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Abstract

Peer-to-peer (P2P) locality has recently raised a lot efrést in the community. Indeed, whereas P2P content disitsibenables
financial savings for the content providers, it dramaticaitreases the tfac on inter-ISP links.

To solve this issue, the idea to keep a fraction of the P2Rdiacal to each ISP was introduced a few years ago. Since then,
P2P solutions exploiting locality have been introducedwkheer, several fundamental issues on locality still neeoktexplored.

In particular, how far can we push locality, and what is, atsbale of the Internet, the reduction oftrathat can be achieved with
locality?

In this paper, we perform extensive experiments on a cdatr@nvironment with up to 10 000 BitTorrent clients to ewd&ithe
impact of high locality on inter-ISP links tfiac and peers download completion time.

We introduce two simple mechanisms that make high localitysible in challenging scenarios and we show that we save
up to several orders of magnitude inter-ISRficacompared to traditional locality without adversely imfiag peers download
completion time. In addition, we crawled 214 443 torrenfgesenting 6 113 224 unique peers spread among 9 605 ASe$iowe s
that whereas the torrents we crawled generate@ fiétabytes of inter-ISP ffiac, our locality policy implemented for all torrents
could have reduced the global inter-ISHfi@aby up to 40%.

Keywords: BitTorrent, locality, experiments, measurements

1. Introduction of P2P locality is to constrain P2P ffi@ within ISPs’ bound-
aries in order to minimize the amount of inter-1SHfia

Content distribution is today at the core of the services pro The seminal work of Karagiannis et al[| [1] is the first one
vided by the Internet. However, d|Str|bUt|ng content to @dﬁ to suggest the use of |Oca|ity in a P2P system in order to re-
audience is costly with a classical client-server or CDNusol dyce the load on inter-ISP links. They show on real traces the
tion. This is the reason why content providers start to moveyotential for locality (in particular spatial and tempocarrela-
to P2P content distribution that enables to Significantdu@ tion in the requests for Contents) and, based on simulatican o
their cost without penalizing the experience of users. @ile s BitTorrent tracker log, they evaluate the benefit of sevarathi-
ing example is Murder, a BitTorrent extension to update theectures and in particular a P2P architecture exploiticglity.
Twitter infrastructure. More recently, Xie et al. [[3] proposed P4P, an architectare t

However, whereas current P2P content distribution saistio enable Coopera[ion between P2P app”cations and ISPs. They
like BitTorrent are very ficient, they generate a huge amountshow by performing large field tests that P4P enables restucti
of traffic on inter-ISP linksfJ1]. Indeed, in BitTorrent, each peer of external trdfic for a monitored ISP and enables a reduction
that downloads a given content is connected to a small sobset on the peers download completion time. @hes et al. |_'|]4]
peers picked at random among all the peers that download thgtoposed Ono, a BitTorrent extension that leverages on a CDN
content. In fact, even though peers in the same ISP are dowjnfrastructure to localize peers in order to group peersdha
loading the same content they are not necessarily conntxtedclose to each other. They show the benefit of Ono in terms of
each other. As a consequence, peers unnecessarily downloggers download completion time and that Ono can reduce the
most of the content from peers located outside of their ISP.  number of IP hops and AS hops among peers.

Therefore, even if current P2P content replication sofio  \wjth those works, there is no doubt that P2P locality has
significantly reduce content provider costs, they cann@irbe  some benefits and that there are several ways to implement it.
moted as a global solution for content replication as théy@®  owever, two fundamental questions are left unanswered by
huge costs for ISPs. In particular, the current trend foisIBP  {hose previous works.
to block PZP_ tréic [E] i ) How far can we push locality™ all proposed solutions the

One solution to this problem is to use P2P locality. The goahumber of inter-ISP connections is kept high enough to guara

tee a good robustness to partitions, i.e., a lack of conrigcti
Email addressesstevens.le_blond@inria.fr (Stevens Le Blond), "’_‘mong set of peer_s resulting in a poor download completion
arnaud.legout@inria.fr (Arnaud Legout)walid.dabbous@inria.fr time. However, this robustness is at the expense of a Iarger
(Walid Dabbous) inter-ISP trafic. How far can we push locality without impact-
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ing the robustness to partition of the P2P protocol? then we describe our experimental setup, and define metrics i
What is, at the scale of the Internet, the reduction of traf-section[B. We discuss the impact of the number of inter-ISP

fic that can be achieved with localityf? might be argued that connections in sectioﬂ 4 and focus on a small number of inter-

P2P locality will bring little benefits at the scale of thednmtet. ISP connections in sectidﬂ\ 5. 1n sectiﬂn 6, we present esult

Indeed, in case most ISPs have just a few peers, there will bebtained from a large crawl of torrents in the Internet. lo-se

little inter-ISP trdfic reduction by keeping the fific local to  tion E we discuss the related work. Finally, we conclude in

those ISPs. Therefore, the question is, what is the digtoibu  sectior{B.

of peers per ISP in the Internet, and what would be the irfgéx-1

bandwidth savings achieved with a locality policy. Prewou , ,

works looking at inter-ISP bandwidth savings either coesid 2. Locality Policy

indirect measurements (like the distribution of the numdsder . . .
In this paper, we make an experimental evaluation of the two

AS between any two peers with a direct connect(gn [4]), prti guestions discussed in the introduction. To do so, we iniced
measurements (like the monitoring of a specific ISP), or sim- ’ '

i . . . A ) in the following a locality policy that we use to perform our
ulations (like comparing various content distributionrszéos . . . . L
. . evaluation. We do not claim our locality policy to be a defini-

based on the location of peers obtained from a tracker lay). F

. . . - tive solution that should be deployed. Instead, it is a sempl
instance, Xie etal [[3] reported results on inter-ISP sgsimith . . pioy . mp

. implementation that we used for our evaluation. Yet, we iden
P4P for asinglelSP.

The answers to those questions will be fundamental WheH]cIGd two important strategies that we recommend to comside

P2P content replication will be used by content providers fo S\éﬁgym a modified form, for any implementation of a locality
large scale distribution. In that case, it is likely that $SAill . . : .
need to know the amount of inter-ISPftia they can save with In the foIIowmg, we refer toB|tTor_rent pohcywhen the

. . . . . tracker does not implement our locality policy, but the degu
locality, and that they will request content providers tanimi random policy
mize this trdfic due to P2P applications accordingly. At the '
same time, the content providers will need a clear undedstan
ing of the impact of this reduction of tfizc on their customers.

Our contribution in this paper is to answer those questigns b We say that a connectioniister-ISPwhen two peers in two
running extensive large scale BitTorrent experimentshwip ~ different ISPs have established a direct BitTorrent connection
to 10 000 real BitTorrent clients) in a controlled envirome and that it isintra-ISP when the two peers are from the same
and by using real data we crawled in the Interneton 214 443tolSP. The goal of outocality policyis to limit the number of
rents representing 6 113 224 unique peers spread among 9 6&er-ISP connections, the higher the locality, the smalhe
ASes. Our work can be summarized with the two following keynumber of inter-ISP connections.
contributions. We say that an inter-ISP connectiondatgoing(resp. in-

i) We show that we can push BitTorrent locality much furthercoming for an ISP if the connection was initiated by a peer
than what was previously proposed, which enables to redyce bnside (resp. outside) this ISP. However, once a connedion
several orders of magnitude the inter-ISRitcaand to keep the  established it is fully bidirectional.
peers download completion time low. In particular, we show In order to control the number of inter-ISP connections, we
on experiments including real world data that the reduatibn assume that the tracker can map each peer to its ISP. How this
inter-ISP trdlfic and the peers download completion time are notmapping is performed is orthogonal to our work. For instance
significantly impacted by the torrent size, the number ofrpee the tracker can simply map peers to ASes using precomputed
per ISP, and the churn. Finally, we propose new strategies tmapping information obtained from BGP tablfs [5]. In case th
improve the iciency and robustness of our locality policy on AS level is not appropriate for ISPs, the tracker can use more

2.1. Implementation of the Locality Policy

challenging scenarios defined from real world torrents. sophisticated information as the onaved by, for instance, the
i) We show that at the scale of the 214443 torrents weP4P infrastructurd]3].
crawled, ISPs can largely benefit from locality. In partaul The only one parameter of our locality policy is tim@ximum

whereas all the torrents crawled generateds Idetabytes of number of outgoing inter-ISP connections per I$Re tracker
inter-1ISP trdfic, high locality could have saved up to 40%, i.e., maintains for each ISP the number of peers outside this I&P th
4.6 petabytes, of inter-ISP ftiizc. This result is significantly it returned to peers inside, along with the identity of thenge
different from the inter-ISP bandwidth savings reported by Xienside. This way the tracker maintains a reasonable appraxi
et al. @]. Indeed, they reported a reduction of inter-IS#fiz~ tion of the number of outgoing inter-ISP connections forteac
with P4P around 60%, but for a single ISP with a single largd SP. When a pedP asks the tracker for a new list of peers, the
torrent. Thus, they did not evaluate the reduction of Bit€at  tracker will: map this peer to the ISR it belongs to; return
traffic at the scale of the Internet, but for a single ISP. The reto this peer a list of peers insidg; if the maximum number of
sult we report is an estimation for 214 443 real torrentsagbre outgoing inter-ISP connections per ISP is not yet reachelfo
among 9 605 ASes, thus capturing the variety of torrent sizegeturn one additional peé?, outsidel, and increment by one
and distribution of peers per AS we can find in the Internet.  the counter of the number of outgoing connectionsl forWe
The remaining of this paper is organized as follows. We dealso add a randomization factor to distribute the outgom gy c
fine the locality policy we use for our evaluation in sect[(hn 2 nections evenly among the peers of each ISP, in order to avoid
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single point of failure in case the peer receiving thoseointyy  called Partition Merging (PM) strategy. The problem of part
connections for a given ISP decides to leave. tion in BitTorrent is not specific to our locality policy, bany
Each regular BitTorrent client contacts periodically,ibgtly ~ locality policy favors its apparition.

every 30 minutes, the tracker to return statistics. Eacle tm
peer leaves the torrent, it contacts the tracker so thahirea
move this peer from the list of peers in the torrent. In case th
client does not contact the tracker when it leaves (for m=ta
due to a crash of the client), the tracker will automaticadly
move the peer after a predefined period of time, typically 4
minutes, after the last connection of the peer to the tracker
locality policy uses this information to maintain an upetate

The implementation of the Partition Merging strategy is the
following. On the client side, each leecher monitors thegse
received by all its neighbors using the regular BitTorre AViE
messages. If during a period of time randomly selected in
0, T], with T initialized to Ty, the leecher cannot find any piece
t needs among all its neighbors (i.e., each neighbor haba su
set of the pieces of the leecher), it recontacts the trackérav
PM flag, which means that the leecher believes there is a par-

list of the number of (_)utgomg inter-ISP connect|9ns per ISP tition and that it needs a connection to a new peer outside its
When the tracker implements our locality policy, it appllesISP. In case of large torrents, there might be an implosion of

the locality policy to all peers except the initial seed. 8ase requests at the tracker. This issue, known asféeeback im-

th? goal r?f the w;:gal se(:dhls t_o_|_m|provedd|v<_ar3|tyr,] the k@&C  nion problenin the literature, has been extensively studied
selects the neighbors of the initial seed using the BitTdrre ;. c4n pe solved using several technigfles [6]. However, a de

policy. However, we apply the locality policy to all the othe 44 gescription of a feedback implosion mechanism fer th
seeds, that is all the leechers that become seed during the gX\, strategy is beyond the scope of this paper.

periments. Note that the ffec generated by the initial seed

is negligible compared to the aggregatedticaof the torrent, On the tracker side, the tracker maintains for each ISP a flag

when the torrent is large enough. that indicates whether it answered a request from a peer with
the PM flag within the lasT; minutes, i.e., the tracker returned

2.2. Round Robin Strategy to a peer of this ISP a peer outside. The tracker will return at

most one peer outside each ISP ev&fyminutes in order to

Our locality policy controls the number of outgoing inter- 5,4iq exploiting this strategy to bypass the locality pglic

ISP connections per ISP. When a p@drom the ISPI, opens ] ] i o

a new connection to a peBp from the ISPl , the connection The detailed evaluation of the impact of the initial valués o
is outgoing forl ,, but incoming forl,,. As both outgoing and the timers is beyond the scope of this study. The choice of the
incoming connections account for the total number of ing&#- values is a tradegbbetween reactivity and erroneous detection

connections, it is important to define a strategy for thectigie ~ ©f Partitions. In this study, we séftp and T; to one minute,
of peerP, returned by the tracker to peBr _and we show that |tfﬁc_|ently detects partitions without signif-
We define two strategies to select this pBer In the first  icantly increasing the inter-ISP .
strategy, the default oné, is selected at random among all  This strategy might be abused by an attacker. Indeed, as the
peers outside,. While this strategy is straightforward, it has PM strategy detects partitions relying on the accuracy ef th
the notable drawback that the largest ISPs have a higheaprobHAVE messages sent by neighbors, an attacker might generate
bility to have a peer selected than other ones. Therefage la dummy HAVE to prevent peers of an ISP to detect a partition.
ISPs will have more incoming connections than small onesHowever, this is not an issue in the context of our study, as
Thus, it is likely that in this case, as connections are bihir we work on a controlled environment, without attackers. In
tional, the inter-ISP tiéic will be higher for large ISPs (we addition, we don’t believe this is a major issue for the foilog
confirm this intuition in sectiof 62). In the second stratgt  two reasons. First, an attacker must be a neighbor of all the
we call Round Robin (RR), the tracker selects first the ISR wit peers of an ISP to attack it. However, with the locality palic
around robin policy and then selects a peer at random in the sehe attacker must be in the ISP it wants to attack, otherwise i
lected ISP. This way, the probability to select a peer in @giv has a very low probability to become one of the ISP’s peers
ISP is independent of the size of this ISP. neighbor. That makes the attack hard to deploy at the scale of
In scenarios with a same number of peers for each ISP, botlorrent. Second, instead of relying on the monitoring of HAV
strategies are equivalent. Therefore, as all the expetsrien messages, a peer can rely on pieces it receives. For instance
section[t and]5 consider a homogeneous number of peers farpeer can combine the current PM strategy with the additiona
each ISP, we only present the results with the default stratriterion that it also generates a PM request to the trackease
egy. We perform a detailed evaluation of the RR strategy irit does not receive any new piece within a 5 minutes intetval.

sectior[p. is beyond the scope of this study to perform a detailed aisalys
of variations of the PM strategy, which has to be addressed in
2.3. Partition Merging Strategy future work.

One issue with a small number of inter-ISP connections is As this strategy has no impact on our experiments when there
the higher probability to have partitions in the torrentdéed,  is no partition, we present results in sectfgn 4 §hd 5 without
if peers who have inter-ISP connections leave the torredt anthe PM strategy unless explicitly specified, that is whemehe
no new peer joins the ISP, then this ISP will form a partition.is a partition and that the PM strategy changes the result. We
In order to repair partitions we introduce an additionatgy  perform a detailed analysis of the PM strategy in se(ﬂon 6.
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2.4. Granularity of the Notion of Locality 3.1.1. Platform

Our locality policy is designed to keep fii local to ISPs. _We obtam_all our res_ults by running large scale experiments
with a real BitTorrent client.

However, we are not restricted to ISPs, and our locality pol- ) ) ) )
icy can keep trfiic local to any network region as long as the We run all our experlm_ents_on a dedicated gxperlmentatlon
tracker is aware of the regions and has a means to map pedt@tform. A typical node in this platform has bi or quad-core
to those regions. For instance, a tracker can use informaticAMD Opteron CPU, 2 to 4GB of memory, and a gigabit Ether-

offered by a dedicated infrastructure like the P4P infragtrect Nt connectivity. The platform we used consists of 178 nodes
(. In particular, when we focus on real world scenarios inOnce a set of nodes is reserved, no other experiment can run on

sectior{p, we will use ASes instead of ISPs. parallel on those nodes. In particular, there is no viraaion
on those nodes. Therefore, experiments are totally cdedrol
and reproducible. We use on the nodes a Linux kernel 2.6.18
3. Methodology that allows a much larger number of simultaneous opened files
or TCP connections than what we use in our experiments.

In this Section, we describe our experimenta| Setup, and the The BitTorrent client used for our eXperimentS is an instru-

metrics that we consider to evaluate our experiments. mented version of the mainline clierf{ [7], which is based on
version 40.2 of the dficial client [§]. This instrumented client

can log specific messages received and sent. Unless specified
otherwise, we use the default parameters of this client.atn p

In this paper, we have run large scale experiments to ewaluaticular, each peer uploads at 20kBo 4 other peers, and the
the impact of our locality policy on inter-ISP ffc and Bit-  Maximum peer set size is 80. We will vary the upload capagl'Fy
Torrent download completion time. We have run experimentdvhen studying the impact of heterogeneous upload capscitie
instead of simulations for two main reasons. First, it istar N section[} (see sectidn J.1 for a description of our hetero-
run realistic (packet level discrete) P2P simulations withre ~ 9&N€ous scenario). We also use the choke algorithm in seed
than a few thousand of peers due to the large state generatg@te of the dicial clientin its version 4.2. This algorithm is
by each peer and the packets in transit on the links. Moreove?omeWhat dterent, as it is fairer and more robust than the one
at that scale, simulations are often slower than real tinee- S IMplemented in most BitTorrent clients today. However,tas i
ond, the dynamics of BitTorrent is subtle and not yet deepl;P”'}’ im_pacts.the seed, we do not believe this algorithm tehav
understood. Running simulations with a simplified versién o @ Significantimpact on our results.

BitTorrent may hide fundamental properties of the system. Our client does not implement a gossiping strategy to dis-

In the following, we consider experiments with up to 10 000cover peers, like Peer Exchange (PEX) used in the Vuze client
peers. There are two main reasons for the choice of this.scallf is easy to make PEX locality aware. For instance, peer
First, torrents in the order of 10 000 peers are considerge la Must only send using PEX neighbors to p&ehat are within
torrents. As one of the important questions we answer in thighe same ISP as peBr However, it is beyond the scope of this
paper isWhat is, at the scale of the Internet, the reduction ofStudy to make a detailed discussion of this issue.
traffic that can be achieved with locality®e deemed impor- We use the following default parameters for our experiments
tant to experiments with torrents that are considered talgel unless otherwise specified. Peers share a content of 10044B th
today. In particular, large torrents have a unique distidou  is split into pieces of 256kB. By default, all peers incluglihe
of peers per AS. By running large scale experiments, we wergitial seed start within the first 60 seconds of the expenitae
able to evaluate the impact of realistic peer distributienfS ~ However, we will also vary this parameter in sec.2.2§wh
in section[b. Second, the maximum peer set size on the mostudying the impact of churn (see sec.2.2foradetbcrip
popular BitTorrent clients is between 50 and 100 (it is 80 inof our scenario with churn). Once a leecher has completed its
this paper). Considering the impact of locality for toreit  download, it stays 5 minutes as seed and then leaves thattorre
the order of a few hundreds of peers would have biased favoi/e have chosen 5 minutes because it is long enough to give
ably our results. Indeed, a locality policy can be consider®  enough time for peers to upload the last pieces they have-down
a constraint on the connectivity graph among peers. Consideloaded before becoming a seed. However, 5 minutes is short
ing small torrents with a large peer set would have artifigial enough to do not artificially increase the capacity of servic
improved the connectivity among peers. For this reasorelargof the torrent, as 5 minutes is small compared to the optimal
torrents in the order of 10 000 peers represent a more clgallendownload completion time (83 minutes). The initial seegsta
ing and convincing scenario. connected for the entire duration of the experiment.

As we will see during the presentation of our results, we ob- We run all our experiments with up to 100 BitTorrent clients
serve behaviors that can only be pointed out using real experper physical node. Therefore, for torrents with 100, 1 00@, a
ments at large scale, with up to 10 000 peers. 10000 peers, we use respectively 1, 10, and 100 nodes for the

We now describe the experimentation platform on which weeechers, plus one node for the seed and the tracker. Eaci cli
run all our experiments, the BitTorrent client that we useun  on a same node uses dfdrent port to allow communication
experiments, and how we simulate an inter-ISP topology pn toamong those clients. We have performed a benchmarking test
of the platform. to find how many clients we can run on a single node with-

3.1. Experimental Setup



out a performance penalty that we identify with a decrease ithroughput of neighbors (used to unchoke them) over a 10 sec-
the client download time for a reference content of 100MB.onds interval, which should alleviate the impact on Bitéoitr
We have found that we can run up to 150 clients uploadingf the TCP ramp up|ﬂ0] due to latency.

at 20KB's on a single node without performance penalty. To We experiment with and without bottlenecks in the network.
be safe, we run no more than 100 clients uploading at Z0kB By default, there is no bottleneck in the network because the
on one node, or 2MB of BitTorrent workload. When we vary aggregated tffic generated by our experiments is always sig-
the upload capacity of clients in sectifh 4, we will then adap nificantly lower than the bottleneck capacity of the expetim
the number of clients per node so that the aggregated uploadtion platform. However, we also create artificial botdeks
capacity per node is never beyond 2J4B on inter-ISP links to evaluate their impact on inter-ISHfica
and performances (see sec@ 5.3 for the description oft®w
limit the inter-ISP link capacity). It is important to evalte the
impact of bottlenecks on inter-ISP links because the chpéin
gorithm selects peers according to their throughput. Theze

3.1.2. Inter-ISPs Topology
We remind that our goal is to evaluate the impact of the num

ber of inter-ISP connections on inter-ISPfraand peers per- ,jenecks may significantly change BitTorrent's behavio
formance. Therefore, we simulated an inter-ISP topology on For each experiment, there is a single initial seed and we

top of the experimentation platform we use to run our EXPelselect at random in which ISP the initial seed is located. We

iments. We explain, in the following, how we simulated this ye jged to focus on the case of a single initial seed becaitise B
topology and how representative it is of the real Internet. Torrent locality is the most challenging when there are glsin

For all our experiments, we assume that we have a set Qfeeq and many leechers. Indeed, in that case, inter-ISP gemm
stub-ISPs that can communicate among each other. On top Qfcations cannot be avoided. However, once there are rtultip
this topology, we consider two scenarios. The first scenari@eeqg spread in ISPs, the performance will be higher and the
is when all stub-ISPs have a singleeringlink to each other, jnter.|SP trafic will be lower. Therefore, whatever the seed

thus the topology of the network is a full mesh. We refer to &yjgiripution per ISP is, that will be a more favorable casenth
peering link as a link for which an ISP does not pay foffita  {he case of a single initial seed we address in that paper.

However, the peering technology is expensive to upgrade so ginajly we have not considered a hierarchy of transit-ISPs

ISPs are interested in reducing_the load on th_ose Iinks_.elah,de We show in sectio@.S that there is a huge amount of inter-ISP
the cost to upgrade the capacity of the equipments inCreasgSyy;c generated by BitTorrent. Even if the proposed locality
much faster than the capacity. The second scenario is Whegyiey ‘aiready significantly reduces this flia, optimizations
each stub-ISP is connected witkransitlink to asingletransit- ¢, ihe transit-ISPs still makes sense. We keep the deteviakd

ISP. All peers are in stub-ISPs. Therefore, there is nfiitra ,5ion of the optimization of the tfic in a hierarchy of transit
with a source or a destination in the transit-ISP. We refa to ISPs for future work.

transit link as a link on which tféc is billed according to the
95th percentile. Therefore, ISPs are interested in redutie
bursts of tréfic on those links.
We observe that both scenarios are simplyféedent inter- To evaluate our experiments, we consider three metrics: the
pretation of a same experiment, as all peers are in stubd®Ps content replication overhead, the 95th percentile, ancéer
the trafic flows from one stub-ISP to another one. In the fol-slowdown.
lowing, we refer tainter-ISP linkwhen our discussion applies  Overhead For each stub-ISP, we monitor the number of
to both peering and transit links. pieces that are uploaded from this stub-ISP to any other stub
In our experiments, the notion of ISPs and inter-ISP links islISP during the experiment. Then, to obtain the per-ISP con-
virtual, as we run all our experiments on an experimentatioient replication overhead, we normalize the amount of dpta u
platform. To simulate the presence of a peer in a given ISRpaded by the size of the content for the experiment. Thus, we
before each experiment, we create a static mapping betwe@mtain the overhead in unit of contents that crosses an-inter
peers and ISPs. We use this mapping to comptiame the ISP link. We call this metric the content replication oveatie
traffic that is uploaded on each inter-ISP link of the stub-ISPsor overhead for short, because with the client-server pamad
For instance, imagine that peRek is mapped to the ISR and  ISPs with clients only would not upload any byte. We use the
peerPg is mapped to the ISB. All the traffic sent fromPpto  overhead as a measure of load on peering links.

3.2. Evaluation Metrics

Pg is considered as tfiac uploaded by the ISR to the ISPB 95th Percentile To obtain the 95th percentile of the over-
with a peering link in the first scenario or with a transit lvie ~ head, we compute the overhead by periods of 5 minutes and
the transit ISP in the second scenatrio. then consider the 5 minutes overhead corresponding to tie 95

Our experiments are equivalent to what we would have obpercentile. The 95th percentile is the most popular chargin
tained in the Internet with real ISPs and inter-ISP linkseptc  model used on the Interndt j11].
for latency. Rao et al[[9] showed that the latency would it s Slowdown We define the ideal completion time of a peer as
nificantly change our results because: i) we limit the uplo&d  the time for this peer to download the content at a speed aquiv
pacity on each BitTorrent client, thus the RTT is nottheling  lent to the average of the maximum upload capacity of allpeer
factor for the end-to-end throughput; ii) the choking aljon ~ This is the best completion time, averaged over all pee&t, th
is insensitive to latency by design, as BitTorrent comptites can be achieved in a P2P system in which each peer always
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uploads at its maximum upload capacity. The slowdown is the Impact of Locality on Overhead
experimental peer download completion time normalizediby t 100

ideal completion time. For instance, imagine that all peense i ) e *f"ﬁ BitTorrent M/zi
the same maximum upload capacity of 20&BAn average peer sors (}ﬁ¢@¢ i“' D
slowdown of 1 for 10 000 peers means that there is an optimal el v : A

60 4 16. 28 40; P

utilization of the peers upload capacity, or that the peees a
on average, as fast as a client-server scenario in which we ha

=

Overhead

50 . : Pz
40 ; l /E/T

10000 servers, one server per client sending at 2Z0kB b3 e

In the following, we give the average slowdown per ISP. Vari- * ' '
ability of peers slowdown is inherent to the BitTorrent dgma oA Homogeneaus. dw sesd s
ics, but we do not want this variability (that is not shown bg t a4 ‘ Homog?ng'gﬁif‘}gi?iggj TET i
average) to be worse with the locality policy than with thée Bi %0 500 1000 1500 2000 2500 300 3500 4000

Number of outgoing inter-ISP connections

Torrent policy. Therefore, we validated for each experihael
each ISP that the deviation from the average slowdown for thEigure 1:Overhead with 1000 peers and 10 ISPs. Each square, circle

slowest peers is similar with the locality and BitTorrenlipo 4 triangle represents the average overhead on all ISRgvamsce-
cies (for brevity, we only show this validation for the cade 0 pario. Each dot represents this overhead for oneASfnall number

churn, see sectidn 6.p.2). Thus, the average slowdown er 1S outgoing inter-ISP connections dramatically reduces dierhead.
is enough to evaluate the impact of the locality policy onrpee

sustain a workload higher than 28 we run only 20 clients
4. Impact of the Number of Inter-ISP Connections per node. For BitTorrent to perform optimally, the initialesl
) o ) uploads at 100kB, as fast as the fastest leechers. Each peer
The goal of this section is to explore the relation between th o< the same probability to have a connection to the initiadls
number of inter-ISP connections and the overhead and slowghichever ISP it belongs to.
down. In particular, we will evaluate how far we can push lo- e experiment with heterogeneous upload capacities for

cality (that is, how much we can reduce the number of interyree reasons. The first reason is that non-local peers may be
ISP connections) to obtain the smallest overhead attareid  t55ter than local ones so the local peers may unchoke iSer-|

what is the impact of this reduction on the slowdown. connections more often than intra-ISP connections, thus ma

ing the reduction of the number of inter-ISP connections in-
4.1. Experimental Parameters efficient to reduce inter-ISP tfizc. The second reason is that
For this series of experiments, we set the torrent size t@1 0olocal peers may be faster than non-local ones so inter-18P co
peers, the number of ISPs to 10, and the content size to 100 MBections may be rarely used to download new pieces, thus de-
Therefore, there are 100 peers per ISP in all the experinoénts grading performances. The third reason is that in case ef het
the first series. To analyze the impact of the number of ifgér-  erogeneous upload capacities inside an ISP, if fast peers ar
connections on BitTorrent, we then vary the number of outgothose with the inter-ISP connections, slower peers may eot b
ing inter-ISP connections between 4 and 40 by step of 4, anéliven pieces to trade among themselves, also degradingrperf
between 400 and 3600 by steps of 400. As we consider, in thigances.
section, scenarios with the same number of peers for each ISP Our main goal is to evaluate the impact of the natural clus-
the total number of inter-ISP connections per ISP will bewn a_tering of peers in case of heterogeneous upload capadids [
erage twice the number of outgoing inter-ISP connectiors. WAS Legout et al. [12] show that the three-class upload capaci
run experiments for each of the three following scenarios. ~ Scenario is enough to observe clustering among peers, we re-
Homogeneous scenario with a slow seed In this scenario ~ Strict ourselves to this simple scenario. We discuss futtfie
both the initial seed and the leechers can upload at a maximuffsue in sectiofy 8.
rate of 20kBs. As we have mentioned earlier, we run 100 leech- Homogeneous scenario with a fast seed We experiment
ers per node, and we run the initial seed and the tracker on aMith leechers that upload at 20kBand an initial seed that up-
additional node. According to the definition of |0ca|ity p[m loads at 100k& We run this additional eXperiment in order to
from sectior 2]1, each peer has the same probability to haveunderstand whether the results obtained with the heteemgen
connection to the initial seed, whichever ISP it belong<im: scenario are due to the fast initial seed or due to the heterog
instance, as the initial seed has a peer set of 80, with 10 ISPReous capacities of leechers.
each ISP has in average 8 peers with a connection to thialiniti  First, we evaluate the impact of the number of inter-ISP con-
seed. nections on overhead and 95th percentile. Then, we evahmte
Heter ogeneous scenario We experiment with leechers with impact of the number of inter-ISP connections on slowdown.
heterogeneous upload capacities and a fast initial seezhdim
ISP, one third of the peers uploads at 2@Bne third uploads 4-2. Impact on Overhead
at 50kB's, and one third uploads at 100sBFor simplicity, we We observe in Fig[|1 that for the two scenarios with a well
run all the leechers with the same upload capacity on the sanprovisioned initial seed, i.e., the homogeneous fast seédse
node. Because we have determined that the hard drives canrtaterogeneous scenarios, the overhead increases lingdtrly
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Figure 2: 95th percentile with 1 000 peers and 10 ISPs. Each squaresigure 3:Slowdown with 1 000 peers and 10 ISPs. Each square, circle
circle and triangle represents the average 95th percetil@ll ISPs  and triangle represents the average slowdown on all ISPgyinea

for a given scenario. Each dot represents this 95th petedntione  scenario. Each dot represents this slowdown for one TBE.peer
ISP. A small number of outgoing inter-ISP connections dramdifica slowdown remains reasonably low even for small number afang
reduces the 95th percentile. inter-ISP connections.

the number of outgoing inter-ISP connections. Indeed, whefuch larger than for the two other scenarios. This is because
there is no congestion in the network and a uniform repartiti the heterogeneous scenario there are two third of the pesrs t
of the upload capacity of peers in each ISP, the probabiity t are faster than 20 kB, which is the upload capacity of all the
unchoke a peer outside his own ISP is linearly dependent opeers for the two other scenarios. Therefore, we see that eve
the number neighbors this peer has outside his own ISP, thdkthe total amount of triic crossing inter-ISP links is not sig-

it is linearly dependent on the number of outgoing inter-ISphificantly impacted by the distribution of the upload capgof
connections. We evaluate the impact of network bottienacks Peers (see Fid] 1), this distribution might have a major ichpa
sectio{53. on the 95th percentile that is used for chargingfiraon transit

The BitTorrent arrows in Fid] 1 arl§l 3 represent the value ofinks- _
respectively overhead and slowdown achieved by BitTorirent N summary, we have shown that a small number of outgoing
the same scenario. Indeed, with 1 000 peers and 10 ISPs of 16€r-ISP connections leads to a major reduction of thetwaa
peers, each peer has 10% of connections inside his own |SBd 95th percentile up to two order of magnitude. In addjtion
with the BitTorrent policy. Therefore, with BitTorrent datSP 4 outgoing inter-ISP connections give the minimum attaieab
will have 7 200 inter-ISP connections, 3600 of those connecoverhead of 1. Inthe next section, we explore whatis the ahpa
tions being outgoing. Thus BitTorrent corresponds to theeca Of such a high reduction on the peers slowdown.
with 3 600 outgoing inter-ISP connections in our experirment

For all three scenarios, our locality policy enables to cedu 4-3- Impact on Slowdown
by up to two orders of magnitude the fiia on inter-ISP links. The most striking result we observe in Fily. 3 is that, whereas
Indeed, we see in Fifj] 1 that for 3600 outgoing inter-ISP confor 4 outgoing inter-ISP connections the overhead is ogtima
nections, the case of the BitTorrent policy, the overheatbise  (only one copy of content uploaded per ISP) and reduced by
to 90, and for 4 outgoing inter-ISP connections the overli®ad two orders of magnitude compared to the BitTorrent polieg, t
close to 1 for all three scenarios. slowdown remains surprisingly low.

Surprisingly, we observe in Fif]. 1 that between 400 and 2000 Indeed, Fig[B shows that the number of outgoing inter-ISP
outgoing inter-ISP connections, there is a higher overtiead connections has no significant impact on peers slowdown for
the homogeneous scenario with a slow seed than for the twihe two scenarios with a fast seed (heterogeneous and hemoge
other scenarios with a fast seed. Indeed, as there is a lowaeous with a fast seed) and a negligible impact for more tban 1
piece diversity with a slow seed, peers in a given ISP willchav outgoing inter-ISP connections for the homogeneous sitenar
to use more their inter-ISP connections, thus a higher @zeth  with a slow seed. This result is remarkable when one corsider
in order to download pieces that are missing in their own ISPthe huge saving a small number of outgoing inter-ISP connec-
We do not observe the same issue with a fast seed because ttiens enables for the overhead and 95th percentile.
fast initial seed is fast enough to guarantee a high pieesity For the homogeneous scenario with a slow seed, the slow-
even for a small number of outgoing inter-ISP connections.  down increases by at most 43% for 4 outgoing inter-ISP con-

We also observe a linear relation between the number of outiections compared to the case with the BitTorrent policyis Th
going inter-ISP connections and the 95th percentile asagadl  increase is due to a poor piece diversity, which can be adoide
significant reduction of the 95th percentile for a small nemb by having a fast initial seed as shown by the two scenarids wit
of outgoing inter-ISP connections in Fig. 2. However, we ob-a fast seed in Fid] 3. Moreover, even if a 43% increase is not
serve that the 95th percentile for the heterogeneous goésar negligible, it has to be considered as the worst case. Indesed
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we will show in sectioS, in case of congestion on intd?-1S Impact of the Torrent Size
links, the slowdown may even improve with a small number of O oren —o— ?
outgoing inter-ISP connections compared to the BitTorpait

icy, because that will foster peers to exchange with peettsain

same ISP, thus avoiding congested paths.

100

10

Overhead (log scale)

In conclusion, we see that the peer slowdown remains sur- e S o
prisingly low even for a small number of outgoing inter-ISP ve Torrent Size (log scale)
connections. z:i F 4 comecions o

§ O
. . . R s |
5. Evaluation of 4 Outgoing I nter-1SP Connections P 3
1
We have seen in the previous section that a small number of 100 1000 10000

Torrent Size (log scale)

outgoing inter-ISP connections dramatically reduces trex-o
head and 95th percentile, and that the slowdown remainsilow iFigure 4:Overhead (upper plot) and slowdown (lower plot) for torsent
most cases. with 100, 1000 and 10 000 peers and 10 ISPs in two scenarids: Bi
Whereas this result is encouraging, one may wonder if it isTorrent policy, locality policy with 4 outgoing inter-ISPornections.
possible to minimize the overhead while keeping the slowdow Each square and circle represents the average overheagt @ipp,
low in more complex scenarios. Therefore, we focus in theor the average slowdown (lower plot) for a particular totrsize in
following on 4 outgoing inter-ISP connectidhsvhich leads to @ 9iven scenario. Each dot represents this overhead (uppr qr
the lowest attainable overhead in our experimentsin ge, s_lowdown (lower pIot_) for one ISFWlth 4 outgoing inter-ISP connec-
and we evaluate the overhead and slowdown when we vary tﬁghr.]s’ Fhe overhead is Cl(.)se to one 'nd_ependemly of thenorsize,
. . which is at the cost of an increase B§%in the slowdown.
characteristics of the torrent (torrent size and numbereefrp
per ISP), or the characteristics of the network (limitatidrthe
capacity of the inter-ISP links). 25 different torrents. Thus, the real upload speed of a peer is
We consider for the remainder of this paper the homogeneousnuch diferent from what is measured in a single upload slot.
scenario with a slow seed. Indeed, we did not observe a signifrhe third method consists in using probing techniques to find
icant impact of the heterogeneous upload capacity of thespeethe actual physical upload capacity of the peer. Howevewgas
on our results in sectiof] 4. Moreover, it is hard if not imposs already discussed, even if the physical upload capacity iga
ble to obtain a realistic upload distribution of peers perent  per bound, the actual upload speed of a peer in a given torrent
when one do not control the BitTorrent clients run by pears. | might be vastly dierent.
deed, we know three fiierent methods to measure the upload In summary, for this second series of experiments, we con-
capacity of a peer. They all fier from fundamental flaws. All  sider a scenario with 4 outgoing inter-ISP connections,r& co
those flaws come from the fact that the most popular BitTortent of 100 MB, peers with homogeneous upload capacitieks, an
rent clients limit the number of upload slots and the number slow seeﬁl Then, we vary the torrent size, the number of
of torrents they actively participate to according to thefa@p  peers per ISP, and the inter-ISP link capacity. We vary onky o
ured upload capacity. The first method uses the measurefentgarameter at a time per experiment. We consider, in thisssgct
the HAVE messages, which gives the download speed of peerscenarios with the same number of peers per ISP. Therefore, o
However, the upload and download speeds are not correlatetverage, the number of incoming inter-ISP connectionshwill
(clearly the aggregate upload speed must be equal to the agegual to the number of outgoing inter-ISP connections.
gregate download speed, but we cannot conclude on the uploadin the following, we do not present results for the 95th per-
speed distribution) because the number of upload slotsdispe centile, as they do not show any significant new insights com-
on the configured upload capacity in the client, but the numpared to the results for the overhead.
ber of download slots depends on the neighborhood. Therefor
measuring the download speed of a peer does not give mudhl. Impact of the Torrent Size
information on its upload speed. The second method consists |n, this section, we make experiments with torrents with 100,
in downloading data from peers, thus making a direct upload 0o, and 10 000 peers, and 10 ISPs.
speed measurement. However, this measurement is for @ singl | Fig. B upper plot, we see that for a small number of out-
upload slot. In the«Torrent client for instance, a peer upload- going inter-ISP connections the overhead is close to one-ind

ing at 20kBs to another peer might, in fact, have between 3pendently of the torrent size, whereas for the BitTorrericgo
to 50 diferent upload slots, and might participate between 1 tG increases linearly with the torrent size.

1The relation between the 4 number of outgoing inter-ISP eotions and 2According to Legout et al. m.Z], a seed as fast as the fasteshkrs is
the 4 upload slots of each peer is not accidental. Indeedy K3 needs to  enough to have a good BitTorrent dynamics. Therefore, asgak fast seed
receive new pieces at the speed of the initial seed in ordezdp the slowdown  would have artificially decreased the slowdown, we decidedansider the
low [E]. Therefore, the minimum number of inter-ISP corti@ts must be  slowest possible initial seed, i.e., 2Q&Bn the homogeneous scenario. Indeed,
equal to or larger than the number of upload slots of the pamsuming a  afastinitial seed will contribute a larger upload capachys a lower slowdown
homogeneous upload speed for all peers). for the leechers.



Impact of the Number of Peers per ISP tailed evaluation of the PM strategy is performed in sedfigh

g  BiToren —— R In the following, we only consider the results obtained with
5 10F Puedcomnectons -4 PM strategy for the scenario with 100 peers per ISP.
g 1o ® Fig. B upper plot shows that with 4 outgoing inter-ISP con-
L S R R . nections, the overhead remains close to 1 for any number of
° R s A e peers per ISP, whereas it increases linearly with the Bi€Fdr
i Number of peers per ISP (og scale) policy. However, this overhead is slightly higher for thesar-
4 4 e DMTorrent —5— | ios with 10 and 5000 peers per ISP.
£ PHr comectons —4 ] We also observe on Fig] 5 lower plot that the slowdown is
s P close to the one of BitTorrent for 10 and 5000 peers per ISP
g . b — o and around 30% higher than the one of BitTorrent for 100 and
1o 100 1000 10000 1000 peers per ISP. This non-monotonic behavior is expdaine

Number of peers per ISP (log scale)

by the tradef that involves two main factors impacting the
Figure 5:0verhead (upper plot) and slowdown (lower plot) with 10 000 performa_n_ce of BitTorrent in t.hls scenario. On th_e one hand,
peers and 10, 100, 1000, and 5000 peers per ISP for two sognari &5 the initial seed has a maximum of 80 connect!ons to other
BitTorrent policy, locality policy with 4 outgoing interSIP connec- ~ P€€rs, at most 80 ISPs can have a direct connection to the ini-
tions. Each square, circle and triangle represents theageeover- tial seed. All ISPs without direct connection to the initaled
head (upper plot) or the average slowdown (lower plot) fordipular ~ have to get all the pieces of the content from other ISPs.éFher
number of peers per ISP in a given scenario. Each dot repgeeses ~ fore, there is a higher utilization of the inter-ISP coninats
overhead (upper plot) or slowdown (lower plot) for one 18#th 4 and a higher slowdown because the few inter-ISP connections
outgoing inter-ISP connections, the overhead remainsedo®ne al-  gvailable to guarantee a high piece diversity representta bo
most independently of the number of peers per ISP, but axiense  teneck. On the other hand, when the number of peers per ISP
of an increase by at mo80%in the slowdown. decreases, the number of ISPs increases because the sireent
is constant, thus the global number of inter-ISP connestiion

For the torrent with 100 peers, as there are 10 ISPs, thefdeases. Therefore, the overhgad i_ncreases too, _but tive slo
are only 10 peers per ISP. This scenario is interesting kmcaudown depreases because the.re |siﬁ_s.c3e|nt numt_)erofmter-ISP
a locality policy only makes sense when there are enouglspeefonnections to guarantee a high piece diversity.
inside each ISP to be able to keepfimlocal. This scenario ' Summary, we observe that with 4 outgoing inter-ISP con-
shows the gain that can be achieved for a small number of peeF?Ct'ons' the BitTorrent overhead is optlma! an_d almoseind
per ISP. With a torrent of 100 peers, we save 60% of overheaaer_]Olent of the number of peers per ISP, which is at the cost of
as compared to BitTorrent. With a torrent of 10 000 peers, wen increase by at most 30% of the slowdown.
save 98B% of overhead as compared to BitTorrent. 5.3. Impact of the Inter-ISP Link Capacity

To see the impact of this dramatic overhead reduction on"__

slowdown, we focus on Fif] 4 lower plot. We see that the slow- To explqrr(]a the impact of in;er-lSP link capacity, V\;]e c_onside
down is 8% higher than with the BitTorrent policy for a torten torrents with 1000 peers and 10 ISPs. We vary the inter-ISP

with 100 peers. For 1000 and 10000 peers, the slowdown itrmk capacity from 40kps to 100kis by steps of 20kk and
32% higher than with the BitTorrent policy. rom 200kB's to 2 000ks b)_/ steps of .ZOOk’B' However, lo-

In summary, we observe that with 4 outgoing inter-ISP con-Cal peers can upload t(_) thelr_ Ioca! nglghbors (in the samg: I.SP
nections, the BitTorrent overhead is optimal and almoseind at 20kB's without crossing a link with limited capacity. For this

pendent of the torrent size, which is at the cost of an inereascXPeriment, _aII the B|tTorr(_ant clients that_ru_n_on the sameen
by around 30% of the slowdown are located in the same virtual ISP, so limiting the upload ca

pacity of the node is equivalent to limiting that inter-1SRk
capacity. For an inter-ISP link capacity of 2 00QkBall the
BitTorrent clients that are located on a same node can upload
In this section, we evaluate 10, 100, 1 000 and 5 000 peers peutside this ISP at their full capacity without any congesti
ISP. To vary the number of peers per ISP, we vary the numberherefore, it is equivalent to the case with no inter-ISK lin
of ISPs with a constant torrent size of 10 000 peers. Thesefor bottleneck. We use the tool ffc controller (tc), that is part
to obtain 10, 100, 1000 and 5000 peers per ISP, we considef the iproute2 package, to limit the upload capacity of each
1000, 100, 10, and 2 ISPs. node on which we run experiments. We deploy our own image
We observe in Fig[]5 lower plot that there are many outliersof GNU/Linux, on which we have superuser privileges, on all
points for the scenario with 100 peers per ISP. In fact, tbés s  the nodes we want to limit the upload capacity. Limiting the
nario is the only one in secticﬂ1 5 that creates partition®r@h  upload capacity on each node allows us to reproduce Internet
fore, we also present the result of this experiment with thie P bottlenecks in a controlled environment.
tition Merging (PM) strategy presented in sectlor] 2.3. kutle We see in Fig[|6 upper plot that with 4 outgoing inter-ISP
we see that the PM strategy solves the issue in|Fig. 5. We notmnnections the overhead remains close &ddr any inter-ISP
that the results for all the other experiments remain ungédn link capacity. For the BitTorrent policy, the overhead e&ses
with the PM strategy, as they do not create partitions. A dewith the inter-ISP link capacity. The reason is that BitEumt;,
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Impact of the Inter-ISP Link Capacity the overhead can be around 30% larger than with the BitTor-

s 3 o BiTorent —5— —— 8 rent policy. Whereas an increase by 30% cannot be considered
g o negligible, this is a very positive result for two main reaso
% a0 First, we remind that our main goal in this section was to
° 21 minimize the overhead. We achieved up to three orders of mag-
0 (;ﬁ bt bdtd) nitude reduction in the overhead compared to the BitTorrent
" ImerSP ik capaciy (85) policy (see Fig[J4 for a torrent with 10000 peers). There is a
4 % 4 e DMTorrent —5— | price to pay for such a huge reduction, which is an increase by
H Lk at most 30% in the slowdown. We deem this increase to be rea-
2 2 7?‘ sonable considering the savings it enables. However, we hav
NS AN i i A also run experiments with 40 outgoing inter-ISP connestion
10 200 400 600 800 1000 1200 1400 1600 1800 2000 that are not shown here for brevity, but that are available in
inier-1SPfink capaciy (3/s) technical report[[13]. We found that with 40 outgoing int8R

Figure 6:Overhead (upper plot) and slowdown (lower plot) with 1 000 connectlons,_the slowdowr? IS alway_s close to the one of EBHTO
peers and 10 ISP for various inter-ISP link capacities araldeenar- rent aF the price of a small increase in the ovgrhegd FhaOEBCI )
ios: BitTorrent policy, locality policy with 4 outgoing iat-ISP con- {0 10 in most of the cases. However, even with this increase in
nections. Each square and circle represents the averageeadg(up-  the overhead, the savings compared to the BitTorrent paliey
per plot) or slowdown (lower plot) for all ISPs in a given saen.  Still huge, up to two orders of magnitude in our experiments.
Each dot represents this overhead (upper plot) or slowddowe( Second, the increase we report on the slowdown is the worst
plot) for one ISPWith 4 outgoing inter-ISP connections, the overhead one that can be achieved. Indeed, all our experiments (excep
is significantly reduced for any inter-ISP link capacity amdth con-  the ones presented in sectipn]5.3) are performed without con
gesteq inter-ISP links, a small number of outgoing intd?-t%nn.ec- gestion in the network. However, we have shown in Sen 53
tions improves the slowdown compared to the case of the®#¥0 {5t in case of congestion, our locality policy can redue th
policy. slowdown compared to the BitTorrent policy. Therefore, on a
real network, the slowdown with our locality policy is likel

due to the choke algorithm, will prefer to exchange data withto be equivalent or even better than the one of the BitTorrent
local peers when there is congestion on the inter-ISP lings, policy.
cause those local peers are not on a congested path, thgsm lar It is important to understand why BitTorrent still performs
BitTorrent download speed. For high inter-ISP link capacit very well even in case of a small number of inter-ISP con-
those links are no more congested, therefore the capaaity donections, i.e., with a high constraint in the connectivityang
not impact anymore the overhead achieved by the BitTorrerpeers. We discuss here some avenues worth exploring on the
policy. possible reasons for the excellent resilience of BitTdriten

We observe in Fig]6 lower plot that with congestion on inter-connectivity constraints. The rarest first piece selectivat-
ISP links, a small number of outgoing inter-ISP connections  egy used in BitTorrent is known to guarantee a high piece di-
proves the peers slowdown. Indeed, for an inter-ISP linkacap versity ]. Therefore, in case of a small number of int®RI
ity lower than 400 kBs, the scenario with the BitTorrent pol- connections, the piece selection strategy succeeds to thake
icy becomes slower than the scenario with 4 outgoing irsé-1 best use of the available inter-ISP capacity in order to doaah
connections. The benefit of a small number of outgoing internew pieces within the ISPs. Once new pieces are downloaded
ISP connections on the slowdown is significant for highly-con within an ISP, they are replicated fast because the comitgcti
gested inter-ISP links. For an inter-ISP link capacity ckB®&, among peers within an ISP is good. A simple way to look at
the scenario with with 4 outgoing inter-ISP connections@en  this problem is to consider peers with connections outsidi t
than 200% faster than with the BitTorrent policy. ISP as kind of proxies of the initial seed. Those proxies el

In summary, the overhead is almost independent of the inteiquest the rarest pieces to their neighbors, so they fitliently
ISP link capacity for 4 outgoing inter-ISP connections, vélzes ~ download new pieces. Then, those proxies will serve those ne
it significantly increases with the inter-ISP link capaditythe  pieces to peers within their ISP, like a seed would do. As each
BitTorrent policy. In addition, when inter-ISP links arerco ISP has on average four outgoing inter-ISP connectionsigha
gested, we observe a lower slowdown with the locality policyfour proxies, the aggregated capacity of service of thoseips
than with the BitTorrent policy. We discuss the impact ofthi is close to the one of the initial seed. In summary, the Iogali
result in the next section. policy corresponds to a way tdfeiently distribute the capacity

of the initial seed in ISPs while minimizing the inter-ISBftic.

5.4. Discussion

We have focused on 4 qutgoing inter-.ISP connectiops ang_ Real World Scenarios
showed that the overhead is close to 1 in most scenarios and
almost independent of the torrent size, the number of pesars p  Up to now, we have defined scenarios intended to understand
ISP, and the congestion on inter-ISP links. the evolution of the overhead and slowdown with a small num-

But, most surprisingly, the slowdown remains close to theber of outgoing inter-ISP connections when one varies ore pa
one of the BitTorrent policy in most cases. In some scenariogameter at a time. Those scenarios are not intended to hig-real
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tic, but to shed light on some specific properties achieveld wi Number of Peers per AS
a small number of outgoing inter-ISP connections. 1ex08
In this last series of experiments, we use real world data to 100000 LTt s e,
build realistic scenarios. In particular, we will experime&vith \
measured distribution of the number of peers per AS for real 10000 ™\
torrents. In the remaining of this section, we focus on inter \
1000 \

ASes rather than on inter-ISPs ftia for two reasons. First, N
100
and ASes is publicly available, whereas there is no standard \
A

Number of peers (log)

the information to perform the mapping between IP addresses
way to map IP addresses or ASes to ISPs. Second, ISPs may 10
consist of several ASes. There is no way to find where an ISP
wants to keep tidic local. Indeed, this is most of the time an ' 10 100 1000 10000
administrative decision that depends on peering and tragiat AS rank (sorted by decreasing order. 109)
tlons_ among its own ASes and the rest of the Internet. HOWe"eEigure 7:Distribution of the number of peers per ABlost ASes have
making the assumption, as we do, that ISPs want to keep trafs,, peers.
fic local to ASes is reasonable, even if there are some cases in
which ISPs want to define locality at a smaller or larger scale
than the AS level. Therefore, we believe that our assumjgion number, whose only one goal is to get a list of peers from the
enough to give a coarse approximation of the potential bsnefitracker. Once a round is completed, the task removes all-dupl
of a small number of outgoing inter-AS connections at théesca cates(IP,port), makes sure that indeed 90% of the peers of the
of the Internet. torrent were retrieved, and saves the list of coufilegort). In

In the following, we present the crawler we designed to getase, less than 90% of the peers were discovered duringghe fir
real world data. Then we present the results of experiment®und, an additional round is performed. The second task can
with real torrent characteristics. Finally, we give anmesiiion  start many parallel instances of the dummy BitTorrent ¢lien
of the savings that would have been achieved using our tgcali different torrents at the same time. As the task of the dummy

policy on all the torrents we crawled. client is simple, we can run several thousands of thosetslien
o _ at the same time on a single machine.
6.1. Description of the BitTorrent Crawler At the end of this second task we crawled 214 443 torrents

In order to get real world data, on the1&f December 2008, within 12 hours, the largest torrents being crawled in jusia
we have collected 790 717 torrent files wmww.mininova.com seconds, and we identified 6 113 224 unique peers.
that is considered one of the largest index of torrent filekén Finally, we map each of the unique collected peers to the AS
Internet. All those torrent files were collected during a@a&of it belongs to using BGP information collected by the Route-
six hours. Out of these 790 717 torrent files, we have removeltiews project [15]. We found that the unique peers are spread
duplicate ones (around@5% of the files) and all files for tor- among 9605 ASes. Even if this way to perform the mapping
rents that do not have at least 1 seed and 1 leecher. Our final seay suter from inaccuracym5]|ﬂ6], it is appropriate for our
of torrent files consists of 214 443 files. purpose. Indeed, we do not need to discover AS relationship o

We have implemented arffieient crawler that takes as in- routing information, we just need to find to which AS each peer
put our set of torrent files and that gives as output the list obelongs to. Even if some mappings are inaccurate, they will
the peers in each of the torrents represented by those files. Wiot significantly impact our results, as we consider the gllob
identify a peer by the coupl@P,port) wherelP is the IP address  distribution of peers among all ASes. Fﬂ; 7 shows the dhigtri
of the peer anghort is the port number on which the BitTorrent tion of peers for all torrents per AS. We observe that mostASe
client of this peer is listening. have few peers.

Our crawler, which consists of two main tasks, runs on a sin- This simple but highly fiicient crawler enables to capture
gle server (Intel Core2 CPU, 4GB of RAM). The first task takesa representative snapshot, at the scale of the Interneheof t
each torrent file sequentially. It connects first to the temcke-  peers using BitTorrent to share contents the day of our crawl
questing 1000 peers in order to receive the largest number dfhere are, however, two limitations to our crawler. Firsg w
peers the tracker can return. Indeed, the tracker returnsna n  only crawled torrents collected on mininova. Even if miniao
ber of peers that is the minimum between the number of peelis one of the largest repository for torrent files, it consafiew
requested and a predefined number. The tracker returné list Asian torrents. Therefore, that means that our resulteptes
N peersN usually ranging from 50 to 200. The tracker also re-lower bound of the benefit that can be achieved with high lo-
turns the current number of peers in the torrent. Then, tie ta cality. Indeed, Asian torrents are usually large and, dufé¢o
computes how many independent requBstsust be performed geographical locality inherent to such torrents, spreadragm
in order to retrieve at least 90% of the peers in the torrerwh fewer ASes than an average torrent. Therefore, Asian ttarren
each request results N peers retrieved at random from the have a larger potential for locality than other torrents.c-Se
tracker. ond, we are aware that a fraction of the peers advertised by

The second task starts a roundRparallel instances of a trackers are fake peers. Indeed, copyright holders (oesepr-
dummy BitTorrent client, each client started on &elient port  tative) join torrents to monitor peers in order to issue DMCA
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takedown notices to downloade[l?]. Also tracker opesato Overhead for Torrent 1
may add fake peers in order pollute the information gathered 1000 BitTonent

by copyright holders. Finally, some peers are identifiedeas d E“éi% géﬁaggﬁgﬁg
viant, which means that they do not look like regular pe@i; [1 100 | PMFRR*4 connections
However, even if the amount of fake peers accounts for a few
percents of the overall peers, considering the large amafunt
torrents and peers crawled, we do not believe those fake peer

to significantly bias our results.

+XpoO

10

Overhead

6.2. Impact of Locality for a Real Scenario

In section b, we performed experiments with a homogeneous 01~ " - oo
number of peers per AS. However, real torrents have an hetero Number of peers per AS (log scale)
geneous number of peers per AS, which may adversely impact o
the overhead reduction we observed with a small number dfigure 8:Overhead for torrent 1. Each symbol (rectangle, triangte, ¢
outgoing inter-ISP connections. cle, plus, and cross) represents the average overhead Aed with

In order to evaluate the impact of a real distribution of geer the same number of.peers for a given scenario. Each do; BEpises

. . the overhead for a single AShe overhead is the lowest with the
per AS on our experiments, we selected threékedént torrents L . :
. o outgoing inter-AS connections and the RR, orRR strategies.

from our crawl with diterent characteristics. We call those

three torrents theeference torrents The first torrent, that we
Slowdown for Torrent 1

call torrent 1, is a torrent for a popular movie in English lan- 18 ‘

guage. This torrent represents the case of torrents withrlalwo sl scomedions 0

wide interest. It has 9 844 peers spread among 1 043 ASes, the L PM+EEE§ Eéﬁaggﬁgﬁg x < i
largest AS consisting of 386 peers. The second torrengaall 165 ey
torrent 2, is a torrent for a movie in Italian language. This tor- 16 "

rent has 4819 peers spread among 211 ASes, the largest AS

155

Slowdown

consisting of 2415 peers. This torrent is typical of torrent with A LR s

local interest. In particular, this torrent spans less ABastor- Las ¥ ;*ﬁw 3 ;;;; .
rent 1, and the largest AS, belonging to the largest Italian ISP, 14 Skt

represents more than half of the peers of the torrent. The las 135

torrent, calledorrent 3 is a torrent for a game. It has 996 peers 13

spread among 354 ASes, the largest AS consisting of 31 peers. ' Numtzr of peers per AS (logl:fale) 1o

This torrent is used to evaluate middle sized torrents véth f
potential savings with a locality policy, as there are fewenge Figure 9: Slowdown for torrent 1. Each symbol (rectangle, triangle,
per AS. circle, plus, and cross) represents the average slowdowallfthe
ASes with the same number of peers and for a given scenarit ded
. . represents the slowdown for a single A%e slowdown is the closest
6.2.1. Evaluation of A_Ses with Heterogeneous Numberogpee{opBitTorrent with4 outgoing inter-?AS connections and the PRR
We have run experiments with the same parameters as tR@ategies.
ones of the homogeneous scenario described in sdctonré. 1. |
particular, we have the initial seed and all leechers thiatagbat
a maximum rate of 20kRB, and a content of 100 MB. However, heterogeneity in the number of peers per AS, as explained in
we consider scenarios with the same number of ASes and pee;ection, the largest AS will have more incoming inter-AS
per AS as the three real torrents considered. In the follgwin connections than small ones. Therefore, large ASes wikk faav
we focus on experiments performed with the characterisfics larger number of inter-AS connections, thus a larger oehe
torrent 1, as the experiments with the characteristics of the twdhan small ASes.
other torrents lead to the same conclusions. We also validat  The solution to this problem is to use the Round Robin (RR)
that the exact location of the initial seed (that is seleate@n-  strategy introduced in secti¢n.2. Indeed, Flig. 8 showistiea
dom) does not significantly impact our results. Therefore, w overhead is significantly reduced with the RR strategy &@ros
present the results for a single run forrent 1 for large ASes without penalizing small ASes. However, we
Fig. [§ shows the overhead per AS, ordered by number ofee in Fig[[o that the slowdown for the largest ASes increases
peers, fortorrent 1L As expected, the overhead increases lin-significantly compared to the other scenarios. Indeed, @s th
early with the number of peers per AS for the BitTorrent pplic RR strategy spreads uniformly the incoming inter-AS cornec
(squares). tions on all ASes, each AS will have on average 8 inter-AS
We observe that the overhead for the scenario with 4 outeonnections in total (4 outgoing and 4 incoming). Therefore
going inter-AS connections is one order of magnitude lowerfor the largest ASes, only few peers will have an inter-AS-con
than the one of BitTorrent for the largest ASes. However, thenection. Once those peers leave the torrent after their Eemp
overhead is still large for the largest ASes. In fact, dueht t tion, the largest AS will become partitioned with a large rinem
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of peers waiting for new pieces from the initial seed. Thus, a Impact of Churn for Torrent 1
10000 4

larger slowdown. BitTorrent —5— BitTorrent —5—
3 . ) . . 4 connections ---G---+ 4 connections +--©---4
To solve this issue, we made experiments with the Parti- oo 35
tion Merging (PM) strategy that is supposed to repair partg 3

quickly (see sectiofi 4.3). Indeed, we see in fg. 9 that tee sc
nario with 4 inter-AS outgoing connections and the PRR
strategies (plus) gives the best slowdown over all the st@na
using a locality policy, close to the one of the BitTorrenlipp
This significantimprovement s at the cost of a small incegas 1
the overhead, see Fiﬂ. 8 (plus), but the overhead remairs up t 05
two orders of magnitude lower than with the BitTorrent pglic

To show that the PM strategy does not impact our results
when there is no partition, we consider a scenario with 4@utg

ing inter-AS connections and_ the PM strategy onl)_/. We see iftigure 10: Overhead (left plot) and slowdown (right plot) with churn
Fig. [ that the overhead of this scenario (triangle) is alm®s  of 60s or 6000s for torrent 1 in two scenarios: BitTorrentigpollo-
distinguishable from the scenario without the PM stratey (  cality policy with 4 outgoing inter-AS connections. Eachuate and
cle). We observe in Figﬂ 9 that the slowdown for both scemariocircle represents the average overhead (left plot) or geestbowdown
is also indistinguishable. Therefore, the PM strategy dus  (right plot) on all ASes for a specific scenario. The errosbiapresent

bias our results by artificially increasing the number ofirAS  the minimum and maximum overhead on all ASes (left plot), ted
connections. minimum and maximum slowdown on all peers (right pl&yen with

In summary, the PMRR strategies solve issues with real tor- churn, a small number of inter-AS connections significargijuces
the overhead without increasing the slowdown.

rents and enable huge overhead reduction and a low slowdownh.

100 25

2

Slowdown

10 i} i

15

Overhead (log scale)

0.1 0

60s 6,0005 60s 6,0005

6.2.2. Evaluation of Churn maximum slowdown and even improves the minimum slow-
In this section, we run all our experiments with the charac-dOWn as shown by F|d:|10 right plot. .
In summary, even with churn the overhead is reduced and the

teristics oftorrent 1 In particular, we consider scenarios with . . ) .
the same number of ASes and peers per ASoasnt 1 To slowdown remains low independently of the churn period with

evaluate the impact of churn, we start a first set of 9 844 peer% outgomg mte_r-hAShconnchor?s. W}? hz;ve leov\r/un mar%/ other
using a uniform random distribution within the first 60 sedsn experiments with churn, not shown for brevity. We considere

: . : ey : . _j) churn on a 600s window with real distributions of peers per
in a first experiment, and within the first 6 000 seconds in d) C_ N . ' P P
second experiment. Then, when each of those peers complet’%§' i) Ch“.”‘ on 6.03’ 600s, and 6000s yvmdows with a homo-
its download, we start a new peer from a second set of 9 g4geneous distribution of peers per AS with 10 OQO peers anq 10
peers. Hence, we model the three phases of a real torrdet's li " 1000 ASes[[13]. All those additional experiments confirm

flashcrowd, steady phase, and end ph@e [19]. The first phaé)é',r conclusion. Finally, addressing more complex churn sce

the flashcrowd, occurs while all peers of the first set join thg'aros. €.9., considering non uniform arrival pattern aénse

torrent. The second phase, the steady phase, occurs when {f&n Interesting subject that will be best evaluated usirepa

number of peers in the torrent remains constant. This is Wheqeployment. Therefore, we keep this problem for future work
peers in the first set start to complete and that peers in the se o ) _
ond set are started to replace those peers in order to keep tAe3- Estimation of Locality Benefits at the Scale of the Hrer
torrent size constant to 9844 peers. The last phase, the endin this section, we want to estimate the benefits our locality
phase, occurs at the end of the torrent’s life, when the &t policy would have had on the torrents we crawled. In our crawl
complete their download and no new peer joins the torreris Th 117 677 torrents and 6 643 ASes cannot benefit from a locality
is when there is no more peers in the second set to compensgiglicy, because there is at most one peer per AS per torrent.
departure of peers. However, we want to show that despite most of the torrents and
Large torrents, likeorrent 1, represent the most challeng- ASes cannot benefit from a locality policy, the implemeiatati
ing scenario in case of churn. Indeed, small torrents wiktha of a locality policy at the scale of the Internet would be tygh
just one to a few peers per AS. Therefore, as most connectiomgneficial.
among peers will be inter-AS, the locality policy will nogsiif- In order to make the estimation of the benefits of our locality
icantly constrain the peers connectivity graph. Consetlyjen policy, we make two assumptions. First, we estimate the-inte
this graph will be random, unlike with a large torrent whoseAS traffic in all the torrents we crawled by assuming that all the
graph is clustered per AS, thus a better robustness to A& isolpeers we found start downloading the content at the same time
tion in case of churn. and stay connected to the torrent for the entire duratiohef t
We see in Fig[ 70 left plot that the maximum overhead isdownload. Indeed, we have not captured temporal informatio
reduced by one order of magnitude with 4 outgoing inter-ASwhich means that we do not know how long each peer stayed in
connections compared to the BitTorrent policy. Moreovee, t each torrent. However, it is hard to know if we underestimate
locality policy does not significantly degrade the average a or overestimate the potential for locality of those peensleed,
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for torrents in a flash crowd phase, most peers are leechérs an Estimate of Inter-AS Traffic
10000

the population increases with time. For those torrents, ige a o) Torent1 B

likely to underestimate the benefits of our locality poligor g o Torents & e

torrents in an end phase, most peers are seeds and the popu- 3 1% g

lation is decreasing, therefore, it is likely that we ovéireate % 10 ygggigﬁgﬁé ,,,,,,,,,
© 1

the benefits of our locality polllcy. We believe our assumptio H - P pro P
to be reasonable and to provide, on average, at least a coarse Number of peers per AS (log scale)

estimation of the inter-AS tfic generated by all the peers we 5 gé i BTS2
crawled. 5 0

Second, we assume that peers have the same probability to §§ o8 o5
exchange data with any peer in its peer set. Therefore, we as- & 830 & ° Torents & |
sume that peers have the same upload capacity and that there °% 10 100 1000 10000

Number of peers per AS (log scale)

is no network bottleneck that bias the peer selection wiéh th

choke algorithm. Here again, it is hard to assess the exaglgure 11: Overhead for the three reference torrents with the BitTor-

Impact.of this assumptlon. on the accuracy of our results, bL&tent policy fitted with the estimation of this overhead usingimple
we believe that, considering the large number of torrents Weyagel (upper plot), and overhead savings with 4 outgoingritis
crawled, our estimation of the inter-AS fiig is reasonable. connections with PMRR compared to BitTorrent policy for the three
We have explored, in sectidh 4, a scenario with three classesference torrents (lower plot)The simple model gives a good esti-
of upload capacity spread uniformly over all peers. We havenation of the overhead for the BitTorrent policy; the ovextheavings
shown that the results obtained for this scenario do nofifsign per AS depend mainly on the number of peers per AS.
icantly differ from a homogeneous scenario. However, we did
not explore scenarios with realistic peers upload capasty ) ) )
tribution. In fact, it is hard, if not impossible, to obtainig ~ AS Aof sizeSh, andsacontent of siz8, the inter-AS tréfic up-
information at the scale of the Internet (see secfon 5). Théoaded fromAis (1-g1)-Sa-C. While this modelis simple, we
clustering of peers observed by Legout et §I.] [12] shows that€€ In Fig[1h1 upper plot that it matches well the inter-ASitra
when peers in a given ISP have similar upload capacity, theyploaded from each AS that we measured for the three refer-
will automatically keep the tiffic local, because they will clus- €nce torrents. Then, for each AS and each torrent, we compute
ter together. However, it is unlikely, due to the distribmtiof ~ USing the simple model the inter-AS fiia.
peers within a large number of ISPs, that the tracker willmet ~ To estimate the inter-AS tfiic generated by the torrents we
many peers within a same ISP when there is no locality policycrawled with the locality policy with PMRR, we use the over-
Therefore, even in that case, it is unlikely that theficamatrix ~ head savings we obtained with experiments with the three ref
will be much diferent from the one for which we assume the €rence torrents. Indeed, we see in ffig. 11 lower plot, treat th
same upload capacity for all peers. In the case peers have h@verhead savings of our locality policy with RNRR compared
erogeneous upload capacities within ISPs, we can assurne tH@ the BitTorrent policy depends on the number of peers per
connections among 1SPs will be perfgrmed at random, as Wheﬁs, but not on the torrent size. Therefore, we use the average
there is no assumption on the peers upload capacity. overhead savings computed on the three reference tornts f
Moreover, the clustering observed by Legout et EI [12] ap£ach AS size to compute the reduction of inter-ASfitta We
pears only when there is high piece diversity. As soon aspiecalso made the same experiments without theHRIR strategy
diversity becomes lower, there is no more clustering even if0 estimate the inter-AS tflic with our locality policy without
the dficiency of BitTorrent is preserved. This is this kind of those strategies, and we observed that the savings depend on
phenomenon we observe with locality. Indeed, even if uploadhe number of peers per AS, as well.
distribution is supposed to foster communications amorgpe  Fig. [L1 lower plot shows that even with a small number of
with the same upload capacity, this is by no mean an absoluteeers per AS, the overhead savings are already high. For in-
constraint because, as soon as piece diversity decredses, c stance, with 5 peers per AS, the overhead with our locality po
ters among peers are broken and any peer can communica® is 40% lower than the one with the BitTorrent policy.
with any other peem2]. Now, we focus on the impact of those savings at the scale of
In summary, we believe that our findings will not be funda- all the torrents we crawled. We see in FEl 12 upper plot the cu
mentally diferent by taking into account peers upload capacitymulative inter-AS tréic for each torrent we crawled. The 100
In order to estimate the benefits of our locality policy, we (resp. 10 000) largest torrents generate 26% (resp. 82%jof t
first estimate the inter-AS tfiac generated with the BitTorrent inter-AS trafic. The ideal policy corresponds to the inter-AS
policy, then we estimate the overhead savings enabled by otraffic generated when only one copy of the content is uploaded
locality policy. per AS and per torrent. We see that the cumulative inter-AS
To estimate the inter-AS tfiac generated by the torrents we traffic with the BitTorrent policy is 15 petabytes, and that
assume that the probability that a peer in a given AS will adlo  with 4 outgoing inter-AS connections it is3 petabytes (and
data to a peer in another AS is only a function of the number o¥ petabytes with the PWMRR strategies), which is only 41%
inter-AS connections of the ASes and that there is no congearger (35% with PM-RR) than what the ideal policy achieves.
tion on inter-AS links. In particular, for a torrent of si®dg, an  Therefore, our locality policy enables a significant reducof
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Inter-AS Traffic at the Internet Scale the Ono plugin over a 10 month period. They reported up to

120095 ! ‘ 207% performance increase in average peer download comple-
1 tion time. However, the authors did not give an explicit inte
ISP trafic reduction, but showed a reduction of the path length
between peers in terms of IP and AS hops.
: " - e S — Bindal et al. ] present the impact of a deterministic leca

Torrent ID (sorted by decreasing inter-AS traffi, log scale) ity policy on ISPs’ peering links load and on end-users exper
. ence. The authors considered simulations on a scenaridwith

T
BitTorrent

4 connections
PM+RR+4 connections
Ideal

Xpoo
i

Cumulated inter-AS traffic (TB)

T
BitTorrent

@ 300 4 connections g

£ ol T nao PR oo x ] ISPs with 50 peers each, thus a torrent of 700 peers.

9 Lin etal. [23] introduce ELP that aims to keepffralocal to

g ISPs. They provide a model that gives bounds on the inter-ISP

1 10 100 1000 10000 traffic, and they validate ELP experimentally on PlanetLab with
ASN (sorted by decreasing inter-AS traffic, log scale) a maXIm um Of 60 peers

Figure 12:Estimation of the cumulated inter-AS fiig for all torrents In_contrast to previous works I|ke_ P4E [.3] and Oﬁb [4] that
in terabytes (upper plot) and inter-ASfiia per AS in terabytes (lower provide very valuable results focusing on in the wild measur

plot). Significant savings can be done at the scale of the Interregus MenNts or deplpyments, our quk fills agap by prOVidi'."g asys-
a locality policy. tematic and rigorous evaluation of BitTorrent by doing con-

trolled experiments. Indeed, our work significantlytelis from

those previous ones, by being the first one to extensively eva
the inter-AS trdfic at the scale of the Internet. uate the impact of key parameters like the number of intr-1S

The 50 (resp. 300) largest ASes represent 45% (resp. 84%hnnections, the torrent size, the distribution of peersi$B,

of the total inter-AS tréiic. Interestingly, we see in Fid. [12 the inter-ISP bottlenecks, the churn rate, and the peetsadpl
lower plot, that the ASes with the largest inter-ASffi@are  capacity using large scale experiments and real world data.
also the ones that benefit from the most significant inter-A$articular, we considered 214 443 real torrents spreadsacro
traffic reduction with our locality policy. We checked manu- 9 605 ASes (it was a single large torrent and a single AS for
ally the 50 largest ASes to make sure that they do not belong the pP4Pp field tes{]3]) and showed that using only four in&#-I
copyright holders (or piracy tracking companies) to be $a  connections (it was 20% of inter-ISP connections for the P4P

most of the peers in those ASes are real pdets [18]. field tests) we could reduce the inter-ISPfliat the scale of
In summary, a high locality policy can reduce by up to 40%the Internet by up to 40%.

the inter-AS tréfic for the 214 443 real torrents we crawled Piatek et al. EIS] discuss p|tfal|s for an |SP_fr|end|y lbca

spread across 9 605 ASes. ity policy and ISPs triic engineering constraints. In partic-
ular, Piatek et al. discuss three main issues: client side on
7. Related Work localization might not work, localization might adverséiy-

pact robustness andfieiency, ISPs have conflicting interests.
Karagiannis et al. [[1] first introduced the notion of localit The two first issues do not apply to our work as we consider
in the context of P2P content replication. They show monitor a tracker based locality policy, and as we have designed and
ing the access link of an edge network and running simulationevaluated the partition merging strategy to prevent rotmsst
using a log collected from a BitTorrent tracker for a singlet issues. Concerning the last issue on ISPs conflicting isti®re
rent ] that peer-assisted locality distribution is dhcgent it is beyond the scope of this study to evaluate the econdmica
solution for both the ISPs and the end-users. benefit for tier-1 ISPs to keep ffa local. Our work shows that
P4P [13] is a project whose aim is to provide a light-weight in-if ISPs want to apply a locality policy to BitTorrent fta, it
frastructure to allow cooperation between P2P applicatord  is doable and it will significantly reduce the fiia on inter-ISP
ISPs. Xie et al. presented small scale experiments (with bdinks.
tween 53 and 160 PlanetLab nodes) on two specific scenarios. Cuevas et al. |E4] is by several aspects close to our work.
They also reported on a field test experiment around 60% oihdeed, the authors also collected a large BitTorrent teanck
inter-1ISP trdfic savings with P4P for a single ISP and a singleexplored the impact of high locality. However, their worksi
large torrent. nificantly differs by other aspects. The core of their evaluation
Aggarwal et al. [20] present an architecture that is similarstudy is a mathematical model, whereas we performed exten-
by some aspects to P4P. The authors define the notioraofe  sive large scale experiments. They specifically focusedcensp
that are supplied by ISPs in order to propose a list of neighbo upload distribution, whereas we focused on the systemeie e
to peers. They perform their evaluation on Gnutella using si  uation of fundamental parameters like torrent size, orits@
ulations and small scale experiments with 45 Gnutella nodes bottlenecks. Finally, they do not explore the second goesti
Another approach that requires no dedicated infrastracturof this workWhat is, at the scale of the Internet, the reduction
is Ono Hl]. Ono clusters users based on the assumption thaf traffic that can be achieved with localityh summary, our
clients redirected to a same CDN server are close. The authowork is complementary to the one of Cuevas et al., as it val-
have developed an Ono plugin for the Vuze client. The authorglates some of the assumptions they made in the modeling of
reported measurement results collected from 120 000 u$ers BitTorrent locality, in particular the good piece diveyswith
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locality, which is fundamental to observe stratificatiorthieir

model.
[1]

8. Conclusion 2]

Our work is intended to be complimentary to previous works 3
(@, B.[4.[23] by answering the two fundamental questions: How
far can we push BitTorrent locality? What is at the scale ef th
Internet the reduction of inter-ISP ffac that can be achieved
with locality?

In this paper, we have performed an extensive evaluations]
of the impact of a small number of inter-ISP connections on [6]
overhead and slowdown. We have run experiments with up t0[7]
10000 real BitTorrent clients in a variety of scenarios]ude
ing scenarios based on real data crawled from 214 443 tarrent[8]
representing 6 113 224 unique peers spread among 9 605 ASel!

Our main findings are that a small number of inter-ISP con-
nections will dramatically reduce the overhead and keep thgoj
slowdown low independently of the torrent size, the number
of peers per ISP, the upload capacity of peers, or the churftl]
We have introduced two new strategies called Round Robin and,
Partition Merging that make the use of a small number of inter
ISP connections feasible for real torrents of the Internet.

However, we do not advocate for such small number of interl12!
ISP connections in real deployments. Indeed, selectingya ve
small number of inter-ISP connections is a design choice. Fg14)
BitTorrent client companies, it is not an option to incretse
peers slowdown, even by just a few percents, in order to furlt!
ther reduce the load on inter-ISP links, because it will lead
decrease in the number of users of this BitTorrent clienta-Co [16]
versely, content providers, might want to optimize theringP
traffic in order to convince ISPs to do not block their BitTorrent "]
traffic.

In this work, we intend to increase confidence in BitTorrent[18]
locality by showing that even in case of high locality Bitfi@nt
still performs extremely well, and that with high localithet
inter-ISP trdfic reduction can be up to 40% on the torrents we

(4]

[19]

crawled, which is 4 petabytes of data. [20]
[21]
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