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Abstract

The ever increasing demand for video content directed the focus of re-
search from traditional server-based schemes to peer-to-peer systems for video
delivery. In such systems, video data is delivered to the users by utilizing the
resources of the users themselves, leading to a potentially scalable solution.
Users connect to each other, forming a p2p overlay network on top of the
Internet and exchange the video segments among themselves. The perfor-
mance of a p2p system is characterized by its capability to deliver the video
content to all peers without errors and with the smallest possible delay. This
constitutes a challenge since peers dynamically join and leave the overlay and
also contribute different amounts of resources to the system.

The contribution of this thesis lies in two areas. The first area is the
performance evaluation of the most prominent p2p streaming architectures.
We study the streaming quality in multiple-tree-based systems. We derive
models to evaluate the stability of a multiple tree overlay in dynamic scenarios
and the efficiency of the data distribution over the multiple trees. Then, we
study the data propagation in mesh-based overlays. We develop a general
framework for the evaluation of forwarding algorithms in such overlays and
use this framework to evaluate the performance of four different algorithms.

The second area of the thesis is a study of streaming in heterogeneous p2p
overlays. The streaming quality depends on the aggregate resources that peers
contribute to the system: low average contribution leads to low streaming
quality. Therefore, maintaining high streaming quality requires mechanisms
that either prohibit non-contributing peers or encourage contribution. In this
thesis we investigate both approaches. For the former, we derive a model to
capture the evolution of available capacity in an overlay and propose simple
admission control mechanisms to avoid capacity drainage. For the latter, in
our last work, we propose a novel incentive mechanism that maximizes the
streaming quality in an overlay by encouraging highly contributing peers to
offer more of their resources.
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Chapter 1

Introduction

In this chapter we present a brief discussion on video delivery over the Internet and
introduce the concept of peer-to-peer streaming, which constitutes the core subject
of this thesis. Then, we briefly state the objectives of this thesis and present the
outline.

1.1 Background

Streaming of video contents was initially introduced as a typical client-server ap-
plication. A video, stored in or originating from a server, is delivered directly by
the server to the viewers upon request. The delivery of a live video stream to a
large number of viewers using this client-server paradigm requires not only huge
upload bandwidth for the server but also incurs high levels of redundancy in the
access link of the server, as the same data is replicated on the link as many times
as there are viewers. Given the high and ever increasing demand for video content,
this solution is not adequate for live streaming.

As an answer to the scalability issue for media delivery, two solutions have been
proposed. The first is IP multicast. IP multicast, which is not restricted only to
video traffic, strives to deliver data from one source to many recipients, using the
network resources as efficiently as possible. As it is implemented on the network
layer, it requires that routers support the multicast functionality. The lack of large
scale deployment of IP multicast-enabled routers in the Internet core prevents,
though, the extensive use of this solution.

The second solution for accommodating a large audience is that of Content
Delivery Networks (CDN) [1]. A CDN consists of a set of geographically dispersed
servers, that relay the video content from its source to the viewers. As a concept it
is similar to IP multicast and tries to minimize the redundancy of transmissions over
the physical Internet topology. It differs, though, from IP multicast as it operates
at the application layer, the intermediate servers being just high capacity end hosts.
However, even with CDNs the problem of scalability is only partially solved. An
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2 CHAPTER 1. INTRODUCTION

increase in demand for the content still requires improvements in infrastructure,
which are both costly and time consuming to deploy.

The most promising multicast solution with respect to scalability is streaming
using peer-to-peer systems. In such systems, peers (end-hosts) establish connections
with each other and form overlay networks. These networks are called overlays,
because they use the Internet topology as a substrate. Peers in an overlay contribute
resources, namely bandwidth and processing power, to disseminate the stream.
This means that the system can ideally scale very well as the quantity of resources
increases proportionally to the number of peers in the overlay.

1.2 Objectives

The performance of peer-to-peer streaming systems is the streaming quality they
can provide to the peers. It depends on the structure of the overlay as well as the
way peers exchange data with each other. The objectives of this thesis are to:

• Analyze the video delivery efficiency in peer-to-peer streaming systems.

• Evaluate the performance of different peer-to-peer streaming architectures to
find their advantages and disadvantages.

• Investigate the impact of the different levels of contribution by the peers on
the streaming quality.

1.3 Thesis structure

In chapter 2, we introduce the performance requirements of a peer-to-peer streaming
system and present the metrics that we are going to use in our analysis. Chapter
3 gives an overview of streaming using tree-based overlays. In chapter 4 we discuss
mesh-based streaming. Chapter 5 provides a summary of the papers included in
the thesis along with the contribution of the author of this thesis to each paper.
Chapter 6 discusses open issues in the area of peer-to-peer streaming and states
potential directions for future research.



Chapter 2

Performance requirements and
metrics for p2p streaming systems

The perceived quality of video delivered over the Internet is generally characterized
by two factors: distortion and delay. Distortion of the received video, as introduced
by the network, is evaluated with respect to the original video sent by the server.
Parts of the video might not arrive to end hosts due to errors in the network or
congestion, leading to the reception of a video that is not identical to the one sent
by the server. The video playback delay is the time elapsed from the moment
one requests a video until it is projected on one’s screen. The sending of video
data between two end hosts in the Internet introduces a varying delay per packet,
depending on the current network conditions. This makes it necessary to delay the
playback for some period in order to increase the probability that video packets are
received before they are requested for playback.

The above mentioned distorting factors are magnified in peer-to-peer streaming
systems. Distortion effects can be aggravated due to error propagation in the over-
lay, since peers cannot forward content that they have not received. Furthermore,
since data arrives to a peer after being relayed by other peers, delays and delay
variations are accumulated on the path from the server to all peers. The accumu-
lation of delays means that peers may not display the video at the same time, even
though the video is supposed to bear live content.

The metrics that characterize the quality of live video delivered by a peer-to-
peer streaming system take into account the distortion of the video content as well
as the timeliness of video delivery and the difference in the delivery times among
peers. High quality implies that peers receive a video that is identical to the one
sent by the server and that the time it takes for each part of the video stream
to reach the peers is as low as possible and approximately the same for all peers.
More specifically the most common metrics, that we are also going to refer to in
this thesis, are the following:
Playback continuity (Playout probability): it reflects the quality of the stream that a
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peer receives. Playout probability is expressed as the ratio of successfully rendered
data at the receiver.
Startup delay: it is the time it takes from the moment a user requests a stream until
it starts to project on her screen. It can be broken down into two distinct time
intervals: channel setup time and buffering delay. During channel setup, a peer
looks for peers that are watching the same stream and that can serve as suppliers
of the stream. After channel setup a peer does not start to play out the received
content immediately, but it initially buffers the content. Buffering is required in
order to overcome variations in packet delivery times and increase the probability
of seamless playback. A metric, similar to the startup delay, is the zapping delay,
which is the time it takes from the moment a user switches channel until the new
channel projects onto her screen.
Playback delay: it is the time difference between the time that a video chunk is
generated at the server and the time this chunk is rendered at a peer. The lower
the playback delay is, the more realtime is the viewing experience of the users.
Playback lag: it is the time difference between the rendering of the same chunk in
two different peers in the overlay. Playback lag is not an issue when it comes to
streaming pre-recorded video, but is a significant dissatisfaction factor when live
streaming is considered.

2.1 Challenges for p2p streaming systems

The construction of a peer-to-peer streaming system that is able to deliver high
quality video to the participating peers requires achieving good overall performance
with respect to the aforementioned metrics. To this end, there is a number of
challenges that have to be dealt with and which are related to the operation of
a peer-to-peer system. First, a peer-to-peer system has to be resilient to churn,
which is the joining and leaving of peers in the overlay. Churn can affect the
playback continuity of the stream since departure of supplying neighbors may lead
to unrecoverable loss of data at a peer. Therefore, the overlay maintenance protocol
has to locate new suppliers as fast as possible to alleviate the impact of a departure
on the playback continuity of a peer.

Second, a peer-to-peer streaming system should scale well with the number of
participating peers. As the overlay increases in size, the delay of delivering video
data to all peers increases, and so does the playback delay, since the video has to be
forwarded from one peer to another until it reaches all peers. As far as scalability
is concerned the challenge is two-fold. First, the playback delay has to scale well
with the number of peers, meaning that the increase in the average playback delay
as the overlay size increases should be such that it does not have a severe impact
on the streaming experience of the peers. Second, the system should maintain a
small playback lag among peers, so as not to destroy the live experience.

A third challenge of a peer-to-peer streaming system design is the utilization
of heterogeneous bandwidth resources. The upload bandwidth contribution of the
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peers determines the feasibility of streaming to all peers at a given rate. Streaming
feasibility depends on the so-called resource index, which is the ratio of the average
upload bandwidth contribution over the video encoding rate. If the resource index
is larger or equal to 1, then streaming is theoretically feasible. In today’s Internet,
the upload bandwidths of the peers can be very different with respect to the stream
rate and, moreover, the asymmetric nature of some access technologies can lead to
low resource index values. Therefore, a peer-to-peer system should leverage peer
contribution and maintain a high resource index, in order to ensure streaming
feasibility.

Apart from physical limitations, the resource index can also be constrained
by the unwillingness of peers to contribute. Peers that want to receive data but
not participate in the video dissemination are called free-riders. Free-riders are
a threat to the system because they consume its resources without contributing
any, thus lowering the resource index. Therefore, it is important to design peer-to-
peer systems that provide incentives to contribute and that prioritize contributing
peers.





Chapter 3

Tree-based streaming

The first overlay architecture proposed for p2p streaming was that of the single
tree. In this case all peers are organized in a tree rooted at the server node, which
is the source of the stream. Each node in the tree can have as many children as
its capacity with respect to the streaming rate allows. The tree construction and
the parent-child relations are determined by factors such as the end-to-end latency
between peers [2], available bandwidth, or the underlying physical topology [3]. A
packet is sent out from the source to its children in the first layer and they, in turn,
push it to their child-peers until all the peers in the tree receive it. Though it is
a structure simple to construct, the single tree architecture has many drawbacks.
First, few peers bear the load of forwarding, while most of the peers are leaf nodes
and do not contribute to the overlay at all. Second, a peer that does not have upload
capacity at least as high as the streaming rate cannot be used for forwarding, and
has to become a leaf node. This leads to suboptimal utilization of the available
resources. Third, the single tree structure is vulnerable to peer departures. When
a peer in the higher layers of the tree departs, all of its descendants, that is the
peers in the subtree rooted at the departed peer, will be cut off from the overlay
and they will not receive anything until they are reconnected to the tree. Fourth,
the depth of the overlay can become quite large, which leads to peers in the last
layers having a large playback lag compared to the ones in the layers close to the
root.

To increase the resilience of the overlay and to improve the capacity utiliza-
tion, multiple-tree solutions have been proposed. Peers are organized in an overlay
consisting of more than one trees. Each peer becomes member and receives data
in all trees. The server is the root of all the trees and in each tree a peer is as-
signed a different parent. A peer is an internal node and forwards data in some
of the trees and is a leaf node and only receives data in the rest of the trees. The
stream is divided into sub-streams and different parts of the stream are sent down
different trees. In the following sections we present the general characteristics of a
multiple-tree based overlay. We investigate the efficiency of the construction and
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8 CHAPTER 3. TREE-BASED STREAMING

maintenance of the overlay in dynamic scenarios. Then, we address the issue of
data propagation in multiple-tree overlays. We also investigate the impact of peer
heterogeneity. At the end of each section, we state the contributions of this thesis
with respect to the subject covered by the section.

3.1 Tree construction and maintenance

In multiple-tree overlays, the tree construction has to fulfil two requirements. First,
it has to exploit path diversity in delivering data [4], that is, peers should receive
data through different overlay paths in different trees, alleviating thus the effect of
peer departures. Second, a tree construction algorithm has to create trees that are
as shallow as possible. This requirement is significant since the number of layers of
the tree is mapped to playback delay at the peers. Peers that are situated far away
from the root experience large delays compared to the ones that are high up in the
tree. The fulfillment of these requirements is especially challenging for an overlay
under churn.

In the first multiple-tree construction algorithm proposed in [5], each peer be-
comes member of all trees and forwards data in each tree. In each tree a peer
receives and forwards a sub-stream. Whenever a peer needs to be inserted in a
tree, the overlay construction algorithm returns the peer with available capacity
situated closest to the root. Available capacity refers to the ability of a peer to for-
ward the sub-stream in that tree. Since using this algorithm, peers have one child
per tree, these trees are called minimum breadth trees. An example of such an
architecture for a small overlay of 12 peers, organized in 3 trees and with the server
having 3 children per tree, is shown in Fig. 3.1. Minimum breadth tree architecture
offers the advantage of easy maintenance, even in periods of high churn. However,
the depth of the formed trees grows linearly with N , the number of peers in the
overlay (O(N)). Due to the long paths from the source to all peers, a peer departure
affects on average many peers, even if the the time needed for tree reconstruction
is very short. Furthermore, the playback delay for peers that are in the last layers
of the overlay can be large, which is undesirable for a streaming architecture.

Lower delays and high diversity can be achieved when peers are internal nodes
with many children in one tree and leaf nodes in the others. When peers have all
their children in one tree, trees in the overlay have the minimum possible depth,
therefore they are referred to as minimum depth trees. An example of a minimum
depth tree overlay is shown in Fig. 3.2, where we show an overlay of 12 peers,
organized in 3 trees and with the server having 3 children per tree. In minimum
depth trees the depth of the trees is O(logN), which yields a shorter average play-
back delay and better scalability in the number of peers, compared to the minimum
breadth trees. Peers forward the sub-stream that they receive in the tree where
they are internal nodes. In the rest of the trees they only receive data but do not
forward it further. Such overlays were initially introduced in [5] and [6]. In the first
work the construction of the overlay is conducted by a centralized node, while in
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Figure 3.1: A minimum-breadth tree overlay of 12 peers organized in 3 trees and
with the server having 3 children per tree
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Figure 3.2: A minimum-depth tree overlay of 12 peers organized in 3 trees and with
the server having 3 children per tree

the latter it is coordinated by a distributed protocol.
The overlay construction and maintenance under churn for minimum depth

overlays is more involved compared to the one of minimum breadth trees. Main-
taining the overlay under churn introduces two challenges. The first challenge is
to maintain a balanced capacity allocation over all trees. When a peer joins the
overlay, it increases the capacity in the tree where it is forwarding and decreases
the capacity in the trees where it is only receiving. Therefore it is not necessary
that all trees have the same capacity at all times, even though trees have the same
number of peers. Similarly, when an internal node departs from a tree, there might
not be enough capacity to reconnect all its children in that tree, leading thus to
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Figure 3.3: Disconnection of peers after the consecutive departures of internal nodes
from the same tree of the overlay

some peers being disconnected. This phenomenon is depicted in Fig. 3.3, where
after the departure of peers 2 and 5, that were forwarding in the second tree, there
is not enough capacity for peer 6 to be connected to the tree. At the same time,
there is an excess of capacity in the first and third trees that could be used to serve
peer 6. Disconnected peers have to remain in this state until a new forwarding
peer arrives in that tree or some leaf peer departs. Alternatively, the overlay has to
be re-organized to balance the available capacity among the trees. The streaming
quality is affected in both cases. Therefore, one of the targets of the construction
algorithm is to keep the available capacity balanced over all trees.

The second challenge of the tree maintenance algorithm is to keep the trees at all
times as shallow as possible. Whenever a peer needs to be connected, or a subtree re-
connected, the tree construction algorithm has to locate the available position that
is closest to the source of the stream. When trees are optimally maintained, the leaf
nodes are in the same layer at each tree in the overlay. Optimal tree maintenance
requires reorganizing the overlay at each peer departure. After the departure of an
internal peer, its children along with their descendants have to be reconnected to
the tree. Optimal maintenance with respect to the depth of the tree suggests that
each peer in the disconnected subtrees, rooted at the children of the departed peer,
issues a separate reconnection request and is individually reconnected to the tree
[7]. However, this incurs a large overhead, specially when the departed peer is high
up the tree. Therefore a more practical method that sacrifices tree optimality for
lower overhead reconnects only the children of the departed peer to the tree, while
the whole subtree below them remains unchanged [8].

By the above discussion on the two types of multiple-tree overlays we can see
a trade-off between the maintenance cost of a shallow overlay and the existence of
disconnected peers. Driven by this trade-off, we propose in this thesis the use of a
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generalized multiple-tree overlay, where peers can forward in a limited number of
trees. In the generalized overlay the depth of the trees is between that of the min-
imum depth and minimum breadth trees, but it still remains O(logN). However,
the fact that peers can become internal nodes in more than one tree, adds resilience
to the overlay since it allows transfer of available capacity from one tree to another
when necessary.

In paper A, we address the overlay stability issue for the generalized overlay.
We define three different policies regarding the allocation of a peer’s bandwidth
over the trees where the peer is forwarding. We present a markovian model that
approximates the evolution of the available capacity under churn and yields the
probability of a peer being disconnected. We show that the increase in the number
of forwarding trees of a peer results in a more stable overlay since the probability
of disconnection drops.

3.2 Data forwarding

Packets disseminated on an overlay path can be lost due to congestion in the under-
lying physical network, or due to the departure/failure of intermediate peers. The
loss of a packet on an overlay link does not only affect the recipient peer attached
to that link but also all of its descendants. As the loss propagates to the layers
below the one where it occurred, it reduces the stream quality for a potentially
large fraction of peers.

One way to deal with loss propagation in an overlay is through the use of
retransmissions [9]. Whenever a peer perceives loss of packets in its incoming link
it requests retransmission of the missing packets by its parents. This solution,
though, acts against the stringent delay constraints that streaming applications
impose and therefore has not received much attention. The other way of protecting
the overlay against loss propagation is through the use of channel coding, or joint
source channel coding schemes. Implementation of such coding schemes seems to
fit naturally multiple-tree based overlays, due to the path diversity that they offer.
These schemes include multi-layered coding, multiple description coding (MDC)
and forward error correcting codes (FEC). The use of such schemes in multiple-tree
based overlays is based on the expectation that a peer will be able to partially or
completely recover data that was lost on the path from the source to itself, as long
as the peer is not directly connected to the congested physical link.

Under multi-layered coding (for an overview of the scalable extension of H.264/AVC
see [10]) the video is segmented and encoded into a base and a number of enhance-
ment layers. The base layer provides a basic level of quality and each enhancement
layer - successfully received and decoded - enhances the quality of the stream. With-
out the reception of the base layer enhancement layers are useless. When the video
is segmented into layers then each layer can be error protected using redundant
information proportional to the significance of the layer [11]. Using MDC (for an
overview see [12]) , the video is coded into descriptions, where each description can
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be independently decoded and has more or less the same impact on the received
quality of the video. The more descriptions a peer is able to receive, the higher its
video quality is going to be. MDC has been combined with multiple-tree architec-
tures in order to overcome errors in the overlay, provide resilience to churn and to
account for peers that do not possess the adequate bandwidth to receive at the full
streaming rate [6, 13].

When FEC is employed, e.g. Reed-Solomon codes [14], data is segmented into
packets and for each k packets another c redundant ones are added in order to
form a block of n = k + c packets. When used with multiple-tree based streaming,
packets of a block are sent down the trees in a round-robin way. If a peer receives
any k out of the n packets in a block, it can reconstruct the rest. It is shown that
for any loss probability over an overlay link there is a level of redundancy that
can ensure delivery of data to layers arbitrarily far away from the server with a
probability greater than zero [15, 16].

In this thesis we extend [15, 16] to study the data distribution in a generalized
multiple-tree overlay using forward error correction and assuming homogeneous and
independent link losses. In paper B, we present a model that derives the packet
possession probability of an arbitrary peer as a function of the layer where it is
situated in its forwarding trees. We identify the existence of a stability region with
respect to the link loss probability. Within this region, the packet possession prob-
ability remains high and is not affected by the number of forwarding trees. Outside
the stable region though, the performance degradation is high and is negatively
affected by the number of forwarding trees of a peer. Moreover, we derive asymp-
totic bounds on the packet possession probability when the overlay consists of a
very large number of peers. We also conclude that the standard deviation of the
received packets in a block is an adequate measure to control the adaptation of the
FEC to the overlay conditions.

3.3 Peer heterogeneity

Early works in multiple-tree based streaming assumed homogeneous peers in terms
of upload bandwidth. More specifically it has been assumed that peers receive
and contribute the same bandwidth, equal to the stream rate. This simplifying
assumption has been crucial to model the tree construction and data distribution
in the overlay. However, it does not reflect the bandwidth distribution of the peers
in a real world scenario.

In today’s Internet, peers are far from homogeneous. There exist peers whose
upload capacity can be many times higher than the streaming rate, others with
upload capacities a couple of times the stream rate and a considerable fraction
of peers with upload capacities lower than the stream rate or no upload capacity
at all. As an indication of the bandwidth heterogeneity, in Table 3.1, we show
results obtained by a measurement study corresponding to a large streaming event
consisting of more than 100000 peers [7]. The degree of each peer category is
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Table 3.1: Indicative bandwidth distribution for a streaming event [7]

Type Degree Number of hosts
Free-riders 0 58646 (49.3%)
Contributors 1 22264 (18.7%)
Contributors 2 10033 (8.4%)
Contributors 3-19 6128 (5.2 %)
Contributors 20 8115 (6.8 %)
Unknown - 13735 (11.6 %)
Total - 118921 (100%)

defined as the ratio of upload bandwidth over the stream encoding rate. The
very large number of low and non-contributing peers can be partly explained by
the asymmetric nature of access technologies for many residential users. Users
connected through aDSL lines have fast downlink, enabling them to watch a video
at a high encoding rate, but not allowing them to forward it to other peers at
this rate. Furthermore, peers behind firewalls and NAT-enabled routers constitute
another factor that could explain these figures. Although, there have been many
firewall and NAT traversal schemes proposed ([17, 18] and references therein), they
have not been widely implemented.

Optimal streaming is achieved when the overlay delivers the stream to all peers
with the smallest possible playback delay. Basically, optimal streaming incorporates
two tasks: to maintain streaming feasibility and to achieve minimum delivery delay.
Feasibility depends on the sum of available upload capacities in the overlay with
respect to the stream rate. The playback delay depends on the depth of the trees
in the overlay. The more shallow these trees are, the lower is the average playback
delay. So, achieving optimal streaming consists of two tasks: forming an efficient
overlay and maintaining a peer contribution high enough to make streaming feasible.

For a given composition of the overlay in terms of peer upload contribution,
minimum delay streaming occurs when data is diffused to the peers in descending
order with respect to upload bandwidth [19]. That is, faster peers receive packets
earlier than slower ones. Therefore, to minimize the delay for an individual tree
would require a fast peer being able to replace a slower one at its position in the tree
structure [20, 21]. The slower peer is then reconnected as a child of the faster one
or as a child of another peer with available capacity. We refer to the replacement
of a peer in a tree structure by a faster peer as preemption. When considering a
multiple-tree overlay as a whole though, preemption in a tree must not be based
on the contribution in one specific tree only. In [20], the authors using simulations
based on real and synthetic traces, show that preemption should depend on the
contribution of a peer in all trees and not on its contribution in an individual tree.

Besides overlay construction, optimality of streaming depends on achieving an
adequate level of contribution that allows transmitting the stream to all peers.
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The contribution of peers with their upload bandwidth can be regarded in two as-
pects. The first is the willingness of the peers to contribute and the second is the
physical limitation on the contributed capacity of the peers. As far as the willing-
ness is concerned, there are a number of schemes proposed to enforce cooperation,
mostly inspired by file sharing peer-to-peer systems. In [13], the authors consider a
multiple-tree based overlay consisting of peers with various capacities ranging from
zero contribution (free-riding) up to many times the stream rate. A taxation scheme
is proposed so that peers with high capacities, contribute more than they receive
in order to make streaming feasible to all peers. An incentive scheme that relates a
peer’s contribution to its received stream quality is presented in [22], where peers
maintain a number of backup parents that is proportional to their contribution. A
peer can switch parents if receiving the stream from a backup parent incurs a lower
playback delay than the one it currently perceives. Thus, under this scheme peers
that contribute more, receive the stream at a low delay with high probability.

However, in the absence of reputation or incentive based systems that enforce
cooperation, when the upload capacity is not enough to stream to all peers, there
can be two options for providing seamless streaming to all peers at a given rate. The
first one is to lower the streaming rate to a sustainable one given the composition
of the overlay. The second option is to implement an admission control policy that
does not allow the demand to exceed the available supply of resources in the overlay
for a given streaming rate. Both schemes require fast and efficient adaptation to
the dynamic network conditions.

In this thesis, we address the issue of providing seamless streaming in dynamic
peer-to-peer overlays through admission control. In paper C, we consider the prob-
lem of providing seamless streaming at a given rate to all peers in an overlay
consisting of contributing and non-contributing peers. We develop a model that
describes the evolution of the overlay capacity over time. We propose two admis-
sion control schemes that block or drop non-contributing peers when the overlay
resources decrease to a point where streaming to all peers becomes infeasible. We
implement our scheme to a multiple-tree overlay and show that it leads to high
resource utilization, while at the same time it ensures that, once admitted, peers
experience high streaming quality.



Chapter 4

Mesh-based streaming

Considering churn as the main factor that impedes seamless streaming, mesh-based
systems focus on creating an overlay that adapts fast to network changes. The
rationale is that peers must not waste time in maintaining the overlay and peer
departures should be dealt with promptly. So, the overlay construction in mesh
systems is simple and fast. This nature of the mesh-based systems, though, has an
impact on the forwarding behavior of the peers. In the lack of a rigid structure,
data forwarding becomes a task that requires intelligence on the side of the peers.

This reveals the contrast between tree-based and mesh-based systems. In the
former, the overlay construction is more sophisticated and costly in terms both
of time and complexity, while data forwarding is trivial. Whereas in the latter,
building the overlay is simple, inexpensive and fast but forwarding is more complex.
In this chapter we discuss the characteristics of the main components of a mesh-
based system: overlay construction and data forwarding. We also address the issue
of maximizing the streaming quality in heterogeneous mesh overlays by providing
peers with incentives to contribute.

4.1 Overlay construction

In a mesh overlay, the goal of a peer is to maintain a large enough number of
incoming connections, so that it can overcome potential neighbor departures. The
overlay is built in a distributed way and each peer is only aware of a small subset of
participants, which constitutes its neighbors. The neighbor selection policy differs
from system to system but the intent is to keep the neighbor selection process
simple and fast. The simplest policy to select a neighbor is at random. A peer
receives a randomly generated list of peers already connected to the overlay and
tries to establish connections to them. This approach, though, does not take into
account any parameters of the underlying network topology that could optimize the
data exchange. More complex neighbor selection policies base the establishment of
neighbor relationships on criteria such as available bandwidth and latency [23].
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In the context of this thesis we assume an overlay where the neighbor selection
is random and the only limitation is on the maximum number of neighbors that a
peer may have.

4.2 Data distribution

In contrast to tree architectures, forwarding in mesh overlays is not a straightfor-
ward process. The lack of a concrete structure that defines the flow of data from a
peer to its neighbors makes it impossible to determine in advance the path through
which data is diffused. In mesh systems, video data is segmented into data units,
which are sent from the server and then relayed by the peers. The data units are
usually referred to as packets, chunks, or segments. We will refer to them as pack-
ets, but in order to avoid confusion, we emphasize that, by that term, we refer
to the application layer data unit. Packets are forwarded based on decisions taken
locally at the peers. These decisions are based on information about the availability
of packets in neighboring peers.

In mesh overlays, data packets can be exchanged following the push or pull
approach. In either case a peer has to make a decision of which packet to send
to which neighbor (push scheme), or which packet to ask from which neighbor
(pull scheme). Both approaches come with their pros and cons. A push approach
is expected to work better for uplink constrained peers, since it avoids multiple
requests for packets at a peer. On the other hand, a pull approach is a good
choice for downlink constrained peers since a peer can control the incoming rate
of packets from its neighbors. For both schemes however, the lack of coordination
among peers that emerges in such a distributed environment creates inefficiencies
in the data propagation. In a push based system, this is translated to multiple
copies of packets sent to the same peer by its neighbors. In pull systems, a peer
can be flooded with a number of packet requests from its neighbors that is larger
than the maximum number of requests that it can serve. Both phenomena lead to
suboptimal performance of the forwarding schemes.

Regardless of the forwarding logic employed, each packet is sent out from the
server and it reaches all peers by forming a spanning tree over the overlay graph.
Since, the forwarding decisions are taken locally at each peer, the degree and depth
of the tree for each packet cannot be known a priori. Moreover, the trees that are
formed for each packet can be very different, as depicted in Fig. 4.1, where we
plot the paths for two packets in a stream over an overlay of 9 peers. The non-
deterministic tree structure that is formed for the delivery of each data packet to
the peers creates two issues worth exploring. First, to determine whether a packet
can be delivered to all peers in the presence of a forwarding algorithm. Second, to
find an upper bound on the time it takes from the moment the packet is sent out
from the source until it reaches all peers. A perfect forwarding algorithm guarantees
the reception of a packet by all peers and, for a given overlay, gives a deterministic
bound on the time to deliver a packet to all peers [24]. However, such an algorithm
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Figure 4.1: Spanning trees that are formed for the packet delivery of two packets
in a mesh overlay consisting of 9 peers

is not feasible due to the distributed nature of forwarding in mesh-based systems.
Instead, the efficiency of a realistic forwarding algorithm in delivering the stream
on time is expressed by the playback delay and playout continuity characteristic
curve.

Numerous works address the issue of data propagation in mesh-based overlays
by proposing and evaluating different scheduling algorithms. In [25] it is shown that
optimal streaming is possible in fully connected meshes and the authors propose
scheduling algorithms for the cases when the bottleneck is at the uplink or at the
downlink of the peers. In [26], the authors derive the playback delay – continuity
curves for various push forwarding algorithms assuming a fully connected mesh
and perfect coordination among the peers. In [27, 28, 29], the authors suggest a
combination of push and pull approaches to coordinate the packet exchange and to
avoid collisions of data packets at the receiving peers, or of request packets at the
sending peers.

Besides the analytic approaches, an insight on the performance of live peer-to-
peer streaming systems is also obtained by carrying out measurements on exist-
ing systems. In the recent years, there have been numerous popular peer-to-peer
streaming applications that were able to attract millions of viewers and most of
which are proprietary. Measurement studies are thus the only way to evaluate their
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performance, including the effect of parameters that are not easy to evaluate ana-
lytically. Measurement studies help us to obtain an understanding about the peer
membership and forwarding logic of these applications. There, one can see different
approaches as far as forwarding is concerned. In [30], the authors conclude that
there are applications, such as PPLive, where peers receive the video mostly from
a small set of peers, while in other applications (e.g. SopCast), peers receive data
from many other peers at the same time. Furthermore, measurement studies enable
us to evaluate the performance of streaming systems with respect to metrics that
cannot easily be captured via analytical approaches, such as startup delays. In
[31], the authors find that startup delays can vary from some seconds to a couple
of minutes depending on the stream popularity, which reveals a major problem of
peer-to-peer streaming in general.

In this thesis we address the issue of playback delay and playback continu-
ity trade-off by building a general framework for evaluating different forwarding
schemes. In paper D, we propose a model to describe the data propagation in an
overlay consisting of peers with an upload capacity equal to the stream rate. We
assume that the overlay is a regular graph and there is no coordination among
peers. Based on the model and simulations we derive the playback delay - continu-
ity characteristics for various forwarding algorithms and show that random packet
forwarding exhibits good delay characteristics and scalability. Moreover, we in-
vestigate the impact of the number of neighbors of a peer and conclude that it is
positively correlated to the playout probability for small values but after it reaches
a threshold value, it no longer affects the playout probability. We also deal with
the issue of the imperfect information at the peers and show that even small delays
in the control information exchange lead to fast decrease of the playout probability.

4.3 Streaming in heterogeneous meshes

One of the reasons why mesh-based streaming has become the predominant solution
for delivering live video is its flexibility in handling different contribution levels. A
mesh overlay is adequate for streaming using peers with various and also varying
upload bandwidths. At any point in time a peer uploads with as much capacity
as it has available and bandwidth variations do not require reorganization of the
overlay structure.

As already stated in section 3.3, optimal streaming in heterogeneous overlays
depends both on the structure of the overlay and the level of peer contribution.
The difference in the mesh overlay, compared to the multiple-tree overlay is that its
distributed nature makes the fulfillment of these two requirements more difficult.
Maintaining the trees as shallow as possible by hierarchically placing the peers in
the trees based on their upload bandwidth is not a trivial task, since the shape of the
trees over which packets are forwarded depend on local decisions taken at the peers
and is not known a priori. Furthermore, the implementation of a central incentive
scheme that enforces peer cooperation is difficult and opposes the intention to keep
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the system distributed and simple. However, several works have dealt with the
issue of optimal streaming in mesh overlays by addressing the above mentioned
challenges.

According to [19], faster peers have to receive packets earlier than slower ones.
Using that as a basis, the authors in [32] propose a low delay IPTV system where
peers with high contribution are pushed closer to the server, improving thus the
delay performance of the overlay. A similar approach is presented in [33], where
peers select their parents based on the measure of power, which takes into account
both the bandwidth of the peer as well as the latency between the two peers.

Besides the construction of the overlay, maintaining a contribution level ade-
quate to sustain streaming to all peers is not an easy task in a mesh-based system.
The absence of a centralized monitoring scheme can neither guarantee nor enforce
peer cooperation through the implementation of an admission control scheme, in
contrast to a tree based solution. Therefore, most of the proposed solutions to en-
force cooperation are implemented in a distributed way by the peers. The majority
of these schemes are inspired by the incentive mechanisms for peer-to-peer file dis-
tribution and relate a peer’s contribution to the stream quality that it receives.
In [34], a rank-based tournament is proposed, where peers are ranked according
to their total upload contribution and each peer can choose as neighbor any peer
that is below itself in the ranked list. Thus, peers that have high contribution have
also higher flexibility in selecting their neighbors. In [35], the authors propose a
payment-based incentive mechanism, where peers earn points by uploading to other
peers. The supplier peer selection is performed through first price auctions, that is,
the supplier chooses to serve the peer that offers her the most points. This means
that peers that contribute more, accumulate more points and can make high bids,
thus increasing their probability of winning an auction for a parent. Differentiated
streaming quality can be obtained by using joint source-channel coding techniques
and a distributed incentive mechanism on the peers, as in [36] with layered video
coding and in [37] using multiple description coding.

Nevertheless, the incentive mechanisms proposed in the literature start, to a
large extent, from the assumption that peers have the ability to contribute but re-
frain from doing so. However, peers might be unable to have a substantial contribu-
tion with respect to the stream rate because of their last-mile connection technology
and not their unwillingness to contribute. Most DSL and cable Internet connec-
tions are asymmetric, hence peers may have sufficient capacity to, e.g., download
high definition video but insufficient capacity for forwarding it. Similarly, in high-
speed mobile technologies, such as High Speed Downlink Packet Access (HSDPA),
the download rates are an order of magnitude higher than the upload rates [38].
Incentive schemes that relate a peer’s contribution to its streaming quality, fail to
provide adequate quality for peers that have limited contribution. It is reasonable,
though, for one to argue that these peers should not be denied service by the overlay
as long as there is available capacity to serve them as well.

In this thesis we study the data propagation in heterogeneous mesh overlays. In
paper E, we consider overlays consisting of contributing and non-contributing peers.
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We model the behavior of the contributing peers with respect to their generosity
against their non-contributing neighbors and study the social welfare of the system.
We show that when contributors are selfish the social welfare is sub-optimal. There-
fore, we propose an incentive mechanism to maximize the social welfare, which uses
the server’s capacity as an incentive for contributors to upload to non-contributing
peers as well. We prove that our mechanism is both individually rational and
incentive compatible.
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Summary of original work

Paper A: On the Performance of Multiple-tree-based
Peer-to-peer Live Streaming

György Dán, Viktória Fodor and Ilias Chatzidrossos. In Proceedings of IEEE
INFOCOM, Anchorage, Alaska, May 2007.

Summary: In this work we address the problem of maintaining a well con-
nected overlay under peer dynamics. We propose and analyze a generalized multiple-
tree-based overlay architecture. We develop a mathematical model that describes
the available capacity in the trees and yields the probability of peer disconnection.
We show how the connectivity of the overlay improves with the proper allocation of
the upload bandwidths of the peers among the trees without compromising stream-
ing quality.

My contribution to this work was the construction of a simulator and the simulation-
based performance evaluation of the proposed multiple-tree based architecture under
churn.

Paper B: Streaming Performance in Multiple-tree-based Overlays

György Dán, Viktória Fodor and Ilias Chatzidrossos. In Proceedings of IFIP Net-
working, Atlanta, Georgia, May 2007.

Summary: In this work we evaluate the data transmission performance of the
generalized multiple-tree-based overlay architecture for peer-to-peer live streaming
that employs multipath transmission and forward error correction. We give math-
ematical models to describe the error recovery in the presence of packet losses. We
evaluate the data distribution performance of the overlay, its asymptotic behavior,
the stability regions for the data transmission, and analyze the system behavior
around the stability threshold. We argue that the composed measure of the mean
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and the variance of the packet possession probability can support adaptive forward
error correction.

My contribution to this work was the construction of a simulator and the simulation-
based performance evaluation of the data transmission using FEC under a multiple-
tree based architecture.

Paper C: On the effect of free-riders in P2P streaming systems

Ilias Chatzidrossos and Viktória Fodor. In Proceedings of the 4th Telecommunica-
tion Networking Workshop on QoS in Multiservice IP Networks, pages 8-13, Venice,
Italy, February 2008.

Summary: Peer-to-peer applications exploit the users willingness to contribute
with their upload transmission capacity, achieving this way a scalable system where
the available transmission capacity increases with the number of participating users.
Since not all the users can offer upload capacity with high bitrate and reliability,
it is of interest to see how these non-contributing users can be supported by a
peer-to-peer application. In this paper we investigate how free-riders, that is, non-
contributing users can be served in a peer-to-peer streaming system. We consider
different policies of dealing with free-riders and discuss how performance parameters
such as blocking and disconnection of free-riders are influenced by these policies,
the overlay structure and system parameters as overlay size and source upload
capacity. First we present a model that describes the performance of optimized
overlays under the different policies, then we evaluate via simulations how more
rigid overlay structures such as multiple-trees behave under the same conditions.
The results show that while the multiple-tree structure may affect the performance
free-riders receive, the utilization of the transmission resources is still comparable
to that of an optimized overlay.

My contribution to this work was the modelling of the available capacity in the
overlay as well as the performance evaluation of the proposed schemes through the
use of analytical modelling and simulations. The main part of the paper was written
by the second co-author.

Paper D: Delay and playout probability trade-off in mesh-based
peer-to-peer streaming with delayed buffer map updates

Ilias Chatzidrossos, György Dán and Viktória Fodor. In P2P Networking and
Applications, May 2009.

Summary: In mesh-based peer-to-peer streaming systems data is distributed
among the peers according to local scheduling decisions. The local decisions affect
how packets get distributed in the mesh, the probability of duplicates and con-
sequently, the probability of timely data delivery. In this paper we propose an
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analytic framework that allows the evaluation of scheduling algorithms. We con-
sider four solutions in which scheduling is performed at the forwarding peer, based
on the knowledge of the playout buffer content at the neighbors. We evaluate the
effectiveness of the solutions in terms of the probability that a peer can play out
a packet versus the playback delay, the sensitivity of the solutions to the accuracy
of the knowledge of the neighbors’ playout buffer contents, and the scalability of
the solutions with respect to the size of the overlay. We also show how the model
can be used to evaluate the effects of node arrivals and departures on the overlay’s
performance.

My contribution to this work was the development of the analytical model for the
data propagation in the mesh-based overlay as well as the performance evaluation
through modelling and simulations. The paper was written in collaboration with the
two co-authors.

Paper E: Server Guaranteed Cap: An incentive mechanism for
maximizing streaming quality in heterogeneous overlays
Ilias Chatzidrossos, György Dán and Viktória Fodor. Technical Report TRITA-EE
2009:059. In Proc. of the 9th IFIP Networking 2010, to appear.

Summary: We address the problem of maximizing the social welfare in a peer-
to-peer streaming overlay given a fixed amount of server upload capacity. We show
that peers’ selfish behavior leads to an equilibrium that is suboptimal in terms of so-
cial welfare, because selfish peers are interested in forming clusters and exchanging
data among themselves. In order to increase the social welfare we propose tunable
scheduling algorithms and a novel incentive mechanism, Server Guaranteed Cap
(SGC ), that uses the server capacity as an incentive for high contributing peers to
upload to low contributing ones. We prove that SGC is individually rational and
incentive compatible. We also show that under very general conditions, there exists
exactly one server capacity allocation that maximizes the social welfare under SGC,
hence simple gradient based method can be used to find the optimal allocation.

My contribution to this work was part of the system definition, the development
of the model for the data propagation in the heterogeneous overlay and the per-
formance evaluation of the proposed system through simulations. The paper was
written in collaboration with the two co-authors.
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Publications not included in this thesis

• Gy. Dán, I. Chatzidrossos, V. Fodor and G. Karlsson,“On the Performance
of Error-resilient End-point-based Multicast Streaming”, in Proc. of 14th
International Workshop on Quality of Service (IWQoS), pp. 160-168, June
2006

• V. Fodor and I. Chatzidrossos, “Playback delay in mesh-based peer-to-peer
systems with random packet forwarding”, in Proc. of International Con-
ference on Next Generation Mobile Applications, Services and Technologies
(NGMAST), pp. 550-555, September 2008

• V. Fodor and I. Chatzidrossos, “Playback delay in mesh-based Peer-to-Peer
systems with random packet forwarding and transmission capacity limita-
tion”, in International Journal of Internet Protocol Technology, Vol. 3 , no.
4, pp. 257-265, December 2008



Chapter 6

Future work

In the context of this thesis we covered a significant part of the evolution of p2p
streaming systems, that is multiple trees and mesh-based streaming systems. De-
spite the existing fundamental results on the design and evaluation of such systems,
there are still challenges to be addressed in order to achieve optimal streaming in
realistic scenarios.

Although an extensive comparative study of the two architectures is not avail-
able, the research community has mainly focused over the last few years on mesh
streaming systems only. The reason for that is the low overhead in maintaining
the overlay under churn as well as the possibility for exploiting the peer bandwidth
more efficiently.

Within the area of mesh-based streaming, there has been extensive work on
forwarding algorithms and their properties using analytical tools, simulations and
prototype implementations. The results show that there are algorithms that exhibit
good playback delay – playout continuity characteristics, but are still far from what
is theoretically feasible. So it remains as an open question, although a difficult one
to answer, whether there exists a forwarding scheme, or a combination of existing
forwarding schemes that can achieve minimum delay seamless streaming in practice.

Besides data forwarding, achieving low delay streaming depends also on the
overlay construction. This is a field that has not received much attention as far
as mesh systems are concerned. Research work is mostly focused on the study
of forwarding algorithms over simple graph structures such as complete or regular
graphs. Therefore, it is still unclear what the impact of different topologies is on
the system performance. The topological properties would also yield an insight as
to whether optimal streaming is only a question of finding an optimal forwarding al-
gorithm, or whether it requires joint optimization of the overlay and the forwarding
algorithm given the set of participating peers.

Furthermore, the impact of heterogeneity of upload capacities on the streaming
performance is a subject still not fully explored. In our last work, we proposed
a new approach to make data delivery more efficient in an overlay consisting of
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contributing and non-contributing peers. As a next step, we intend to extend this
work to overlays where peers have upload contributions taken from a continuous
distribution. Let us also note that the issue of providing low delay streaming
under upload bandwidth heterogeneity is also closely related to the overlay topology
construction. It is clear that data should flow from high uploading peers to low
ones, but the convergence of the overlay to such a topology under churn requires
further investigation.

Finally, given the research results thus far, p2p streaming does not appear as
a competitor for traditional TV, or even IP-multicast based IPTV systems. It can
satisfy the demand for video streaming for a niche market, but it does not seem
to have the potential to substitute existing broadcasting systems for the general
public. However, it has great potential as an auxiliary component of a hybrid
multicast-broadcast system. The cost of offering live and on demand streaming
for a content provider, or ISP, can be alleviated through the use of a p2p system
that offloads the streaming servers. This can give rise to new business models for
subscription-based streaming services, in the context of which viewers are given
monetary incentives to upload and temporarily store video content.
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