect peers

at random, irrespective of network cost. Both the max-

The goal of an ISP-friendly live streaming system is to IMum primary and secondary out-degrees of a peer are
minimize inter-ISP traffic without impacting the video qual ~ S€t 0domaz := |C/c.], whereC is the peers upload
ity. This is not easy to achieve. First, the minimizing inter CaPacity, andc. a system-wide nominal edge capatity
ISP traffic may generate excessively long diffusion delays. 1he maximum primary and secondary in-degree is set to
Consider an example topology witN peers distributed ~ %i;maz := [r/cc], wherer is the stream rg?e
amongnr ISPs, where ISPsandi + 1 are connected by peer- The ObjeCtIV§S of the overlay formation are then as fol-
ing links (i.e., ISPs form a chain of peering links), and any ows. In the primary overlay, one should (i) let each peer
two ISPs are reachable through more expensive backbon&ave in-degree ol ..., and out-degree no larger than
links. In this case, the minimum-cost diffusion follows the @o,maz: & PEEr-specific bound; (ii) minimize the sum of net-
peering links, and thus results in a maximum delay of or- WOrk costs of all primary edges; (iii) let the overlay be ran-
dern. In general, a scheme that generates some backbong0mly, uniformly distributed under the previous consttain
traffic can significantly lower diffusion delay at the coseof ~ 1he design objective for the secondary overlay is exactly
suboptimal network cost. Second, centrally-computed traf the same, except that we drop requirement (ii). As further
fic optimizations such as that performed by P4P [10] may dlscusseq in _Sectlon 3.4, this combination of randomma_tlo
be impractical in live streaming systems, where peers mustad localization enables to leverage low cost connections,
react quickly to avoid deadline misses in the presence ofWhile ensuring required connectivity properties.
churn and network partitions. Thus, quick local decision 10 create such a randomized overlay in a distributed
may be more effective than centralized control schemes. fashion, we can use the following version of the Metropolis

Our design is based on the following principles: (1) we @lgorithm [22]. Each peer periodically offers to create an
favor simplicity and low diffusion delays over traffic op- edge towards a randomly selected peer. The latter accepts,
timality, (2) we employ decentralized mechanisms based&ventually dropping an existing incoming edge, with some
on local peer decisions, (3) we target mesh-based systemgProbability that depends on whether the cost is lowered by
but we remain agnostic to the scheduling algorithm, (4) we this edge replacement. In addition, each peer periodically
limit centralized services to a tracker node that keepsishe | drops an existing edge with a small probability. One can es-
of active peers, and an ISP-managed server that reports thiablish, along the lines of [29], that for suitable probaieis
network cost between any two IP addresses [9, 10]. How- of transitions, this mechanism converges to the desired ran
ever, we do not require these services to be centralized. Th&lomized overlay. We omit the argument for lack of space.
tracker could be implemented in a decentralized way, e.g., We implement a variant of the algorithm mentioned
using a DHT [12], and the network cost could be estimated above. The differences are motivated by practical consider

in a distributed fashion by reverse-engineering the nétwor ations, mainly to avoid excessively long convergence times
topology [20, 21]. and to allow joining nodes to create edges quickly in order

Our solution is based on a combination of two novel 0 minimize video start-up time. We now outline the most
mechanisms: a randomized two-level overlay, and a dy-importantdifferences.
namic unchoke mechanism for costly traffic. Our over- ~ Each peer obtains alist of other peers from an ISP-aware
lay creates clusters of topologically-close peers, tyyica tracker [9, 10]. For large overlays, the list contains a sub-
W|th|nthe same ISP, while Stl'|| prgservmg_alarge number of 1Using a nominal edge capacity helps create a bandwidt
links between peers chated n d'§tant points of the nethrk overlay. We do not actually rate-limit edge traffic to the rioahvalue.
The unchoke mechanism dynamically adapts the bandwidth  2in variable-bitrate streams, the average bitrate can e use




set of random peers, plus a subset of low-cost ones (i.e.3.4 Cost efficiency

located near the requestor). Both lists are randomized, so

successive tracker queries may return different peer sets. \We now argue that the randomized, two-level overlay
The peer then periodically contacts a peer from the list to construction combined with the associated choking mech-
evaluate whether a new primary or secondary edge can beanism is rich enough to allow cost—efficient streaming.
established. Peers direct half of their connection attsmpt ~ Assume a two-level cost structure, with a low cost per
to peers from the random peer list, and half to peers pickedpyte for intra-ISP transfet, and a higher cost per byedor
from the low-cost one, thus ensuring that candidates fer pri inter-ISP transfer. We denote peersiby, . . ., and ISP’s by
mary and secondary edges are contacted. After a handshakg, J, . . .. The full collection of ISP’s is denoted ky.

phase, both peers agree on whether to create an edge be- Let d, ,,., denote the streaming rate, expressed in units
tween or not, eventually dropping an existing edge. Joining of “nominal edge capacity”. For each peedenote by\y;
nodes are handled differently. Peers always accept edge crethe rate at which the source injects data directly into peer
ation requests from joining nodes, thus ensuring theirkquic We assume that these injection rates sum up tw equiv-
insertion into the overlay. This typically results in exgie alently, the source injects data only once in the system. If
edges being created, which are then progressively replaceghe source has extra capacity to send redundant data, for

by lower-cost ones. such additional transmissions the source is considerea as a
ordinary peer.
3.3. Dynamic secondary unchoke For any ISPJ, we denote by:(J) the number of re-

ceivers withinJ, and by the aggregate source injection

The dynamic unchoke mechanism has two goals. First,"at€ intoJ, thatis:

it attempts to keep secondary edge traffic as low as possible, [V Ao,
in order to approximate an optimal cost diffusion. Second, i 0J = Z 0t
quickly unchokes secondary edges when a peer approaches
a state of chunk starvation, in order to minimize the proba- In this setup, if we take the source injection rates as given,
bility of a deadline miss. then the minimal cost required to stream to all receivers
Each peer adapts its secondary receive rate according tqvithin an ISP.J is no less than:
the presence or absence of events that suggest the peer is
heading towards chunk starvation. We refer to such events c(J) = (di.maz — 2os)e+ (n(J) — 1)di mazc. (1)
as early starvation signalsor ESS. Whenever an ESS is
generated, the peer increases its secondary receive raténdeed, all the content must reach I3Phence data must
Conversely, if no ESS is observed during a given time in- reachJ from other ISP’s (hence at a cajtat a rate no less
terval T,,, 55, the secondary rate is decreased. This pro- thand; maz — Aos. In addition, alln(J) receivers within/
duces quick secondary unchokes, but slower conservativeNust receive data at ratg ,,....; thus an additional rate of
chokes. We adjust the secondary rate using multiplicative- (7(J) — 1)d;,ma. must be used to upload to these receivers,
increase/multiplicative-decrease with factersand 3 re- but potentially at the lower cost Thus, the total cost is no
spectively. larger than
In our design, a peer generates an ESS whenever a chunk
has not been received half-way to the deadline. For in- € = > o)) = diimartllT| =1+ di maacln—|T]. (2)
stance, when using a 20-second download buffer, a chunk J
that has not been received 10-s§:conds pefore the Qeadline In this setup, we have the following result.
triggers an ESS. Thus, we call this evemhil-buffer miss
The rationale is that the peer still has another 10-second<Proposition 1. Assume that each peer has an uplink band-
to unchoke secondary sources and download chunks fronwidth of exactlyd; ;... Consider a symmetric scenario
them. where for each ISE hasn/|J| receivers, and the source
The advantage of using a mid-buffer miss as ESS is itsinjects at the same rat®y; = d; maz/|J| iNto each ISP
simplicity. The disadvantage is that the download buffer J. Then for large system sizeand randomized overlays as
length, which determines the video lag with respect to the specified in Section 3.2, the following holds.
source, must be sufficiently large to deliver all chunks be-  With high probability, for some uniform choking of sec-
fore the mid-buffer position. Thus, our scheme increasesth ondary peer sets, streaming remains feasible at cost no
video lag compared to an ISP-agnostic system. Howeverlarger thanc* + o(d; mas|J[€), Wherec* is as defined in
this lag increase could be reduced by employing more so-(2).
phisticated ESS mechanisms, such as detecting an increase If we relax the symmetry assumption, and#ét/) =
in the delay distribution of all received chunks. p(J)n for some fixed probability:, then the following

i€



holds. With high probability, for some uniform choking of / . C1)Cn)

secondary peer sets, streaming remains feasible at cost no : , (2 _

larger thanc* 4+ O(d; maz|J[€), Wherec* is as defined in ) _/ o \x_ \ SN
Al A2 Bl ) B2 : 7

In the previous statement, the constant in €he) term
involves the probabilitieg(.J), and increases with asymme-
try in these proportions. The key message is that the extra
cost incurred due to cross-ISP traffic increases lineartly wi
the number of ISP’s but does not depend on the number of —/ Sy -
peers themselves. (A3) (A1) (B3 ) (B4

A complete proof is provided in the Appendix.

B5)

Figure 1. Test topologies: 2+2 (top lefty-clique (top
right), and 6+6 (bottom)
4. Prototype

We have integrated the mechanisms described in the pre-

vious Section to our live streaming prototype, which we fr‘?Ct.'on of peers
used in a previous experimental study [18]. We modified AT TBL W'th'zgh;/?row

the code that handles overlay construction and rewiring, A2 | B2 21:4%

and added a few lines to the chunk scheduling code to A3 | B3 18.6%

limit the number of chunks sent through secondary links. Al | B4 6.0%

We maintain the DP/LU scheduling algorithm [17], and an A5 | B5 5.0%
ISP-agnostic source that injects chunks preferentiafiggb A6 | B6 2.5%

peers [18].

We implement the dynamic secondary unchoke scheme Table 1. ISP popularity (6+6 topology).

as follows. Each peer divides time into 10-second rounds,
and keeps a variablg,, ..., representing the maximum num-

ber of chunks that it can download from secondary sources
within around. The value af,,., determines the secondary our local cluster, and emulate wide-area latencies and ac-

unchoke level, and is adjusted according to the MIMD al- cess bandwidths using Modelnet [14]. Our cluster consists

gorithm described in the previous Section. Once a peer hasof 10 machines with four 2.0 GHz Opteron cores each. We
downloaded the,,,,.. chunks, it rejects any further upload

) . observe around 25% of idle CPU time, so the impact of run-
tokens from secondary sources until the round is over. Note

. . ) ning several clients per CPU core is negligible.
that this mechanism may concentrate a peer’s secondar

Y We set the clients’ uplink capacities according to three
traffic in the beginning of the round. However, since round different distributions. In the first, all clients have a hem

bour.1d.ar|es are not synchronized among peers, this has %eneous capacity of 1 Mbps. Inthe second, clients are either
negligible effect on c_hunk propagation. . ., fast (1.5 Mbps) or slow (500 kbps), and the average capacity

. Our scheme requires peers t(.) know their upload capacnyis 1 Mbps. In the third distribution, clients are divideddnt

in order to determine their maximum out-degree. We cur- four classes: 128, 384, 1000, and 4000 kbps. This distri-
rently set the peer’s emulated capacity in its configuration bution is based or; a méasure,ment study and has been used
file. This corresponds to the common practice of letting in recent live streaming evaluations [16, 18]. Its mean ca-

peer.-to-pe_er Users spemfy an upload I|rr_1|t n thglr client pacity is around 1 Mbps. We set all downlink capacities to
configuration. An alternative could consist in using band- 10 Mbps

width estimation techniques [23] to dynamically assess the
available bandwidth.

When using emulation, we run a 320-peer overlay on

In our Planetlab experiments we limit the upload band-
width at the application layer using a token bucket. Each
) token corresponds to a chunk ready to be uploaded, and the
5. Evaluation bucket is filled at a rate proportional to the node’s upload
capacity. Since most Planetlab machines are usually over-
We evaluate our prototype using both network emula- loaded, we limit the overlay size to 160 peers running on
tion [14] and Planetlab [15] experiments. Emulation allows machines that report at least 5% idle CPU time. We also
us to perform reproducible experiments in a controlled en- limit the upload capacities to 1 Mbps to avoid bandwidth
vironment, while Planetlab deployments represent more re-bottlenecks.
alistic and challenging conditions. We use three different synthetic network topologies,
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Figure 2. (a) primary overlay quickly converges to near-optimal apafation. (b) our solution generates less inter-domaifidra
than the agnostic and 1-peer schemes. (c) slow peers dawintva least-cost ISPs in the unbalanced configuration.

shown in Figure 1. In the 2+2 topology, we have four ISPs | topol. | intra-group | intra-ISP | upload capacities [kbps]
divided into two groups, A and B. The ISPs within each ISP A1,B1| ISP A2,B2
group have established a peering agreement to avoid trans|t 242 balanced | homog. 1000 1000
traffic. However, any traffic between groups must be routed balanced | heterog.| 128-4000 | 128-4000
through a common backbone (a higher-tier ISP). Whenus-{ ,,, | unbalanced homog. 1500 500

ing this topology we distribute clients uniformly acrosk al unbalanced| heterog. | 1000-4000| 128-384
four ISPs. Given its simplicity, this topology is useful far all ISPs
baseline evaluation of our prototype. The 6+6 topology is |86 balanced | homog. 1000

a coarse approximation of two geographically distant coun-|_"-clique | balanced | homog. 1000

tries. Each country has 6 ISPs of different sizes, all con-
nected by peering links. Traffic between the two countries
goes through a higher-tier ISP. Within each group, we dis-
tribute clients according to the ISP sizes shown in Table 1,
which correspond to the market shares of the 6 main ISPs inprimary in-degree of 7 for a 640-kbps stream. All experi-
France as of June 2007 [24]. Thus, this topology allows usments last up to 15 minutes, with all peers simultaneously
to evaluate the impact of ISPs containing a small number ofjoining the overlay at = 0.

peers. Finally, thex-clique topology consists of ISPs of

equal size connected by pair-wise links. An evaluation with 5.1. Overlay construction

more complex topologies is left for future work.

Our overlay construction algorithm requires a network  We start by evaluating our overlay construction algo-
cost valuec for each pair of nodes. We assume a simple rithm. We use the first five scenarios of Table 2. In
cost model, where intra-ISP traffic is cheaper than peering,bandwidth-balancegcenarios, the average client upload
which in turn is cheaper than backbone. We further assumecapacity is 1 Mbps for all ISPs. Since this average capac-
that the cost does not depend on the source and destinatiofy is higher than the stream rate (640 kbps), chunks can be
ISP, but only on the link type. We usg = 1 for any pair ~ propagated within each ISP without any help from exter-
of nodes within the same ISB, = 10 for nodes located  nal uploaders. Conversely, mandwidth-unbalancedce-
across a peering link, ang = 100 for nodes communicat-  narios, the average capacity of some ISPs is lower than the
ing through the backbone. Note that any other values thatstream rate. Therefore, clients located in these ISPs must
satisfyc; < ¢, < ¢, produce the same overlay configu- download part of the stream from other ISPs to sustain con-
rations. Peers obtain the cost value for a given destinationtinuous playback. These scenarios are further divided into
node from the tracker. homogeneouand heterogeneouslin the former, all peers

Unless otherwise noted, we use a stream rate of 640within an ISP have the same upload capacity, whereas the
kbps, a source upload capacity of 1 Mbps, a chunk size oflatter contain ISPs with both fast and slow peers.

10 KB, a download buffer of 20 seconds, a 320-peer over- Every 10 seconds we measure the cost of each peer’s
lay, « = 1.25, 8 = 0.75, andT,,,gss = 10 seconds. We  primary peerset, defined as the sum of the cost of its pri-
set the nominal edge capacity to 100 kbps, which yields amary incoming edges. We then calculate the average value

Table 2. Test scenarios.
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Figure 3. (a) the unchoke mechanism increases the diffusion delalgetortid-buffer position. (b) a large secondary peerset
improves the system’s response to a network partition.n@lldSPs produce less inter-ISP traffic for larger overlays

over all peers, which represents the average cost of the overas both topologies have an equal number of clients in each
lay. We also compare this value to the optimal cost, which ISP group (A and B). The higher peering traffic observed

we obtain by solving a binary integer program with MAT- in the 6+6 topology is due to the presence of small ISPs.
LAB [19]. Since agnostic clients choose peers at random, clients in

Figure 2(a) shows the results for the different scenarios.small ISPs will most likely choose peers located in other
In all cases, the overlay converges to a near-optimal config-ISPs, thus generating more peering traffic.
uration within a few minutes. The initial high cost is due to Figure 2(b) also shows that both the 1-peer and the
peers quickly populating their peersets with randomly cho- full scheme achieve significant reductions of backbone and
sen nodes, and subsequently replacing them with lower cospeering traffic. However, the 1-peer scheme is less efficient
ones. Interestingly, the scenarios with intra-ISP homoge-in all three scenarios. This shows that using several dy-
neous bandwidths converge more quickly than those with namically choked connections to non-local peers is more
heterogeneous ones. Similarly, balanced scenarios showfficient than a single unchoked connection. Notice that
faster convergence than unbalanced ones. The reason ighe full scheme is particularly efficient in the 2+2 balanced
that convergence is slower in the presence of slow peersscenario, generating only 5% of non-local traffic. The un-
which quickly allocate all their uplink capacity, and rejec  balanced scenario generates more peering traffic, asslient
any further queries to become primary uploaders. The ef-in slow ISPs must download part of stream from fast ISPs.
fect is more pronounced in unbalanced scenarios, whereThis is shown in more detail in Figure 2(c), where we see
some ISPs contaionly slow peers. Clearly, the conver- that peers in ISP Al upload an average of 300 kbps to ISP
gence speed could be improved by using an optimized peerA? in the unbalanced case. These peers are exceeding the
discovery algorithm, e.g., one that targets peers whick hav 100-kbps nominal edge capacity, since each peersin ISP A1
low cost and are known to have some available upload ca-creates, in average, two outgoing primary edges to peers in
pacity. ISP A2. This is due to the absence of rate limiting in pri-

mary edges. Enforcing a bandwidth limit on primary edges
5.2. Comparison to agnostic and unchoked would probably reduce inter-ISP traffic in this scenarid, bu
1-peer secondary might also impact the diffusion delay. We leave an evalua-
tion of primary rate limiting for future work.

We now compare our solution to a simpler scheme that  We now turn our attention to the chunk diffusion delay of
uses a secondary of only a single peer and no rate limiting,the three schemes. We take the two 2+2 homogeneous sce-
and to an ISP-agnostic overlay. We refer to them as “full”, narios, and we measure the diffusion delay of all the chunks
“1-peer”, and “agnostic” respectively. We test each schemedelivered within two minutes. Figure 3(a) shows the result-
in the three homogenous scenarios described before. Iring Cumulative Distribution Function (CDF). The agnostic
each case, we let the overlay stabilize for five minutes, andand 1-peer scheme have almostidentical delay distrilsition
then measure the average backbone, peering, and local tralsuggesting that the clustered overlay structure of theet-pe
fic for two minutes. The results are shown in Figure 2(b). scheme does not have an impact on delay. The full scheme,
We can see that the agnostic scheme produces around 50% turn, shows an increase in delay, with a significant num-
of backbone traffic in all three scenarios. This is expected, ber of chunks experiencing delays close to 10 seconds. No-
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tice that 10 seconds corresponds to the mid-buffer positionlarge and small ISPs. Figure 3(c) shows that the percentage
(the download buffer is 20 seconds). Thus, our dynamic of peering traffic decreases for larger overlays. In fact, in
choke mechanism, driven by mid-buffer misses, is pushing creasing the number of peers means that small ISPs contain
the diffusion delay towards the mid-buffer value. As we more nodes, thus generating more intra-ISP and less peering
will see in Section 5.4, this delay increase can be exploitedtraffic. This suggests that our scheme will be most efficient
to further reduce the amount of inter-I1SP traffic. when streaming popular channels, i.e., watched by a large
Finally, we compare the 1-peer and full schemes in the number of users. Moreover, the overall system efficiency
presence of a network partition. In this case, we use onlyshould also be high provided most traffic is generated by a
the 2+2 unbalanced scenario, where slow clients in ISP A2small number of popular channels. This is the case in cur-
download chunks from fast ones in ISP Al (the same holdsrent systems, as recent studies show that channel pogularit
for B2/B1). After letting the overlay stabilize, we kill athe follows a Zipf distribution [25, 26].
clients in A1. From A2's perspective, this is equivalentto ~ We also evaluate the scalability of our solution in terms
a network partition which disconnects all peers in A2 from of the number of ISPs. We use theclique topology, a
their uploaders in A1l. Thus, all peers in A2 must quickly 30-second download buffer, and a homogeneous capacity
find new uploaders in B1 and B2. Figure 3(b) shows the ef- distribution. Notice that in this scenario, each of thESPs
fect of a partition occurring afteér= 6 minutes. The bottom  must receive at least one copy of the stream to be able to
curve shows the average miss ratio over all peers in the overdiffuse it internally, so inter-ISP traffic iQ(n). Figure 4(a)
lay. The chunk misses in the first two minutes are due to all shows the inter-ISP traffic for 320 clients distributed uni-
nodes joining the overlay simultaneously (i.e., a flashcrow formly among an increasing number of ISPs. We observe
effect). In the full scheme, peers in ISP A2 react quickly to that non-local traffic grows linearly with. Given the linear
the network partition by unchoking their secondary peerset lower bound, this suggests that our system achieves good
which already contains, in average, several peers in ISPsscalability.
B1 and B2. The few deadline misses we observe are due to
chunks which were injected into ISP Al by the source right 5.4. Impact of buffer size and stream rate
before the partition, and are therefore lost before they are
propagated to other ISPs. The 1-peer scheme shows amuch |, the following experiment we evaluate the impact of
slower reaction time. Peers in ISP A2 are not able to find he download buffer size. We use the 2+2 balanced homo-
new uploaders quickly enough, and their single secondaryyeneous scenario, and measure the local and peering traf-
peer is not sufficient to download all necessary chunks. As afic after overlay stabilization for different download besff
result, they experience deadline misses during several ming;jzes. Figure 4(b) shows that the fraction of local traffic in
utes until the overlay converges to its new configuration.  creases for larger download windows. Intuitively, increas
ing the download buffer also increases the mid-buffer po-
5.3. Impact of number of nodes and ISPs sition, allowing more chunks to propagate through primary
edges (i.e., low-cost links) instead of triggering secopda
We now measure the effect of the overlay size on non- unchokes. This behavior shows a trade-off between the ef-
local traffic. We use the 6+6 topology, which contains both ficiency of the system (in terms of costly traffic) and the



Figure 5 shows that using quarter-buffer misses results

0T §§ g in periodic deadline misses across the entire overlay,whic
5515 | —— mid-buffer does not occur when using mid-buffer misses. The reason is
g E 12 . that unchoking secondary sources only 5 seconds before the
< - et b deadline is too late to avoid starvation. A large number of
= 3 chunks may be missing by the time the ESS is generated, in

p % 5 noy : ' which case secondary sources will not have enough time to
EE , ,"" '.".l;" upload all missing chunks before their deadline. Such os-

0 VA e M cillations could be reduced by adjusting the multiplicativ

0 2 4 6 8 factorsa and 3. However, this can result in a slower adap-

me {min} tation, decreasing the reactivity of the system to changing

Figure 5. unchoke based on quarter-buffer misses are too network conditions.

close to the deadline, producing periodic chunk misses.

5.6. Churn

In this experiment we evaluate our design’s resistance to
; churn. Our scheme must ensure that primary peersets are
ger;t e.g., Ir:ve sportfevents), the syster?f'could emplolytshor quickly reconfigured upon connections and disconnections,

elays at the cost of more inter-ISP traffic. Conversely, pre maintaining an overlay configuration close to the optimal.
recorded TV shows and other delay-tplerant 'content MaY Eyrthermore, churn must not cause chunk misses which
lbe Ztrt:aaﬁmed at Iowre]z ' n_efztwhorlé COStIS bg |tr)1cfrfea$|ng the do‘l’l"n'would trigger excessive secondary unchokes, decreasing th
oad buffer. Note that if the download buffer is too small, ggiciency of the system. We simulate churn by killing and
all peers W|Illcompletelly unchoke their secondary peersets restarting a randomly chosen node every 5 seconds. This
In our experiments, this occurs for a a-second baffed- ensures that the total overlay size remains constant. The
though t.he advantageg of the dynamic secondary unChOK(?nean peer session timefis 320 — 1600 seconds, which
mechanism are lost with such a short buffer, the system, . o550nds roughly to the value measured on a real sys-
still generates much less costly traffic than an ISP-agnosti tem [13] (1500 seconds). We use the two 2+2 unbalanced
sqheme thanks to the ISP-aware overlay construction (Cf'scenarios, as these converge more slowly than the balanced
Figures 4(b) and Z(b))', . ones, and thus are more sensitive to churn.

Another factor that influences the efficiency of the sys- g re 6(a) shows that under churn the overlay converges
tem is the ratio between the average upload capacity andy, 5 glightly costlier configuration with respect to the istat
the stream rate. Figure 4(c) shows that inter-ISP traffic in- c4e  The difference is more evident in the heterogeneous
creases for h|gher§tream rates. In fact, alh|gher stream ,ratscenario, as the overlay converges more slowly, and thus
means more data is sent through the clients’ uplinks, in-y,q impact of chum is higher. In the heterogeneous case,
creasing the chunk transmission time and the average diffu-cp,m also produces a slight increase in backbone traffic.
sion delay. This, in turn, produces more mid-buffer misses, s js caused by the suboptimal overlay configuration, as
resulting in more frequent secondary unchokes. As showng traces show that churn does not affect the dynamic
in Figure 4(c), this effect can be mitigated by increasirg th - gecongary unchoke mechanism. These experiments sug-
download buffer size, which reduces inter-ISP traffic trnk - at that 4 faster overlay rewiring algorithm could make the
to the delay/efficiency trade-off discussed before. overlay converge to a lower cost configuration under churn,

reducing backbone traffic.

diffusion delay. Thus, when streaming delay-critical con-

5.5. Mid-buffer vs. quarter-buffer miss

5.7. Planetlab
We now compare the use of two different early starva-

tion signals (ESS), mid-buffer miss and quarter-buffersnis Finally, we evaluate our prototype’s behavior on Plan-
The latter is generated if a chunk is still missing when only etlab. Since Planetlab machines are spread across a large
25% of the total download buffer time is left before its dead- number of Autonomous Systems (AS), we select 160 ma-
line. We use the 2+2 balanced homogeneous scenario. Thehines and assign them a logical AS number according to
download buffer is 20 seconds, as in the previous experi-our synthetic topology. In this experiment we run 160 peers
ments. and use the two 2+2 homogeneous scenarios. The goal of

3A smaller download buffer will result in deadline misses. gkown our Planetlab experiments is to Venfy that our prototype be

in Figure 3(a), even an agnostic overlay needs around 7 decordeliver haves as in our emulatlon.-ba.sed experiments. )
all chunks. The results are shown in Figures 6(b) and 6(c). First, we
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Figure 6. (a) the overlay converges to a slightly costlier configuratinder churn. (b,c) Planetlab experiments (160 peersy sho
sporadic chunk misses, due to overloaded machines. Traffiowerlay configuration are almost identical as with emaoifat

observe that the backbone and peering traffic values are stawe will also investigate the use of rate-limiting on primary
ble over time, and are very close to those obtained in emula-edges, which may further increase efficiency in scenarios
tion experiments of Figure 2(b). The overlay convergence is where primary edges are created between two ISPs due to a
also comparable to that of Figure 2(a). The only difference limited upload capacity within one of them. Finally, we will
we observe is the presence of chunk misses, as shown ifook into faster peer discovery algorithms that increase th
Figure 6(c). Our traces show that the peaks correspond to averlay’s convergence speed, and thus should reduce inter-
large number of peers experiencing a low miss ratio (1-3%), ISP traffic under churn.
i.e., no peer experiences high miss ratios. We conclude that
these peaks correspond to chunks'whosle diffusion has b(.aepeeferen(:&
delayed when only a few copies existed in the overlay. This
behavior, not observed in emulation experiments, is most
likely caused by a temporary CPU or network starvation
experienced by the peer which was relaying such chunks.
Given that the miss ratio is low, missing chunks could be
reconstructed by encoding the stream with a small amount
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Appendix

We now provide the proof of Proposition 1 in Sec-
tion 3.4. Below we noté = d; ., the stream capacity
(expressed in units of nominal edge capacity), also assumed
to coincide with the uplink bandwidth of all peers.

We first establish that, for a suitable level of choking, the
cost resulting of full use of all edges is the one announced
in the proposition.

We consider the same bandwidth limit €f over every
secondary peer set for all peers, wherge a small parame-
ter, and will assume that each secondary edge is used with
capacitye, while each primary edge is used with capacity
1—¢, thus meeting the uplink bandwidth limitation of peers.

The parametee should be sufficiently large to ensure
that for each ISR/, data from other ISPs can enter it at a
rate no less thah — \y;. For large number of peers,
the number of secondary edges leading to JSom other
ISPs is with high probability1 + o(1))bp(J)(n — n(J)).
Indeed, each edge emanating from all the other ISPs has
an individual probability ofp(J) = n(J)/n of pointing
towards ISPJ. These events are negatively correlated, and
there aréh(n — n(J)) such edges, hence the reéulfhus,
to ensure feasibility, one should impose

b— Aoy
= S B )

3)

When each secondary edge is used with capacétyd each
primary edge is used with capacity — ¢), the overall cost
of using the overlay is given by:

c= Yeg () {1 —€)+e(p(J)+o(1))}
+cen(J)b(1 — p(J))(1 + o(1)).
(4)
Consider first the symmetric case. The right-hand side of
Equation (3) reads:

b(1 - 1/171)
/1T Nn(1 =1/171)

€sym = (1+0(1)) @

= (1+0(1)*

®)
Plugged into Equation (4), this yields the following expres
sion for the “symmetric cost?,,

= cbn {(1 — €sym) + esym(% + 0(1))}
+Cesymnb(1 —1/T)(1 4 o(1))
¢+ o(eb|T|)

Csym

as announced.

4A more detailed argument is as follows. The total random remoly
edges is, because of negative correlations, less variahfethe Binomial
random variable with paramete(s(n — n(J)),p(J)) [31]. That is to
say, Chernoff bounds for this Binomial random variable a@pply to the
considered number of edges. Thus this number is almostysegelal to
(14 o(1)p(N)b(n — n(J)).



In the asymmetric case, consistent with (3), we let We proceed as follows to generate the random graph

G(n,b). Consider a list of:b entries, corresponding to the
casym = (1+0(1))SUP e 7 57ty edges leaving nodes i(n, b), and also to the edges en-

= O(1/n). tering nodes irG(n, b). The graphG(n,b) corresponds to

) o ) a random uniform permutation of thoa® entries, condi-

Plugged into (4), this yields the expression for the “assy- tioned on the fact that this creates no loops.

MEtriC COSt"Casym! We shall denote by the probability corresponding to
the uniform permutation, without this conditioning. We

Casym = Z]ej(_jbn(‘])(l +O(1/n)) i itv:
Y200 n)n(b(1 — p())(1 + o(1) need to bound by(1) the following quantity:
= ¢ +0(@|J)) 7 := P(there is some sef such that(S, S) < b|no loop),

as announced.

We now show that with high probability, feasibility
holds. We take an asymptotic viewpoint, assuming that the
collection of ISP’s, 7, is fixed, but that the sizes(J) are
given byn(J) = p(J)n for some fixed parametef./), and
where the number of peersis large.

Under these conditions, we have the following.

whereE(S, S) denotes the number of edges directed from
S to its complement, and where one considers only sets
S with cardinality between 1 and — 1.

To this end, write

LS m 25:02<|S|<n Pb(El(Sa §) <b)
= 561608 Lm=2 (m) 2oi—o P(E(Sm, Sm) = )
m=2 \m £=0 my ~m ’

Proposition 2. For fixed integer, let G(n,b) be a ran- P(nofoop (6)
dom graph om nodes, with directed edges, in-bound and \yneres, . is an arbitrary set ofx nodes. The restriction of
out-bound degree dffor all nodes, no loops (but possibly e sym to indices: satisfying2 < m < n — 2 is justified
multiple edges), thatis uniformly distributed overallgtes 1y the fact that, conditionally on the absence of loops, the
with such properties. _ _ number of edges leaving sets of size 1 is alwaysmilarly,

_ Then, assuming > 2, the following property holds with  {he number of edges leaving sets of size 1 is alwaysb,
high probability (i.e, with probabilityl —o(1)) asn goesto ¢4 otherwise the complementary set, of size 1, would be a

infinity. _ node with a loop.
For any subsets of i nodes withl < m < n —1, Let us evaluate the latter probability in (6).
the number of edges directed frairo its complement is at

leastb. — mb)2 ((n—m)b)2 2(mb—0)!((n—m)b—£)!
P(E(Sm,Sm)=1) = G M) (E!)ng)! A
Let us show how this result implies feasibility of stream- _ O
ing in our present context. Feasibility holds under the fol- ()

lowing condition: for any subsef of nodes (including the
source), the sum of capacities of edges directed ffota
its complement must be at least the stream ratd,et us
distinguish two cases.

Case 1:S consists precisely in the union of the receivers
in a collection of ISPs. Then, by our choicespthe number
of secondary edges leading frastinto its complement s at _— b=1 (mby ((n—m)b
leastd/e , and hence the corresponding capacity is at least < 1 Z <”) Z ( ¢ )( ¢ )

™
e S Y

b. ~ P(noloop
Case 2: For some ISP, the intersection of with J’s

receiver set is non-empty and a strict subset of this receive Denote byf(m) the m-th term in the above summation.

set. Then, by the above proposition applied to the graph ofOne then has

primary edges of receivers withih there are at leastpri- Y ()b

mary edges leaving the intersection$fvith J and reach- f(m) = (Z) Z;é M

ing other receivers of . This accounts for a capacity of at b

Indeed, the first equality is justified as follows. The nurmera

tor counts the number of permutations that map exdaify

the firstmb entries to the lastn — m)b entries. The second

equality follows by straightforward simplifications.
Plugging this expression into (6), we obtain:

m=2

leastb(1 — ¢). Similarl it i S A e U
. y, the above proposition applied to m "
the global graph of secondary edges now implies that there < Qe (b=(mlog(n/m)+(n—m)log(n/(n—m)) .
are at leash secondary edges leading fra#rto its comple- .. e(b=1)(log(n—m)+log(m))
ment. This accounts for a capacity of at ledstSumming,
one obtains a total capacity of at leésas required. where we used Stirling’s formula between the second and

Proof of Proposition 2: third line, andC is a constant that depends onlyan



It can now be shown from the latter bound ) that,
whenb > 2, the sumd>."—%, f(m) is o(1) asn — oo.

To conclude, it remains to show th&(no loop is
bounded away from zero. This can be achieved by first not-
ing that, for any node, under the uniform permutation prob-
ability P, it has a loop with probabilityp/n)(1+0(1)), and
by then using Poisson approximation arguments to show
that the number of loops, und#, follows asymptotically
a Poisson distribution (see e.g. Bollobas [30]). This then
entails that

lim P(noloop =e?,

n—oo

from which the desired result follows.



