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ABSTRACT

Peer to Peer streaming (P2P-TV) applica-
tions have recently emerged as cheap and effi-
cient solutions to provide real time streaming
services over the Internet. For the sake of sim-
plicity, typical P2P-TV systems are designed and
optimized following a pure layered approach,
thus ignoring the effect of design choices on the
underlying transport network. This simple
approach, however, may constitute a threat for
the network providers, due to the congestion
that P2P-TV traffic can potentially generate. In
this article, we present and discuss the architec-
ture of an innovative, network cooperative P2P-
TV application that is being designed and
developed within the STREP Project NAPA-
WINE.! Our application is explicitly targeted to
favor cooperation between the application and
the transport network layer.

INTRODUCTION

Peer-to-Peer (P2P) technology has been recently
exploited to offer video service over IP (P2P-
TV), as for example done by PPLive, SopCast,
TVAnts, CoolStreming/UUSee, and TVUplayer,
to name a few commercial systems. Recently, the
interest of the research community has started to
rise thanks to the opportunities P2P-TV systems
offer [1]. In this context NAPA-WINE (Network
Aware Peer-to-peer Application over Wlse NEt-
work), a three-year project (STREP) within the
7-th Research Framework of the European
Commission, focuses on improving the perfor-
mance of P2P live streaming distribution, while
protecting network resources from excessive
usage. In a traditional P2P-TV system, a video
source chops the video stream into chunks of
data, which are then exchanged among nodes
distributing them to all participating peers. Peers
form an overlay topology at the application
layer, where neighbor peers are connected by
virtual links, over which chunks are exchanged

using the underlying IP network. Two network-
ing layers can be identified: the overlay layer in
which peers exchange content, and the IP layer
in which routers and links transfer the packets.
The main goal of NAPA-WINE is the study of
novel Peer-to-Peer architectures and systems
suitable for High Quality TV live streaming over
the Internet: a P2P-HQTV system [2]. NAPA-
WINE focuses on overcoming the limitations of
today’s approaches, where the two layers are
completely independent and at times antago-
nists. Instead, we envision a cooperative
paradigm in which the application and network
layers interoperate to optimize the service
offered to end users, as depicted in Fig. 1.

We believe that an approach where the over-
lay and the IP networks ignore each other, while
acceptable for elastic applications or low-band-
width streaming applications, may cause intoler-
able performance degradations for high-quality
real-time (even for soft real-time) applications
such as P2P-TV. If the network becomes heavily
congested, the application will never be able to
meet its minimum requirements. As a conse-
quence, the only successful paradigm for a large
scale P2P-TV architecture is a cooperative
paradigm, where the network and the applica-
tion join forces to meet the quality of service
requirements, and to reach the largest possible
population of users.

Finally, there is an additional incentive to
such cooperation. In traditional P2P systems,
only two main actors can be identified — the
network providers and the application users —
and their interests are often in contrast. In the
case of P2PTV, a new main actor comes into
play: the content producer, whose interests are
mainly in distributing its content through the
Internet in the safest possible way, thus avoiding
every possible problem, either technical or legal,
which could induce users to migrate away. This
is a major shift with respect to current P2P appli-
cations, where users provide content, a shift that
offers further incentives for network operators

154

0163-6804/11/$25.00 © 2011 IEEE

IEEE Communications Magazine ¢ June 2011



to cooperate with the content providers and the
users to successfully deliver the video. Note that
cooperation between network providers and P2P
applications has already been investigated in the
context of file sharing P2P applications (see for
example the pioneering work in [3]), but it has
never been applied in the context of P2P-TV sys-
tem design and performance evaluation.

In this context, the NAPA-WINE project is
proposing an innovative network cooperative
P2P-TV architecture that explicitly targets the
optimization of the quality perceived by the
users while minimizing the impact on the under-
lying transport network. The focus is on the
study, design, and development of a P2P-HQTV
system, in which peers set up a generic mesh
based overlay topology, over which video chunks
are exchanged according to a swarming-like
approach. A source peer produces the video
stream, chops it into chunks, and injects them
into the overlay where peers cooperate to dis-
tribute them.

The architecture we envision is schematically
represented in the Fig 1. An important element
of the cooperative P2P-HQTYV system is repre-
sented by the built-in distributed monitoring tool
that allows the application to continuously gath-
er real time information both on network condi-
tions and on users’ perceived performance.
Information collected by the monitoring tool can
be used to trigger reconfiguration algorithms
acting both at the level of the chunk distribution
mechanism (scheduling) and at the level of the
overlay topology reconfiguration. In addition,
potentially useful information on the system
state can also be exported to the network, so
that it is aware of the status of the P2P-HQTV
system.

The architecture we propose also allows the
network layer to expose useful information to
the application layer. As pursued by the IETF in
the ALTO [6] working group with the contribu-
tion of NAPA-WINE partners, the network
provider is given the capability to guide the P2P
application, for example by explicitly publishing
information about the status of its network, like
link congestion or AS routing preferences.

THE HIGH LEVEL ARCHITECTURE

This section describes the main functions and
requirements of a P2P-TV system, proposing the
high-level architecture for the NAPA-WINE sys-
tem, whose block diagram is depicted in Fig. 2.

UsER MODULE

The “user module” (top left block in Fig. 2)
implements the interface between the user and
the application. Besides the Graphical User
Interface (GUI), it is responsible of video coding
and decoding. If the considered peer is the
source node, the input video signal has to be
converted into a sequence of chunks, which are
the atomic unit of data that will be exchanged in
the P2P overlay. Depending on the type of video
source, this may include analog/digital conver-
sion, encoding, adding forward error correction
(FEC) information, etc. The user module sup-
ports any available CODEC thanks to a standard
interface. Furthermore, it implements a flexible
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Figure 1. Schematic representation of the NAPA-WINE approach. Nodes at
the network layer (L3) and peers at the application layer (L7) form the net-
work and overlay topology, respectively. Cooperation among the two layers is
possible thanks to monitoring and control capabilities offered by the NAPA-

WINE architecture.

chunking mechanism that can explicitly consider
the nature of the video, e.g., forming chunks
considering frame boundaries and types. When
the peer acts as a receiver only, the user module
reassembles the audio and video stream from
received chunks, so that, after decoding and
resynchronization, the video can be displayed.

The user module also runs video quality mon-
itoring algorithms, constantly monitoring the
quality of experience the user is perceiving.
Finally, several instances of the user module can
run at the same time, making it possible to watch
a channel while recording another one, or main-
taining pre-views of other channels with reduced
quality.

SCHEDULER MODULE

The “scheduler module” (see Fig. 2) is the
core of the information distribution engine. It is
responsible for receiving and sending chunks,
both from/to other peers via the network, and
to/from the local “user modules.” Different
instances of this module might run at the same
time, each taking part in one overlay serving one
channel. Cross-channel information diffusion is
under consideration and may help to optimize
service and channel switching, but is not under
development so far.

The scheduler module hosts the chunk and
peer scheduling algorithms, which select both
what should be offered (or requested) and to
(from) whom. The decision is based on distribut-
ed information: a local database of the status of
other peers stored in the active peers database.
Options for designing the scheduler and the
impact on overall system performance are
detailed later.

OVERLAY MODULE

We recall that in unstructured systems peers
form a generic highly mesh topology, which
guarantees good resilience to churn and great
flexibility.

The “overlay module” (top-right block in Fig.
2) selects and updates the peer Neighborhood,
i.e., the set of peers the local peer exchanges
information with. A fairly large number of neigh-
boring peers are maintained to form a well con-
nected overlay structure, as peers may leave an

IEEE Communications Magazine * June 2011

155



The selection of
User module
peers may be based
) ) _Content e _Control Overlay module
on the information ingestion Y interface
stored in the D Topology
repositories, which, Ne's‘-’:tbor controller
as detailed later, Scheduler module Q
store information E-rep
about both peers Chunk buffer
and the transport Ac_ti\f/ebpeers’ N-rep Monitoring module
infobase
network. The overlay — -
and the scheduler — Eien L)
modlules are
i Buffer ma Chunk tradin \r ll\—\‘/
interdependent. S mnpg logic 9 <._L e
™ controller | Pas. meas | | Act. meas |
Messaging layer + NAT/FW traversal
IPv4 / IPv6 + UDP/TCP/SCTP/ ...

Figure 2. Global NAPA-WINE architecture. User, Scheduler, Overlay, Messaging, Monitoring, and Reposi-
tory modules are highlighted using different colors. Arrows represent the relationship among modules, dis-
tinguishing data path (gray), signaling path (black), and internal communication (brown).

overlay at any time, e. g., when the user switches tion generated by the monitoring module is not

channel. Discovering new peers and establishing only useful for the local peer, but also for other

connections to them, as well as forwarding infor- peers that can benefit from it. Therefore, mecha-
mation about them to other peers, is the task of nisms for exchanging measurement values with
the overlay module. other peers are useful. Furthermore, it may be

The selection of peers may be based on the useful to have access to information from enti-
information stored in the repositories, which, as ties that are not part of the P2P overlay, such as
detailed later, store information about both the so-called “network oracles,” through which,
peers and the transport network. The overlay for example, network providers can share infor-
and the scheduler modules are interdependent, mation about the status of the network.

and for this reason they are detailed together The information acquired by each peer is

later. locally stored and readily available, and it is

summarized and exported (published) to the
MONITORING MODULE (logically) central repository. The contents of the

Both the chunk scheduler and the overlay man- repository, and data import and export, are man-

ager can greatly benefit from information about aged by the repository controller, which imple-

the quality of the connectivity with other peers. ments a set of APIs to push and fetch

This includes, but is not limited to, the distance information from the repository database.

and the available bandwidth between two peers,

or the presence of Network Address Translation MESSAGING LAYER

(NAT). The “monitoring module” (see Fig. 2) The “messaging layer” (see Fig. 2) offers primi-

gathers this kind of information. It basically has tives to the other modules for sending and

two modes of operation: passive measurements receiving data to/from other peers. It abstracts
are performed by observing the messages that the access to transport (UDP/TCP) protocols
are exchanged anyway between two peers, e. g., and the corresponding service access points
when exchanging video chunks or signaling infor- offered by the operating system by extending
mation; active measurements, in contrast, craft their capabilities and providing an overlay level
special probe messages which are sent to other addressing, i.e., assigning a unique identifier to
peers at the discretion of the monitoring mod- each peer. For example, it provides the ability to
ule. The design of this monitoring module is one send a chunk of data to another peer, which has
of the most innovative goals of NAPA-WINE to be segmented and then reassembled to fit into
and it will be documented later in detail. UDP segments. The messaging layer also pro-
vides an interface to the monitoring module,

REPOSITORIES AND REPOSITORY CONTROLLER which is used for passive measurements: whenev-

“Repositories” (in the center of Fig. 2) are er a message is sent or received, an indication

databases where information about each peer is will be given to the monitoring module, which

shared with all other peers. Indeed, the informa- can then update its statistics.
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Index Accuracy  Usage/Criticalities

Hop Count High
Packet Loss High
Chunk Loss High

Topology optimization
Triggering scheduling and topology update and QoE monitoring

Triggering scheduling and topology update and QoE monitoring

Delay Measurements

Latency > 10ms obtain
RTT < 1ms Chunk and peer scheduling/timestamping accuracy limits precision
Jitter < 1ms Delay jitter may be an indication of congestion

Source and stream absolute time alignment/clock synchronization below NTP precision is hard to

Bandwidth Measurements

Mid term throughput  High

Capacity Low

Available bandwidth Low

Neighborhood selection and chunk/peer scheduling

lations and the lack of efficient algorithms to perform the measure

Table 1. Summary of the network layer measurement available in the Monitoring module.

Another important feature of the messaging
layer is the presence of mechanisms for the
traversal of Network Address Translation (NAT)
boxes. NAT makes it possible to attach several
computers to the Internet using only one public
IP address. Therefore, it is very popular with pri-
vate customers, who are also the main target
audience for P2P TV. However, the presence of
a NAT device may prevent peers from establish-
ing connections to other peers. Therefore, spe-
cial NAT traversal functions are offered by the
messaging layer.

THE MONITORING MODULE AND
REPOSITORIES

The monitoring module is conceived to col-
lect and share information useful for the con-
struction and maintenance of the P2P overlay
topology and for the scheduling process of
video chunks. The main objective is to maintain
up-to-date information on the quality of the
peers’ end-to-end path, and to infer informa-
tion on the network’s available resources.
Repositories, both local and global, are used to
store metrics, estimates, and measured data
requiring additional elaboration. Furthermore,
a certain number of functions act on these data
to produce up-to-date estimates of various
parameters that can be published on global
repositories through an interface named
“Repository Controller.” Particular care is
taken to optimize both the computational and
the memory requirement of the previously
mentioned functionalities. The repository con-
troller limits the amount of information that is
exchanged among peers through the network to
avoid waste of bandwidth. It also verifies that a

peer can access the information it is requesting.
Indeed, each repository stores data that can
remain private and local to the peer, or infor-
mation that is made publicly available. The dis-
tinction between public and private information
could be based on security considerations, and
also on its usefulness and the cost of its dissem-
ination. For example, the ISP can share infor-
mation about the status of its network only with
clients connected to its network.

In the following, we detail the functionalities
implemented in the monitoring module.

IMONITORING COMPONENTS

Measurements are available at the chunk and
segment levels, i.e., above and below the messag-
ing layer. Several network layer metrics can be
monitored:
* Delay between peers (e.g., Round Trip

Times (RTT), Delay Jitter).
* Loss probability.
e Path capacity and available bandwidth.
* Number of hops traversed.
Other more sophisticated measures are under
study. Thanks to a simple and modular architec-
ture, measurements can be added as (compile-
time) plugins, and activated on demand. The
monitoring layer is implemented at every peer,
and information it collects is made available to
all the peers. Table 1 summarizes the network
layer measurements that are currently available
in the monitoring module.

The monitoring module is built of three main
components.

The Passive Measurements Component
(PaM) — The PaM implements the set of mea-
surement functionalities needed to passively
monitor exchanges between peers. This func-

Pacing chunk scheduling for altruistic peers to avoid clogging a PHY bottleneck (e.g., ADSL links
beyond a LAN)

Fundamental to avoid congestion in the network/difficult to achieve high accuracy due to corre-
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Figure 3. Measurements obtained from the monitoring module.

tion is passive as it relies on peers’ communica-
tions to reduce as much as possible any over-
head. Each measure is initiated by the sender,
and the receiver cooperates to complete it, e.g.,
sending back acknowledgment messages.
Results of each measurement are then fed to
the sender Monitoring Controller, which possi-
bly elaborates them before pushing results in
the P-REP (Peer-Repository) and N-Rep (Net-
work-Repository).

The Active Measurement Component (AcM) —
The AcM performs active measurements, i.e., it
can inject pure measurement messages and data
that do not carry any user information. This
component possibly runs a number of different
measurement probes, either periodically or on
request. For example, it may be invoked to esti-
mate the end-to-end status between the local
peer and a remote peer to which no chunk is
being sent. Therefore, AcM may also be seen as
a bootstrap function when limited knowledge of
the peers and the network is stored in the
P-REP. Active measurement results in a waste
of bandwidth, and therefore care must be taken
when activating them.

The Monitoring Controller (MON-Con-
troller) — The MON-Controller is in charge of
managing all the measurements performed by
the PaM and the AcM. It implements the algo-
rithms to decide when to trigger a particular
measurement, and to process the results of each
end-to-end measurement. For example, the
MON-Controller can evaluate average, standard
deviation and confidence intervals of a given
index; it can identify and possibly discard wrong
samples, etc. Considering the global network
knowledge, it is supposed to implement the algo-
rithms that infer the network status, e.g., by
implementing some network tomography or vir-
tual coordinate systems that are then stored in
the N-REP. It is also responsible to push locally
cached measurement results into the centralized

repository by summarizing them to avoid exces-
sive traffic overhead. The communication of the
MON-Controller with the repositories is granted
by the Rep-Controller.

MONITORING EXAMPLE

Figure 3 provides a simple example of measure-
ments obtained with the current implementation
of the monitoring module. It shows the measure-
ments of the Capacity and of Available Band-
width (top plot), and the measurements of
Round Trip Time and of Loss Probability (bot-
tom plot). A controlled test bed has been used,
in which a 10 Mb/s Ethernet link connects a
source peer to a receiver peer, while interfering
traffic is injected. In particular, a 4 Mb/s CBR
source is active from time 300s to 600s; at time
600s, a 7 Mb/s CBR source is active up to time
900s. Then from time 1200s up to time 1500s,
TCP connections are started every 60s. From the
figure, it is possible to observe the variation of
available bandwidth, the increase of the RTT,
and the losses induced by interfering traffic.

REPOSITORIES

In the NAPA-WINE architecture, repositories
are envisioned as global databases, containing
information to aid peer selection decisions.

Repositories are key elements in the design
to achieve network awareness. They have one
additional important role in solving the boot-
strapping problem of P2P systems: namely, upon
startup, a peer needs to obtain a list of neighbor
candidates. Repositories are well suited for this
role: the peer only needs to have access to a few
well-known repository servers in its initial config-
uration. To increase repository resilience, vari-
ous approaches (such as database replication
and DHT-like technologies) can be studied,
which are outside of the NAPA-WINE proto-
type design scope.

The NAPA-WINE architecture defines three
different repositories based on the information
they contain.

*P-REP: The peer repository is a distributed
repository storing information about the peers’
status and end-to-end measurements performed
by the peers’ monitoring modules, for instance,
average bandwidth over different periods of
time, round-trip time, download/upload success
rates, etc. Each peer measures and stores locally
these quantities, for instance as an N x N matrix,
N being the number of neighbor peers (those
discovered and selected by the topology manag-
er). Measures can be exported in an aggregated
form to a global (distributed or centralized)
database, the global P-REP, for performance
monitoring and statistical analysis, possibly
including information on obtained quality, visit-
ed channels, etc. A centralized prototype has
been developed and is used to display on a web-
service the swarm topology, its characteristics,
and how different architectural choices affect the
P2P-TV application.

*N-REP: Network repositories store network-
wide information inferred from P-REP values.
The information stored by P-REP is hardly com-
plete about all possible N2 peers’ end-to-end
paths. Indeed, each peer typically collects mea-
surements over a subset of all peers. In particu-
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lar, when joining a given channel, the new peer
has little or no information on the status of
other peers, and of the end-to-end path charac-
teristics. To solve this problem, “virtual coordi-
nate” [4] systems and network tomography [5]
have been studied in the research community,
whose goal is to map peers to nodes into a virtu-
al space, in which distances among nodes reflect
the actual distances in the real system, or to
infer network properties from a subset of mea-
surements. Both make it possible, for example,
to “predict” the quality of an end-to-end path
which has never been tested in the past. The
N-REP stores results generated by these sys-
tems. The topology manager uses this informa-
tion together with distributed algorithms like
Tman to achieve the desired topological proper-
ties.

*E-REP: The external repository is dedicated
to storing out-of-the-box, semi-static information
on the network. It is conceived for network
operators that can fill it with non public infor-
mation, e.g., AS graph and peering points, the
ranking of routing paths, routing tables, informa-
tion on the routing optimization, and the net-
work topology. It can also store intra-domain
information of one or multiple ASs. Clearly,
access to this information must be protected and
granted only to a subset of peers, e.g., to only
clients in the AS of the ISP. Therefore, the
EREP runs on dedicated equipment installed
and managed directly by the network operator
or content provider. For example, in the ideal
case, the E-REP stores the full knowledge on
the AS network; the whole ISP topology is there-
fore exposed to the P2P application.

The E-REP also has an interface for con-
necting to Application Layer Traffic Optimiza-
tion (ALTO) servers. The goal of an ALTO
service — as currently being standardized in the
IETF — is to provide applications with informa-
tion they can use to optimize their peer selec-
tion [6]. The kind of information that is
meaningful to convey to applications via an out-
of-band ALTO service is any information that
applications cannot easily obtain themselves
(e.g., through measurements) and which changes
on a much longer time scale than the instanta-
neous information used for congestion control
on the transport layer. Examples of such infor-
mation are operator’s policies, geographical
location or network proximity (e.g., the topolog-
ical distance between two peers), the transmis-
sion costs associated with sending/ receiving a
certain amount of data to/from a peer, or the
remaining amount of traffic allowed by a peer’s
operator (e.g., in case of quotas or limited flat-
rate pricing models). ALTO services can be pro-
vided by network operators, third parties (e.g.,
entities that have collected network information
or have arrangements with network operators
that enable them to learn such information), or
even by user communities. The ALTO-interface
gives such parties a concrete method for making
this kind of information available to the E-REP.
The E-REP can use the standard interface of
ALTO servers, providing such ALTO-informa-
tion to NAPA-WINE peers.

*Rep-Controller: The peer accesses reposito-
ries via its Repository Controller (Rep-Controller)

modules. This software component implements
the repository protocol and exposes it over a
client API. A single Rep-Controller is able to
communicate to multiple repository servers con-
currently, and has advanced services such as data
caching and batch publishing of measurement
data (to save precious bandwidth).

The repository access protocol is designed for
the following basic use cases:

e Publish measurement results made by peers’
monitoring modules (or NREP processors) into
the global database. This is a simple operation,
publishing an (originator, peer;, peer,, measure-
mentpp, value) record. The originator is typically
a peer (whose Monitoring Module has generated
the data), equal to peer;; peer, is non null only
for peer-pair measurements.

*Retrieve the list of “best” Peer IDs accord-
ing to given criteria. This is the main “retrieval”
primitive, designed to support the topology man-
ager in the neighborhood selection and ranking.
The operation is specified as
(rmaxPeers, constry, ..., constr,, weighty, ..., weight,,)
where constraints are specified on measurement
values, and weights form a utility function the
result list is ordered by. This allows the formu-
lating of queries such as “return a list of at most
10 peer IDs which are closer to peer, than 5 TTL
hops and have smaller round trip time to peer;
than 500ms and sort the list by the peers’ own
reported upload bandwidth.”

*Retrieve measurement results or inferred
values for fine-tuning trading algorithms. This
primitive allows the direct query of published
(measurement or other) values relevant to a
given peer.

*Retrieve repository meta-data such as the
list of measurementps the repository has records
for. This allows client peers to parameterize
their peer listing queries accordingly.

Since information stored in the repositories is
sensitive, the repository controller enforces secu-
rity and policies so that only authorized peers
can retrieve information. For example, access to
the information about ISP topology or AS rout-
ing stored in the E-REP is granted only to peers
actually connected to that ISP.

SCHEDULER AND
OVERLAY MODULES

A P2P-TV client needs to communicate very
efficiently with other peers to receive and redis-
tribute the huge amount of information embed-
ded in a video stream. In addition, TV being a
real time application, information must arrive in
a short time and with small delay variation. The
application goal is then to deliver all the video
information to all peers in the system in the
smallest possible amount of time. To reach this
goal, a distributed system and algorithm must be
adopted. The key enabling factors for efficient
communication by a peer are: who are the peers
to communicate with, i.e., its neighboring peers,
and what data is exchanged within this neighbor-
hood. The first factor drives the overlay manage-
ment strategy, while the second factor dictates

|
Since information
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IEEE Communications Magazine * June 2011

159



|
The design architec-
ture followed allows
flexibility and adap-
tivity, so that, for
instance, chunk and
peer selection strate-
gies can be tuned
even at run time
based on feedback
received from other
peers either via gos-
siping or through the
repositories.

ABarens buipel] {|josauod Aejap pue Buiwiy

Push or pull
Send / receive

User module

Information
Signaling
Strategy

Topology
Control algorithm

v
D
\—

sa110}Isoday

Y h 4

Gossipping
Buffer map exchange
etc.

Messaging layer

—» Inter-peer communication

----- » Local control

.) Other modules interfaces

Figure 4. Logical organization of the scheduling and topology management modules, around the neighbor-

hood data-base.

the goals of the scheduling algorithms at each
peer.

Figure 4 sketches the relationship between
the functions that compose the overlay manage-
ment, and the functions that compose the overall
strategy for offering and searching information
within the neighborhood of each NAPA-WINE
node. Interfaces toward the repositories, the
user module, and the messaging layer are also
indicated.

The design architecture followed allows flexi-
bility and adaptivity, so that, for instance, chunk
and peer selection strategies can be tuned even
at run time based on feedback received from
other peers either via gossiping or through the
repositories.

The Neighborhood database (see Fig. 4) is
populated as soon as a peer participates in the
distribution of a TV channel. For the sake of
clarity we describe both scheduling and overlay
management as if only one channel is present,
but we are also studying the extension to the
joint management of multiple channels.

Always referring to Fig. 4, the components in
yellow are related to chunk scheduling, transmis-
sion and reception, while those in blue refer to
topology management and signaling in general
(exchange of buffer maps, i.e., the list of chunks
available at each peer, availability to service
chunks, etc.). The two functionalities interact
through the Neighborhood database as well as
the chunk buffer (i.e., the structure where chunks
are stored for trading and before play-out), and
the related buffer maps of neighbors.

BUILDING AND MAINTAINING NEIGHBORHOODS

The overlay network in P2P systems is the result
of a distributed algorithm that builds and main-
tains the neighborhood at each peer. When a
peer joins the system, it selects an initial set of
neighbors (we call this phase bootstrapping);
then the set of neighbors of every node in the
system is dynamically optimized over time (over-
lay maintenance).

The bootstrapping phase is most naturally
helped by the Repositories. For the maintenance
phase, basing everything only on the Reposito-
ries could result in limited scalability and
resilience. This is the reason why topology main-
tenance is performed exploiting information
retrieved from the repositories as well as infor-
mation locally distributed via a gossiping-based
mechanism (the latter mechanism will allow the
system to work even with Repositories absent).

Culling of neighbors is mainly based on the
perceived “quality” of the neighbors; indices that
impact this choice are the inter-peer throughput,
the measured RTT, the chunk loss rate, etc. The
addition of neighbors is instead based on a
mixed strategy of optimization (e.g., adding the
most stable and resourceful peers) and random-
ization to avoid fragile topologies (e.g., a group
of peers with too few connections toward the
rest of the overlay).

Our architecture will make overlay creation
and maintenance algorithms much more effec-
tive since it offers through the repositories con-
tinuously fresh information to the peers about
the presence of new resourceful peers. As an
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example, Fig. 5 shows different overlay topolo-
gies obtained using different neighbor selection
algorithms. In 5(a), a complete random choice is
performed; in 5(b), peers are selected according
to the Autonomous Systems they belong to, as
reported by the E-REP; in 5(c) peers prefer
selected nodes with large upload bandwidth, as
reported by the P-REP; in 5(d) high upload
bandwidth peers within the same AS are pre-
ferred.

SCHEDULING CHUNKS AND PEERS

Once a topology has been set up, each peer par-
ticipates in the chunk exchange procedure, with
the twin goal of receiving the stream smoothly
and in time and cooperating in the distribution
procedure. We do not discuss the problems of
fairness and security here, because they are not
the main focus of NAPA-WINE, and therefore
we assume peers are honest and cooperative.

Scheduling the information transfer is proba-
bly the single function that most affects perfor-
mance and network friendliness. This function
includes protocol as well as algorithmic prob-
lems. First, peers need to exchange information
about their current status to enable scheduling
decisions. This is a requirement in an unstruc-
tured system, where the stream flow does not
follow strictly the overlay topology (e.g., a tree).
The information exchanged refers to the state of
the peer with respect to the flow, i.e., a map of
which chunks are “owned” by a peer, and which
are missing. This task is carried out by the Infor-
mation Signaling Strategy block in Fig. 4. This
block is in charge of:

* Sending buffer maps to other nodes with
the proper timing.

* Receiving them from other nodes and merg-
ing the information in the local buffer map
data base.

* Negotiating if this and other information
should be spread by gossiping protocols or
not, and to which depth it should spread in
the topology.

Besides the buffer map exchange, the signaling

includes Offer/Request/Select primitives used to

trade chunks. These messages can be piggy-
backed on chunks for efficiency.

Another key protocol decision is about Push-
ing or Pulling information. A chunk is pushed
when the peer owning the chunk decides to send
it to some other peer, while it is pulled when a
peer needing the chunk requests it from another
peer. From a theoretical point of view, as shown
in [8], pushing is more effective. Assuming a syn-
chronous system in which peers coordinate to
avoid sending more than one copy of the same
chunk, in [8] we have demonstrated the exis-
tence of an optimal distributed scheduling that
achieves the minimum delivery time to all peers,
ty = [loga(N)] + 1 chunk times, where N is the
number of peers, while no such algorithms are
known for pulling systems. Practical implementa-
tions, however, often prefer a pull based mecha-
nism, because it guarantees that no conflicts
arise at the receiver. Other options include
mixed Push/Pull strategies [10], and Offer/Select
chunk trading [11] that can be associated to both
Push and Pull strategies.

Regardless of the protocol and the signaling

() (d)

Figure 5. a) completely randomly chosen neighbors; b) neighbors chosen based
on locality information provided by E-REP; c) neighbors chosen based on
upload bandwidth peer information; d) combination of b) and c).
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Figure 6. Performance of several scheduling policies for immediate Push. 95th
percentile of the chunk delivery delay versus load.

strategy used, the core of a scheduler is the algo-
rithm to choose the chunk to be pulled or pushed
and the peer to communicate with. During the
project we have developed many algorithms and
strategies that optimize the performance of the
system and that are being implemented in our

prototype [7-9].

For example, Fig. 6 reports the 95th per-
centile of the delivery delay of all chunks to all
peers in an overlay topology in which each peer
has 20 neighbors selected at random. 1000 peers
are considered (with different upload band-
width), chunks last 1s, so that propagation delay
is negligible compared to chunk transmission
time. We report the performance of five sched-
ulers:

* RUc/RUp: a random chunk is sent to a ran-
dom peer that needs it.

* RUc/BAp: a random chunk is preferentially
sent to high upload bandwidth peers that
need it.

* LUc/RUp: the youngest chunk is sent to a
random peer that needs it.

* DL¢/ELp: deadline based algorithm that dif-
fuses the chunk with the smallest deadline
(see [8] for details) to a peer that is in the
best possible state to further diffuse it.

* DLc¢/BAELp: same as above, but preferen-
tially selecting high upload bandwidth peers.
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These key features
must, however, be
supported by mea-
surements that in
most cases are
dynamic and can
only be implemented
in the application
overlay itself. As a
consequence, the
Measurement Mod-
ule assumes a central
role in the system.

As can be seen, more advanced schedulers
make it possible to reduce the chunk delivery
time, with improvements up to a factor of 5 at
high load. Notice that information provided by
the P-REP, such as the peer upload bandwidth,
leads to a significant improvement.

Immediate Pushing of chunks may have draw-
backs in some scenarios (e.g., when the RTTs is
not negligible compared to chunk transmission
time) and explicit acceptance of the chunk trans-
fer may guarantee better usage of resources. We
have investigated signaling mechanisms where
the transmitter and the receiver peers explicitly
exchange signaling messages to agree on the
chunk to be transferred; the scheme requires the
sender to maintain a local queue of already
scheduled chunks to seamlessly exploit peer
upload bandwidth [11].

CONCLUSIONS AND
ONGOING WORK

TV applications exploiting the P2P communica-
tion paradigm are gaining momentum and are
already a commercial reality. Their overall archi-
tecture is, however, imprinted by file-sharing
applications and they operate without any coor-
dination with the IP network, often resulting in
poor, even wasteful resource usage, to the detri-
ment of both network and users, and preventing
them from the possibility to scale to High Quali-
ty (let alone High Definition) TV.

We have presented in this article the archi-
tecture of a P2P-TV system that is being devel-
oped in the NAPA-WINE project, that is
designed with the goal of efficiency and coopera-
tion between the application and both the net-
work operator and the content provider, aiming
at optimizing resource usage and minimizing the
P2P-TV application impacts on the transport
network.

The key features are:

* The development of algorithms for topology
management and information scheduling
that, starting from network measures, mini-
mize the usage of network resources while
preserving the application performance.

* The presence of shared repositories that can
be used to exchange information between
the network and the application, so that the
decisions taken by peers regarding connec-
tivity, topology, signaling, and information
transfer can be taken with the appropriate
knowledge-base.

The overlay topology management and the
chunk scheduling of information has been identi-
fied as key features for the application to be net-
work-friendly. The first function makes it
possible to build efficient and rational overlay
topologies that are correctly mapped on top of
the transport network structure (e.g., considering
the minimal number of hops between neighbors,
locality w.r.t. Autonomous Systems, etc.). The
second function guarantees that the network
capacity is exploited without waste (e.g., by mini-
mizing retransmissions and pursuing an efficient
distribution of chunks, etc.).

These key features must, however, be sup-
ported by measurements that in most cases are

dynamic and can only be implemented in the
application overlay itself. As a consequence, the
Measurement Module assumes a central role in
the system, and the development of efficient
algorithms and methods for measurement is just
as fundamental to the overall system as efficient
topology management and scheduling.

The described architecture is being imple-
mented in the NAPA-WINE project and is made
publicly available as software libraries under
LGPL license, freely downloadable from the
project web site.
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