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Abstract While Peer-to-Peer streaming has become
increasingly popular over the Internet during recent
years, the proper allocation of available resources
among peers in a resource constraint environment, re-
mains a challenging problem. In a resource constraint
environment, the allocated resources and thus deliv-
ered quality to individual peers should be proportional
to their contribution to the system, i.e., resource alloca-
tion should be contribution aware. This in turn results in
fairness among peers and encourages active contribu-
tion from participating peers which is essential for scal-
ability of P2P systems. However, contribution-aware
resource allocation is challenging due to the distributed
and dynamic nature of resources in P2P systems. In
this paper, we present a tax-based contribution-aware
scheme for live mesh-based P2P streaming approaches.
In our proposed scheme, individual peers use a tax
function to determine their number of parent peers
(i.e., their share of resources) based on the number
of their child peers (i.e., peers’ contributed resources)
and the aggregate available resources in the system. We
examine the behavior of a commonly used tax func-
tion, and describe how the contribution aware scheme
can leverage the tax function. Through extensive sim-
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ulations we demonstrate the ability of our proposed
scheme to properly allocate available resources among
participating peers over a wide range of scenarios. We
show that the amount of resources (i.e., bandwidth)
is divided across peers proportional to their contribu-
tion and in our default simulation setting the median
delivered quality to high bandwidth peers with high
contribution is improved by 100%. We believe that
our results shed an insightful light on the dynamics of
resource utilization and allocation in the context of live
mesh-based P2P streaming.
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1 Introduction

During recent years, Peer-to-Peer (P2P) overlays have
become increasingly popular for scalable delivery of
streaming content from a single source to a large num-
ber of receivers over the Internet (e.g., [1]). In this
approach that is generally known as P2P streaming,
participating peers form an overlay over which indi-
vidual peers contribute their outgoing bandwidth by
forwarding a subset of their available content to their
connected peers.

P2P streaming approaches can be broadly divided
into two classes: tree-based and mesh-based approaches.
In the tree-based approach, participating peers form
one or multiple tree-shaped overlay(s) where each peer
pushes a specific portion of the content (e.g., a sub-
stream or a description) to its child peers (e.g., [2–5]).
In the mesh-based approach, participating peers often
maintain a randomly connected mesh and incorporate
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swarming content delivery (e.g., [1, 6–10]). Mesh-based
P2P streaming approach enables participating peers to
contribute their resources (i.e., outgoing bandwidth)
more effectively which in turn improves the utilization
of available resources among peers and leads to a better
scaling property for mesh-based approach compared to
the traditional tree-based approach [11].

The feasibility of P2P streaming primarily depends
on the scalability of contributed (or available) re-
sources, namely outgoing bandwidth, with the number
of participating peers. In practice, the resources are
often insufficient to maximize the delivered quality to
individual peers [5]. Such a resource constraint sce-
nario occurs when a subset of participating peers are
unwilling or unable to contribute as much resources
as they demand, and this deficit can not be compen-
sated by the excess resources from other peers. Since
allocated resources to individual peers determine their
maximum delivered quality, in such a “resource con-
straint” setting, a fair scheme should allocate resources
to individual peers proportional to their contributed
resources (or their outgoing bandwidth) rather than
their demand (or incoming bandwidth). Moreover, ex-
cess resources of high bandwidth peers should be di-
vided to all peers proportional to their contribution.
Allocating resources in a contribution-aware fashion
provides incentives among participating peers to ac-
tively contribute their resources in order to improve
their own observed quality. Incorporating contribution-
awareness into P2P streaming is in essence, a distrib-
uted resource management problem which is challeng-
ing due to the distributed, heterogeneous and dynamic
nature of available resources as peers join and leave
the system. Because of these challenges, a majority of
studies on P2P streaming have not directly address the
issue of contribution-aware resource allocation.

In this paper, we propose a tax-based [12, 13]
contribution-aware scheme for live mesh-based P2P
streaming approach. Such a contribution-aware scheme
is a promising approach to effectively manage dis-
tributed and dynamic resources in P2P streaming by
controlling the connectivity (i.e., number of parents)
of individual peers. The effectiveness of incorporating
tax-based contribution-aware scheme in the context of
tree-based approach has been investigated by Sung et
al. [12]. We focus on the mesh-based approach due to
its superior performance and better scaling properties
compared to the tree-based approach [11]. Towards
this end, we make three main contributions as fol-
lows: First, we describe how a tax-based contribution-
aware scheme can be seamlessly incorporated into the
mesh-based P2P streaming. Second, we examine the
behavior of the proposed tax function in allocating

the available resources among participating peers for
different values of aggregate resources and tax rates.
We identify the so-called “saturated region” where high
bandwidth peers do not require their allocated share
of resources, and examine the ability of the proposed
scheme to effectively utilize these excess resources.
Third, we perform extensive evaluations of the pro-
posed contribution-aware scheme.

Towards this end, we show that the connectivity
of individual peers directly determines their observed
performance in the mesh-based P2P streaming. Then,
to incorporate the contribution aware scheme in the
context of mesh-based P2P streaming approach, each
peer uses a given tax function to determine the number
of parents it is “entitled” to (or its share of resources,
i.e., its incoming degree) based on the aggregate avail-
able resources in the system, and the amount of its
contributed resources. To effectively utilize the excess
resources in the system, the unsaturated peers can
further increase their incoming degree by adaptively
examining the possibility of increasing their number of
parents. Each peer as a parent, incorporates a preemp-
tion policy to properly allocate its resources between
existing and new child peers.

We investigate the effect of key design parameters
(e.g., tax rate and preemption policies) over a wide
range of scenarios using a realistic model for peer
dynamics and pairwise delay. In particular, we examine
how changes in aggregate available resources, distribu-
tion of contributed resources among peers, and group
size affect the allocation and overall utilization of re-
sources, as well as the stability of the overlay. Our main
findings are summarized as follows:

(1) The behavior of the proposed contribution-aware
scheme for mesh-based P2P streaming closely fol-
lows the theoretical model for allocated resources
across different tax rates and resource indices.

(2) The performance of high bandwidth peers can be
maximized when the value of tax rate is small.
In fact, in our default simulation settings, the
10th, 50th and 90th percentile of delivered quality
to high bandwidth peers are improved by 800%,
100% and 12%, respectively.

(3) Increasing the tax rate has an opposite effect on
the weighted average entitled and excess incoming
degree for the high and low bandwidth peers.

(4) Comparing the effect of various preemption poli-
cies, reveals that some of the policies significantly
increases the instability of the overlay. In our
default simulation setting, the percentage of stable
peers in a non-contribution-aware setting is 29%
which can be dropped to just 1.5% by some of the
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preemption policies. In our proposed scheme, the
percentage of stable peers reaches to 24% which
is comparable to the observed stability without the
contribution-aware scheme.

(5) Increasing the intervals of reporting the group
state, primarily affects short-lived peers in the
overlay as they are more sensitive to the obsolete
group state information. Moreover, increasing the
reporting interval decreases the utilization of re-
sources.

The rest of this paper is organized as follows:
Section 2 provides an overview of mesh-based P2P
streaming. In Section 3, we describe the proposed
contribution-aware scheme. Section 4 examines the be-
havior of the tax function. Our performance evaluation
methodology along with our evaluation results and
main findings are presented in Section 5. In Section 6,
we discuss the related work and finally, conclude the
paper and sketch our future plans in Section 7.

2 Mesh-based P2P streaming: background

To provide the required background, we present an
overview of PRIME [14] as a representative mesh-
based P2P streaming mechanism in this section. While
the description and discussions are centered around
PRIME, we believe that most of the issues and findings
are generally applicable to other mesh-based P2P
streaming systems. In the mesh-based P2P streaming,
participating peers maintain a randomly connected
overlay, namely a mesh over which they incorporate
swarming content delivery. Connections between peers
could be either directed where there is a parent-child
relation between peers or undirected where they are
neighbors. To consider a general case, we assume that
peers form a directed overlay where there is a parent-
child relationship between connected peers.1 In swarm-
ing content delivery, each peer progressively reports its
available content to its child peers. The packet schedul-
ing scheme at each peer periodically determines a sub-
set of packets that should be requested (i.e., pulled)
from each parent. In this context, with a well-designed
packet scheduling and enough buffer any parent can
provide useful content to its child peers.

To accommodate the bandwidth heterogeneity
among peers and adapt the delivered quality accord-
ingly, the video content can be encoded using either
layered coding (LC) or multiple description coding

1An undirected overlay is a special case of directed overlay, and
thus most of our discussion and findings are still valid.

(MDC). LC encodes the streaming content into one
base and multiple enhancement layers. The base layer
can be independently decoded, while the enhancement
layers can only be decoded cumulatively. Sequential
layers can be added/dropped to adapt the streaming
quality [15–17]. LC is sensitive to data losses of lower
layers (i.e., without a base layer the video content
cannot be decoded). On the other hand, MDC orga-
nizes the streaming content into several sub-streams
where each sub-stream can be independently decoded.
The delivered quality is proportional to the number
of received sub-streams. The choice of various coding
schemes clearly impacts the system design where MDC
allows for more design flexibility, and LC is better at
coding efficiency. We believe that flexibility of MDC
outweighs the efficiency of LC because it allows uti-
lization of outgoing bandwidth of any parent regardless
of which layer it has. Thus, in this paper, we focus on
MDC that allows each peer to receive the appropriate
number of sub-streams that are delivered through its
access link bandwidth and facilitates the incorporation
of contribution awareness into PRIME.2

To form an overlay, individual peers learn about a
random subset of participating peers by leveraging a
central (e.g., bootstrapping) or distributed (e.g., gossip)
peer discovery mechanism. Each peer tries to maintain
a certain number of parent peers from which it pulls
its required content while limiting the number of child
peers. For each peer, we denote the number of parent
and child peers as its incoming and outgoing degree,
respectively.

To effectively utilize the access link bandwidth of
peers, participating peers try to maintain their incoming
and outgoing degrees proportional to their incoming
(bwdown) and outgoing (bwup) bandwidth [14]. Using
the same ratio of incoming (or outgoing) bandwidth to
incoming (or outgoing) degree for all peers implies that
all connections have roughly the same average band-
width which is called bandwidth-per-flow or bwpf .
bwpf is a configuration parameter that is selected a
priori and known by individual peers. More specifically,
each peer tries to maintain its incoming and outgoing
degrees at � bwdown

bwpf � and � bwup

bwpf �, respectively.
A well-designed packet scheduling scheme deliv-

ers the content to all peers with a short delay. To-
wards this end, we adopt the best performing packet
scheduling scheme that achieves a good performance
even in resource-constrained and highly dynamic en-
vironments [6, 19]. Such a packet scheduling scheme

2Note that, many previous studies have used this intuition to use
MDC coding in their approach [12, 13, 18].
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periodically requests the latest available packets with
highest timestamps among parents. In addition, it re-
quests a random subset of other missing packets from
parents to fully utilize the incoming bandwidth. Given
the average outgoing degree of peers (OutDeg), out-
going degree of source (Degsrc) and the total peer
population of N, the minimum required intervals for
delivery of all packets to individual peers (buffer size)
through this well-designed packet scheduling scheme
has been studied in great depth and shown to be
(logOutDeg (N/Degsrc) + 3) intervals [1, 6].

Using peer connectivity to estimate allocated resources
Since all connections have roughly the same band-
width, the amount of resources (i.e., bandwidth) that
a peer contributes or consumes in the overlay can be
approximated by its outgoing and incoming degree,
respectively. More specifically, when the appropriate
packet scheduling and adequate buffer size at each
peer are used, the delivered stream quality to each
peer would be proportional to its incoming bandwidth
[20]. To demonstrate this point, we conduct ns simula-
tions where peers with heterogeneous and asymmetric
access link bandwidth form a directed and randomly
connected mesh. The MDC encoded streaming content
has ten descriptions and all descriptions have the same
rate of 160 Kbps. The incoming access link bandwidth
of all peers is set to 1.6 Mbps so that each peer can
receive the full quality stream. The outgoing access
link bandwidth of 20% of peers (high contributors) is
set to 2.4 Mbps while for the rest of the peers (low
contributors) is set to 400 Kbps. In this setting, the ratio
of demand to supply for resource (or resource index)
is 0.5. We evaluate the effect of bwpf by setting the
maximum incoming degree of each peer to be 12, 16
and 24 which results in bwpf of 66, 100 and 134 Kbps,
respectively. To satisfy the bandwidth-degree ratio for
the above settings, the outgoing degree of high and low
contributors are 18 and 3 (bwpf of 66 Kbps), 24 and
4 (bwpf of 100 Kbps) and finally 36 and 6 (bwpf of
134 Kbps), respectively. The peer population is 200
and source bandwidth is equal to the stream bandwidth
as 1.6 Mbps. The buffer size is computed as discussed
above (logOutDeg (N/Degsrc) + 3) and set to 6 intervals
(each interval is 6 sec in this set of simulations). The
simulation is run for 6,000 sec and we model peer inter-
arrival and session time based on prior empirical studies
on deployed P2P streaming systems [18, 21]. Figure 1
shows the 10th, 50th and 90th percentile of average
delivered quality among participating peers as a func-
tion of their incoming degree. Each line represents a
different bwpf . This figure clearly demonstrates that
for a fixed bwpf the delivered quality to individual

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 0  5  10  15  20  25

A
vg

. d
el

iv
er

ed
 q

ua
lit

y 
(D

es
cr

ip
tio

n)

Avg. incoming degree

bwpf=134Kbps
bwpf=100Kbps
bwpf=66Kbps

Fig. 1 Relationship between incoming degree and average deliv-
ered quality of individual peers

peers is directly proportional to their incoming degree,
regardless of the parameter choice of bwpf . Moreover,
by increasing bwpf with a smaller incoming degree,
peers can receive higher quality. This result implies
that the packet-level dynamics on content delivery has
minimal impact on the delivered quality when a well-
designed packet scheduling algorithm and sufficient
buffer size are deployed at each peer. Therefore, for a
fixed bwpf the incoming degree of each peer is a good
estimator of its observed quality (or its allocated share
of resources).3

3 Contribution-aware P2P streaming

The primary goal of a contribution-aware scheme is
to enable individual peers to determine their share
of available resources (i.e., bandwidth) in the system
based on the amount of resources they contribute as
well as the aggregate amount of available resources in
the system. Given the direct relationship between the
(incoming and outgoing) bandwidth and the (incoming
and outgoing) degree due to the bandwidth-degree con-
straint as described in Section 2, the contribution-aware
scheme in the context of live P2P mesh-based streaming
can be formulated as deriving the incoming degree of
a peer based on its outgoing degree. More specifically,
the goal of each peer is to determine its incoming
degree (i.e., the number of parents) based on (1) its
outgoing degree (i.e., the number of child peers), and
(2) the aggregate outgoing degree across all peers.

3Note that, the choice of bwpf is limited by the peer with
minimum bandwidth contribution and it can be set to a fraction
of it.
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To support the contribution awareness, each peer
i uses a generic cost function [13] to determine its
incoming degree Ri:

Ri = 1

t
Wi + t − 1

t

N∑

j=1

W j

N
, (1)

where t, N, and Wi denote the tax rate in the system,
number of participating peers, and the outgoing de-
gree that peer i is willing to contribute, respectively.
In essence, Ri presents the “entitled" share of system
resources for peer i and thus we refer to Ri as entitled
degree. As shown in (1), Ri is the sum of two terms.
The first term represents the incoming degree of a
peer due to its own contribution (Wi). The tax rate is
always greater than or equal to one (t ≥ 1) to balance
supply and demand for resources in the system. The
second term represents an even share of these extra re-
sources among participating peers. This share of excess
resources depends on the group state, namely group
population (N) and the amount of aggregate available
resources in the system (

∑
W j).

We assume that the tax rate t is a configuration
parameter and thus known to each participating peer.
If the group state information is known to individual
peers, they can use (1) to determine their entitled in-
coming degree. In Section 3.1, we describe a mechanism
to collect the required group state information and to
distribute them to participating peers.

In practice, the following two issues also contribute
to the extra resources. First, when the aggregate incom-
ing bandwidth of a peer reaches the maximum stream
bandwidth, it does not require extra incoming degree.
This implies that the incoming degree of peers is limited
by Dmax = BWmax

bwpf , where BWmax denotes stream band-
width. We call a peer as saturated when its entitled de-
gree exceeds the maximum required degree, i.e., Ri >

Dmax. Second, the entitled incoming degree of each
peer (Ri) can only take integer values. In order to avoid
over-estimating the amount of allocated resources to
each peer, we always use the floor of the resulting value
from (1). We can revise (1) to address these two issues
as follows:

Ri =
⎢⎢⎢⎣min

⎧
⎨

⎩

⎛

⎝1

t
Wi + t − 1

t

j∑

j=1

W j

N

⎞

⎠ , Dmax

⎫
⎬

⎭

⎥⎥⎥⎦ . (2)

To effectively utilize the excess resources in the sys-
tem, the unsaturated peers can further increase their
incoming degree. These extra incoming connections are
referred to as excess degree and denoted as ei. In sum-
mary, the total actual incoming degree of each peer (ai)
consists of two components: ai = Ri + ei ≤ Dmax. Note

that it is difficult to determine the amount of aggregate
excess resources in the system, due to the random and
dynamic nature of excess resources. In Section 3.2, we
describe how individual peers determine their excess
incoming degree in a distributed fashion.

Once a peer computes its entitled degree (Ri), it
intends to identify Dmax parents in the system. To-
wards this end, first each peer learns about a subset
of participating peers through a bootstrap node. Then,
it progressively contacts them to discover their ability
to serve as a parent. Each peer first establishes Ri

entitled connections and then explores the feasibility of
establishing some excess connections as we describe in
Section 3.2. The contribution-aware scheme should be
able to gracefully cope with the inherent dynamics of
peer participation, or churn. To achieve this goal, two
issues should be addressed: (1) individual peers should
periodically determine their entitled incoming degree,
and adapt their overall incoming degree accordingly;
(2) each peer should implement a preemption policy
to fairly manage the allocation of its outgoing degree
among requesting child peers. In essence, the preemp-
tion policy ensures that the available resources in the
system, are proportionally allocated across participat-
ing peers. We describe the preemption policy at each
peer in Section 3.3. Table 1 summarizes the notations
used throughout this paper.

Goals & assumptions We make the following assump-
tions throughout this paper: First, the incoming band-
width of each peer is larger or equal to streaming
bandwidth. This implies that each peer tries to increase
its overall incoming degree to its maximum value (i.e.,
Dmax). This is a reasonable assumption since the band-
width of a video stream with an acceptable quality is
around 400 to 600 Kbps which is less than the incoming
access link bandwidth for most of the today’s Internet
users as indicated in earlier studies [22]. Second, we
assume that peers are well-behaved and provide correct

Table 1 Notations used throughout the paper

Symbol Definition

N Total number of peers in the system
Wi The willingness of peer i, measured by degree, i.e,

its bandwidth contribution to the overlay divided
by bandwidth-per-flow, bwpf

ai Actual number of incoming degree for peer i
fi Actual contribution (outgoing degree) of peer i
Ri Computed entitled incoming degree of peer i
ei Actual excess incoming degree of peer i
τ Period of update
Dmax Maximum required degree to get full quality

live stream
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information about the number of child peers they can
support (Wi), i.e., the amount of resources they are able
and willing to contribute to the system. This simplifying
assumption allows us to focus on the dynamics of the
contribution-aware scheme rather than the security
side-effects of uncooperative peers.4

3.1 State collection and reporting

The state collection and reporting mechanism performs
two tasks: (1) collecting the required information from
individual peers and determining the group-level in-
formation such as N and

∑
Wi; and (2) reporting the

group level information to all participating peers in the
system. We consider a simple centralized approach for
both state collection and reporting through a bootstrap
node. When a peer joins the system, it contacts a well-
known bootstrap node and provides its willingness to
contribute (Wi). During a session, each peer sends a
heart-beat message to the bootstrap node once every τ

seconds and reports the value of its dynamic properties
including its actual outgoing degree ( fi) and incoming
degree (ai) along with its entitled degree (Ri) and the
list of its parents. The bootstrap node maintains the
following information for each participating peers (Wi,
fi, ai, Ri, list of parents) and updates this information
after receiving each heart-beat message. Each peer
also sends a BYE message to the bootstrap node right
before its departure. If the bootstrap node does not
receive a heart-beat message from a peer for 2*τ sec,
it assumes that the peer has departed and remove its
record. In a nutshell, the bootstrap node has an updated
state of individual peers and thus can easily determine
the group-level state such as N and

∑
Wi. Note that

the state information at the bootstrap node may not be
perfectly accurate since the state of each peer is likely
to change between consecutive updates.

The bootstrap node reports the most recent group-
level state to all participating peers once every τ sec.
When a peer receives a new report from the bootstrap
node, it determines the number of its entitled connec-
tions (Ri) using (2). If the value of Ri is larger than
its current incoming degree, it continues the discovery
for more parents. In contrast, if its entitled incoming
degree has dropped, it increases the value of ei accord-
ingly. Note that peers do not explicitly disconnect their
incoming connections due to the drop of Ri, rather
they consider a larger number of existing connections

4Assuming cooperative users is not unrealistic since one can use
incentive schemes [23–25] to ensure contribution of resources or
deploy a P2P streaming system in a closed setting (e.g., within
setup boxes) to achieve the same goal.

to be excess connections. The preemption policy at
parent peers disconnects a proper number of these
excess connections based on the overall demand for
excess connections among peers. This passive strategy
for disconnecting connections reduces dynamics in the
system. τ is a configuration parameter that determines
the tradeoff between the freshness of state informa-
tion at the bootstrap node and the signaling overhead.
More specifically, increasing the value of τ reduces the
signaling overhead associated with state collection and
reporting at the cost of lower accuracy for the state
information at the bootstrap node. The default value
of τ is 10 sec.

3.2 Parent discovery

The goal of the parent discovery mechanism is to
enable each peer to locate the required number of
parents to establish the desired number of incoming
connections. Each peer always establishes Ri entitled
connections and then explores possibility for estab-
lishing excess connections (if it requires any). Note
that each peer does not label its individual incoming
connections as an “entitle” or “excess” connection.
Instead, a child peer only keeps track of its actual
number of connections (ai) and its entitled degree Ri

that is periodically updated after each report from the
bootstrap node. This is feasible in mesh-based P2P
streaming mechanism, because all connections have the
same value and thus the total number of connections
determines the delivered quality and not the identity of
those connections.5

To establish an entitled or excess connection, each
peer first obtains the contact information for a sub-
set of participating peers that are likely to be able
to accommodate more child peers from the bootstrap
node. Since the bootstrap node maintains the state of
all participating peers (i.e., potential parents), it can
identify potential parents and report a list of random
subset of them to a requesting peer. More specifically,
the bootstrap node identifies a random subset of par-
ticipating peers that have at least one empty slot or a
child that can be preempted by the requesting peer.
In essence, the bootstrap node implicitly coordinates
the connections among peers. This in turn increases
the probability of success during the parent discovery
process. It is worth noting that despite this coordina-
tion, it is possible that a parent rejects a request due to
a recent change in its status.

5In contrast, the contribution aware scheme for tree-based P2P
streaming [12] must specifically label each connection because
each connection provides a particular description.
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Given such a list of potential parents, each peer
sequentially contacts peers in the list, provides its local
state (i.e., Wi, ai and Ri)6 and requests the contacted
peer to serve as its parent. A contacted peer determines
whether to accept or deny a parent request based on the
local preemption policy as we describe in the following
subsection. Once a child peer receives a response from
a parent, it updates the number of its entitled and ex-
cess connections accordingly and provides its updated
information at its next heart-beat to the bootstrap node.
Each peer continues to establish connections to more
parents until its incoming degree reaches its maximum
value (or Dmax). If the list of potential parents is ex-
hausted, the peer will contact the bootstrap node to
obtain a new list. When peer i’s request for a connection
is rejected by a potential parent, its reaction depends on
its current state as follows:

– Looking for more entitled connections (ai<Ri) In
this case, a child peer immediately sends a request
to the next potential parent in the provided list
by the bootstrap node. This rather aggressive ap-
proach to discovery is reasonable because there
must be sufficient resources in the system, for each
peer to reach its entitled incoming degree.

– Looking for more excess connections (ai>Ri) In
this case, a rejected request is an indication of lim-
ited availability of excess resources in the system.
Therefore, the rejected peer waits for an interval
twait, called wait interval, before it contacts another
parents to establish a connection. The wait interval
is exponentially backoff with each rejected request
for excess connections as follows [12]:

twait = tmin ∗ K ∗ (
ei + βret) (3)

where tmin is the minimum backoff time, K is a
random number larger than 1, β is the backoff
factor and ret is the number of consecutive failures.
tmin is set to 5 sec and β is 2. This approach for deter-
mining wait time adaptively adjusts the frequency
of attempts for establishing excess connections by
individual peers and thus the aggregate demand for
excess connections without any explicit coordina-
tion among peers.

We note that state collection, reporting, and parent
discovery can be performed in a distributed fashion
(e.g., [12]). For example, similar to the multiple-tree-
based P2P streaming approach, a peer can traverse the

6All other states that a parent might need can be derived from
these information.

mesh in a systematic fashion (starting from the source)
and examine each peer to find a proper number of
parents with desired type. In the similar fashion, peers’
information can be collected and then propagated
through the overlay. While this distributed approach
does not require a central coordination point which
might affect the scalability of the scheme, it can intro-
duce a heavy signaling overhead to those participating
peers that are located closer to source and add new dy-
namics (or introduce other side effects) that can affect
the overall behavior of the contribution-aware scheme.
We believe that a simple central approach, enables the
bootstrap node to perform passive coordination and
improve the efficiency of parent discovery. Moreover, it
can properly represent a contribution aware scheme in
mesh-based P2P streaming and can be used in practice
as well.

3.3 Local preemption policy

The local preemption policy determines how a par-
ent peer reacts to a request for connection from a
child peer. If the current number of child peers for a
parent peer is less than the degree that it is willing
to contribute (Wi), then a request for connection is
always accepted. However, if the outgoing degree of a
parent peer is fully utilized, then a new child peer A
can only replace (or preempt) an existing child peer
B if providing a connection to the child peer A has a
higher priority. The relative priority of a connection to
peers A and B is determined in different scenarios as
follows:

– En-Ex policy If peer A is looking for an entitled
connection (aA<RA) and peer B already has some
excess connections (aB>RB), then a request by A
can always preempt an existing connection to peer
B. This policy allows a new peer to easily reach
its entitled incoming degree by preempting excess
connections from other peers.

– Ex-En policy If peer A is looking for an excess
connection (aA>RA) when peer B only has entitled
connections (aB≤RB), then a request by A can not
preempt an existing connection from peer B.

– En-En policy if both peers only have entitled con-
nections, then A can only preempts the connec-
tion from B if the normalized incoming degree
of A is less than B, i.e., the following condition
is satisfied: rA

WA
< rB

WB
− 1. This condition basically

ensures that all peers proportionally increase their
entitled incoming degrees. Note that the equation
incorporates a hysteresis effect to prevent the oscil-
lating preemption between two peers.
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Table 2 Local preemption policies used by each parent in deter-
mining if a new peer A can preempt an existing child peer B to
use that slot as a child for this parent

A , B Entitled Excess

Entitled Yes if rA
WA

<
rB
WB

− 1 Yes
Excess No Yes if eA < eB − 1

– Ex-Ex policy if peer A is looking for excess con-
nections (aA>RA) and peer B has some excess
connections (aB>RB), A can preempt an existing
connection to peer B when it has a smaller number
of excess connections (i.e., eA < eB − 1). This con-
dition balances out the number of excess connec-
tions among peers. It also incorporates a hystere-
sis to prevent oscillating preemption between two
peers.

Table 2 summarizes the above preemption policies by a
new peer A to an existing child peer B.

Note that when a new peer joins the system or an
existing peer loses its parent due to preemption, they
start the parent discovery process and could in turn
preempt another peer in the system. Therefore, the
observed rate of change in parents among participating
peers is higher than parent departure rate that occurs
only due to churn. In essence, the preemption further
aggravates the instability of the overlay.

4 Understanding the tax function

Before evaluating the proposed contribution-aware
scheme, we examine the behavior of the tax function
(i.e., (1)) as well as the impact of main parameters
on its behavior (e.g., Wi). Understanding the behavior
of the tax function reveals how available resources
are shared among participating peers across the para-
meter space in the absence of any dynamics in peer
participation. This in turn serves as a reference to
examine the performance of the contribution aware
scheme and helps us examine the behavior of our pro-
posed scheme over a proper portion of the parameter
space.

Given a scenario with N peers and their level of
willingness to contribute (i.e., outgoing degree Wi), we
can define the Resource Index (RI) of a scenario as the
ratio of aggregate contributed resources (

∑
Wi) to the

aggregate demands for resources. Since we assume that
all peers have sufficient incoming bandwidth to receive
full quality stream, the aggregate demand for resources
can be simply determined as N ∗ Dmax and thus RI is

∑
Wi

N∗Dmax
. We can derive the value of

∑
Wi, and replace it

in (1) as follows:

Ri(t) = 1

t
Wi + t − 1

t
RI ∗ Dmax. (4)

Equation 4 represents the entitled degree of a peer i
as a function of tax rate t based on the following pa-
rameters: peer’s willingness (Wi), resource index in the
overlay (RI) and maximum incoming degree (Dmax).

Figure 2a plots Ri(t) as a function of tax rate t
for three different combinations of Wi when RI =
0.5, and RI ∗ Dmax = 8.7 For comparison we plot a
line for RI ∗ Dmax in the figure. This figure reveals
some important properties of the tax function across
the parameter space as follows: First, as the tax rate
increases, the entitled degree of high bandwidth peers
(Wi > RI ∗ Dmax) is gradually decreasing with tax rate
whereas for low bandwidth peers (Wi < RI ∗ Dmax) the
entitled degree is gradually increasing. Furthermore,
the entitled degree of all peers converges towards the
same value of RI ∗ Dmax regardless of its initial value.
To explain this, we note that as t increases the first term
in the equation rapidly decreases and the second term
converges to RI ∗ Dmax. Second, the larger the value
of Wi, the faster the allocation of resources changes
with tax rate. Third, the value of RI ∗ Dmax approaches
the value of the entitled degree of all peers when tax
rate goes to infinity. Therefore, changing RI or Dmax

simply shifts the converging value in Fig. 2a up or
down accordingly. Fourth, as we have discussed earlier,
we always use the floor value of Ri to prevent over-
estimating the available resources. Figure 2b depicts
f loor(Ri) (4) which results in a step-like evolution of
entitled degree as a function of tax rate. Fifth, as we
have explained earlier, high bandwidth peers become
saturated when their entitled degree is larger than the
maximum degree i.e., Dmax≤Ri. This implies that the
actual degree of a saturated peer is limited to Dmax.
Figure 2c illustrates the upper limit of incoming degree
for the saturated high bandwidth peers which occurs
when the tax rate is low. Note that it is important to
determine whether (and what fraction of) peers be-
come saturated in a given scenario because this affects
the amount of excess resources in the system which
in turn determines delivered quality to non-saturated
peers. We further elaborate this issue in the evaluation
section.

In a nutshell, Fig. 2c represents the behavior of
the tax function in a static system where the peer

7While this figure shows the tax function for positive tax rates
values, in practice only tax values that are larger than 1, are of
interest.
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Fig. 2 Behavior of tax function with different values of Wi when RI is 0.5 and Dmax is 16

population and the available resources are fixed and
known, i.e., the reference static scenario. In practice,
because of the dynamics of peer participation and the
resulting variations in available resources, the reported
group state to individual peers is not perfectly accurate.
Therefore, the average behavior among participating
peers could be different from the above reference case.
We investigate this issue in the next section.

5 Performance evaluation

As we discussed in Section 2, in mesh-based P2P
streaming mechanisms (such as PRIME) enforcing the
bandwidth-degree ratio implies that all connections
have roughly the same bandwidth. Furthermore, the
swarming content delivery also implies that all connec-
tions have the same value. Therefore, main goals of
the contribution aware scheme are (1) each peer has
a proper number of child peers so that its resources
are effectively utilized; and (2) each peer can identify
and establish connections with a proper number of
parents proportional to its share of available resources.
In essence, the performance of a contribution aware
scheme for mesh-based P2P streaming should be as-
sessed based on the ability of individual peers to keep
their incoming and outgoing degrees at the proper
values. Note that the delivered quality depends on both
connectivity of the overlay that is managed by contribu-
tion aware scheme, and the swarming content delivery.
However, as we have shown in Section 2, there is a
direct relationship between peer incoming degree and
quality. Therefore, to evaluate the performance of the
proposed contribution aware scheme we only examine
the connectivity among peers and do not consider the
content delivery mechanism and the actual delivered
quality.

Toward this end, we use our P2P session-level sim-
ulator, called psim.8 psim is an event-driven simulator
that incorporates pairwise network delay between par-
ticipating peers using the King dataset [26]. Further-
more, psim incorporates a realistic model for churn
by using a log-normal distribution (with μ = 4.29 and
σ = 1.28) for peer session time and Pareto distribution
(with a = 2.52 and b = 1.55) to model the peer inter-
arrival time as reported by prior empirical studies on
deployed P2P streaming systems [18, 21].

In our evaluations, we examine the impact of each
one of the following factors on the performance of
the tax-based contribution-aware mechanism for the
live mesh-based P2P streaming approach: (1) Dynamics
of parent selection, (2) Benefits of contribution-aware
mechanism, (3) Effect of tax rate and peer contribution,
(4) Resource Index (RI) in the system, (5) Scalability
with group size, and (6) Effect of update frequency.9

Each simulation is run for 6,000 sec and the infor-
mation is collected during the steady state when the

8Note that, real world experiments and packet-level simulations
are often useful to evaluate the protocol in a realistic setting
such as realistic packet level dynamics (and background traffic),
and bandwidth and RTT heterogeneity. However, we focus
on session-level simulations as follows: the contribution-aware
mechanism assumes all connections have the same value and
primarily controls resource allocation by adjusting the incoming
degree of the overlay. Therefore, this mechanism is not affected
by packet level dynamics, bandwidth or RTT variations.
9One can compare the performance of tax-based contribution-
awareness in both tree- and mesh-based approaches. How-
ever, due to the inherent differences between these two ap-
proaches [11], any observed differences in the performance of
contribution-aware mechanism in tree and mesh-based will be
related to major differences between them.
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population reaches the desired target. The reported
results for each simulation are averaged across multiple
runs with a different random seed. We also use the
following default parameters in our simulations: on
average 80% of peers are low bandwidth and the rest
are high bandwidth, required incoming degree to re-
ceive full quality stream is 16, the degree of willingness
for high and low bandwidth peers (i.e., their outgoing
degrees) are 24 and 4, respectively. The resource index
is 0.5. The state collection and reporting is performed
once every 10 sec.

5.1 Dynamics of parent selection

We start by examining the dynamics of changes in the
number of parents that are caused by the contribution
aware scheme as well as churn. Figure 3a and b show
the typical evolution of the incoming degree for a low
and a high bandwidth peers over time when tax rate
is 4, respectively. In this scenario, the average entitled
degree for high bandwidth peers is 11 and for low
bandwidth peers is 6. These figures illustrate that a peer
can quickly increase its incoming degree from zero to
reach its entitled degree, i.e., less than 20 sec for a high
bandwidth peers and 11 sec for a low bandwidth peer.
These figures also show that once the incoming degree
of a peer reaches its entitled degree, its incoming degree
oscillates around the entitled value due to the minor
changes in available resources and the variations in the
number of excess connections. Figure 3c presents the
average incoming degree among peers whose lifetime is
within the range of [x, x+10] sec. In essence, this figure
shows the evolution of average incoming degrees over
time and reveals that all peers reach their target incom-
ing degree in around 60 sec. This also implies that peers
with lifetime shorter than 60 sec, will not remain in the
system sufficiently long to reach their target degree.

5.2 Benefits of contribution awareness

To examine the ability of the contribution aware
scheme to manage the incoming degree of participat-
ing peers, we present the notion of “weighted aver-
age degree”. Weighted average (incoming or outgoing)
degree of a peer presents its effective average degree
by weighting each degree by the interval that a peer
maintained at that degree. For example, if a peer has
an outgoing degree of 3 for one forth of its session and
5 for the rest of its session time, its weighted outgoing
degree is 4.5. The weighted incoming and outgoing
degree of each peer simply quantify the utilization
and contribution of the resources during the session,
respectively. We further divide the weighted average
incoming degree of individual peers into weighted av-
erage entitled and excess degrees.

Figure 4a depicts the CDF of weighted average in-
coming degree among high and low bandwidth peers
when tax rate is 2, with contribution-aware scheme and
without it (labeled as No-Cont.*). This figure clearly
shows that in the absence of the contribution-aware
scheme, the distribution of incoming degree is similar
for high and low bandwidth peers, but it is rather di-
verse within each group, i.e., the allocation of resources
does not depend on the contribution of participating
peers. In contrast, the distribution of incoming degree
for high and low bandwidth peers are clearly separated
and is very similar within each group. More specifically,
all low bandwidth peers (* WL) have a degree close
to 7 whereas the degree of high bandwidth peers
(* WH) is very close to 16. Figure 4a illustrates that the
contribution aware scheme can effectively manage the
allocation of resources among participating peers.

To quantify the importance of different preemp-
tion policies on the performance of the contribution
aware scheme, we present the distribution of weighted
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average incoming degree for high and low bandwidth
peers in two other scenarios where (1) the En-En policy
is off (labeled as no-en *); and (2) both En-En and Ex-
Ex policies are off (labeled as no-en, no-ex *). Figure
4a indicates that eliminating Ex-Ex and En-En preemp-
tion policies does not lead to any visible change on the
allocations of resources among peers. In other words,
the En-Ex policy appears to be sufficient to achieve
good performance.10

Stability of the overlay We also quantify the stability
of the overlay by measuring the parent disconnection
rates for individual peers. We further divide these dis-
connections into two groups: disconnections that are
due to parent departure versus due to preemption by
other child peers. Figure 4b depicts the distribution
of the average parent disconnection rate due to churn
among both high and low bandwidth peers in all scenar-
ios that we examined in Fig. 4a. Since the overall parent
disconnection rate for each peer due to churn is directly
proportional to its incoming degree, we normalize the
parent disconnection rate by the incoming degree in
Fig. 4b for fair comparison. As expected, Fig. 4b il-
lustrates that the normalized parent disconnection rate
due to churn does not change with contribution aware
scheme and does not depend on peer bandwidth (i.e.,
peer degree). Figure 4c presents the distribution of the
average parent disconnection rate among participating
peers for high and low bandwidth peers only due
to preemption in all the scenarios that we examined

10It is worth noting that En-En and Ex-Ex policies might affect
the allocation of resources when RI significantly changes with
time. However, constructing such a scenario requires detail in-
formation about potential dynamics of RI over time that has not
been provided by previous empirical studies. We plan to further
study this issue in our future work.

in Fig. 4a (except for the scenario without contribu-
tion aware since no preemption occurs in that case).11

Figure 4c shows that low bandwidth peers observe a
higher rate of preemption in the base case (WL) and
even after disabling En-En preemption policy (no-en
WL). However, after disabling Ex-Ex and En-En, par-
ent disconnection rate decreases significantly (no-en,
no-ex WL). This suggests that the Ex-Ex preemption
policy primarily contributes to the parent disconnection
rate. Note that in this parameter setting high bandwidth
peers’ connections are entitled therefore they do not
observe major preemption. We further examine stabil-
ity in other settings in Section 5.3.

The stability of overlay can be also characterized in
a more coarse-grained fashion. Table 3 presents the
percentage of peers whose observed time between con-
secutive changes in parents (regardless of their cause)
is at least 600 sec. Each row of the table represents a
different scenario with contribution-aware scheme (in-
cluding various combination of preemption policies)
and without it. The table shows that in the absence
of contribution-aware scheme 29% of peers are stable.
The percentage of stable peers with contribution aware
scheme drops to 1.5%. Disabling the En-En policy
slightly improves the percentage of stable peers from
1.5% to 3.2%. However, removing the Ex-Ex policy
significantly increases the percentage of stable peers
to 24% which is close the observed stability without
the contribution aware scheme. Since the En-En and
Ex-Ex policies significantly increase the instability of
the overlay without affecting the performance of the

11Note that normalizing the rate of change in parents due to
preemption in Fig. 4c is not meaningful since the observed rate
depends on the relative number of excess connections for each
peer.
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Table 3 Percentage of stable peers for scenarios with different
combinations of policies with and without contribution-aware
scheme

Scenario All changes Churn Preempt.

Cont. 1.5% 29% 2%
Cont. w/o En-En 3.2% 29% 5%
Cont. w/o Ex-Ex & En-En 24% 29% 51%
No-Cont. 29% 29% 100%

contribution-aware scheme, we eliminate these two
policies for the remaining evaluations in this paper.

5.3 Effect of tax rate & peer contribution

In this section, we examine how the behavior of the
contribution-aware scheme changes with the following
two key parameters that determine a particular sce-
nario: (1) the value of tax rate (t), and (2) the value
of peer’s willingness to contribute (Wi). We consider
the default parameters but with three different levels
of contribution (i.e., degree of willingness or outgoing
bandwidth) for high and low bandwidth peers as fol-
lows: (1) Scenario S1: WH = 16, WL = 6, (2) Scenario
S2: WH = 24, WL = 4 and (3) Scenario S3: WH = 32,
WL = 2.

We want to keep the resource index (RI = 0.5)
and the percentage of high and low bandwidth peers
(80% and 20%) fixed across these scenarios for proper
comparisons. This implies that the heterogeneity of
contributed resources by high and low bandwidth peers
should proportionally adjusted across these scenarios
so that the aggregate contributed resources remains
fixed. Therefore, examining the performance of the
system across these scenarios reveals how the hetero-
geneity of contributed resources (or Wi) among peers
affect system performance.

Figure 5b depicts the weighted average entitled de-
gree among high and low bandwidth peers as a function
of tax rate for all three scenarios. Figure 5a shows
that the entitled degree for high and low bandwidth
peers based on (2) in all three scenarios as a refer-
ence. Comparing these two figures indicates that the
weighted average entitled degree among high and low
bandwidth peers closely follows its estimated values by
(2) despite the existing dynamics in the connectivity
among peers. Figure 5c presents the weighted average
of total incoming degree (both entitled and excess)
among high and low bandwidth peers in three scenar-
ios. This figure shows that except for very small tax val-
ues, the average values of entitled and total degrees are
close.
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To further examine the changes in entitled and ex-
cess degrees in each group of peers with tax rate, Fig. 5d
depicts the weighted average value of both entitled and
excess degree for high bandwidth peers in three sce-
narios whereas Fig. 5e presents the same information
for low bandwidth peers. These two figures illustrate
the following points: First, when tax rate is small, the
entitled degree of the high bandwidth peers becomes
saturated and thus they do not require excess connec-
tions. Since saturated peers do not use their entitled de-
gree, excess resources become available in the system,
and the amount of excess resources is proportional to
(Ri − Dmax), where Ri is the computed entitled degree
of a high bandwidth peer i. Low bandwidth peers can
utilize these excess resources as excess connections
as shown in Fig. 5e. The lower the entitled degree
of low bandwidth peers is in these cases, the more
available resources exist for excess connections. Thus
low bandwidth peers can get larger number of excess
connections as illustrated in Fig. 5e. Second, as long
as high bandwidth peers are not saturated (t > 4), the
average excess degree for both high and low bandwidth
peers are the same and does not change with the tax
rate or the distribution of peer contributions (across
scenarios). The only reason for excess resources in
these circumstances is the rounding of entitled degree
(due to floor function). Since the amount of result-
ing excess resources does not change with tax rate or
distribution of contribution by peers, the number of
average excess degree remains fixed. This also shows
that the contribution-aware scheme evenly divide ex-
cess resources among participating peers.

Utilization of resources To investigate the utilization
of resources in the system, Fig. 6a depicts the weighted
average outgoing degree among high and low band-
width peers for three scenarios as a function of tax rate.
This figure clearly shows that the outgoing degree of

peers in all scenarios are very close to their willing-
ness to contribute (Wi), i.e., the contribution-aware
scheme can effectively utilize available resources for
different distribution of resources among peers despite
the dynamics of peer participation. Figure 6b presents
the overall utilization of outgoing degree among all
peers in one snapshot of the overlay. This figure shows
that when high bandwidth peers are not saturated,
resources are perfectly utilized. In the saturated region,
the overall utilization of resources slightly drops due
to the dynamics of excess connections. This is the rea-
son for a minor drop in the outgoing degree of high
bandwidth peers for scenario S3 in Fig. 6a when tax
rate is small. To explain this, we note that a relatively
larger fraction of resources in the system is utilized
by excess connections in the saturated region. As the
fraction of excess resources and thus excess connections
increases, the probability of rejected requests for an
excess connection grows. This in turn reduces the uti-
lization of resources due to the backoff in adapting the
wait interval for retrying a rejected excess connection
request.

Stability of overlay To quantify the stability of over-
lay, Fig. 6c depicts the average parent disconnection
rate due to preemption among high and low bandwidth
peers across all three scenarios as a function of tax
rate. Within the saturated region (t < 4), high band-
width peers do not experience any preemption simply
because they only establish entitled connections that
can not be preempted. However, outside the saturated
region, high bandwidth peers experience a fair parent
disconnection rate that gradually drops with increasing
tax rate. The observed rate of disconnection by low
bandwidth peers is small within the saturated region
since there is not much contention for resources and
thus no need for preemption. Outside the saturated re-
gion, the average parent disconnection rate among low
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bandwidth peers does not change with tax rate across
different scenarios. Moreover, while all participating
peers have the same average number of excess con-
nections outside of the saturated region, (as shown in
Fig. 5d and e), Fig. 6c reveals that high bandwidth peers
surprisingly observe a higher rate of disconnection.

The above trends in the stability of parents, primarily
depends on the average peer degree. More specifically,
the larger the total peer degree, the higher the parent
disconnection rate. To explain this issue, recall that the
type of individual connections (i.e., entitled vs excess)
is not explicitly specified by the contribution-aware
scheme in the mesh-based P2P streaming, as we dis-
cussed in Section 3.2. Since each parent peer only uses
the number of excess and entitled connections for its
current children (based on their last update) in order to
make preemption decisions, it is likely that two parents
leverage their last update from their common child and
simultaneously preempt (i.e., disconnect) their connec-
tions to this child. The probability of such an event is
proportional with the incoming degree of a child peer.
Therefore, outside the saturated region, the change in
stability as a function of tax rate is similar to the change
in degree as shown in Fig. 5c.

5.4 Effect of resource index

We examine the effect of resource availability (or RI)
on the performance of contribution aware scheme.
Toward this end, we keep the same level of hetero-
geneity for contributed resources where high and low
bandwidth peers are willing to contribute 40 and 4
outgoing connections. However, we change the value
of resource index by changing the percentage of high
and low bandwidth peers as shown in Table 4. Different
scenarios in Table 4 are derived from reported traces by
earlier empirical studies [12].

Figure 7b depicts the weighted average entitled de-
gree of high and low bandwidth peers as a function
of tax rate for different scenarios. Figure 7a shows
the entitled degree of high and low bandwidth peers
in the same scenarios based on (2) as a reference.
Comparing these two figures reveals that the weighted
average entitled degree of all peers generally follows

Table 4 Parameters used in simulations to examine the effect of
RI

Resource index BW distribution Contribution

0.5 12%–88% 40-4
0.8 23%–77% 40-4
0.9 29%–71% 40-4
1 34%–66% 40-4

their corresponding value derived from the equation.
Figure 7a and b clearly illustrate that as more resources
become available (i.e., RI increases), high bandwidth
peers remain saturated for a wider range of tax rates,
i.e., the size of the saturated region grows. The avail-
ability of extra resources enables low bandwidth peers
to establish more excess connections and changes dy-
namics of the overlay.

To examine the effect of RI on each group of peers,
we plot the average entitled and excess degrees for high
and low bandwidth peers in Fig. 7c and d, respectively.
Figure 7c clearly illustrates the saturated region for high
bandwidth peers in different scenarios where they do
not have any excess connection. On the other hand, Fig.
7d reveals that low bandwidth peers manage to utilize
the excess resources by establishing a larger number of
excess connections within the saturated region for each
scenario.

Figure 7e shows the average outgoing degree of high
and low bandwidth peers as a function of tax rate in
scenarios with different RIs. The figure clearly shows
that across different tax rate and RI values, the average
outgoing degree of high and low bandwidth peers is
close to their maximum contribution. Figure 7f presents
the utilization of resources in a single snapshot of the
system. This figure indicates that the overall utilization
of resources is lower within the saturated region. The
lower utilization of resources for both high and low
bandwidth peers over small tax rate is due to the larger
fraction of excess connections in these settings that
results in a larger number of failed attempts to establish
a connection to a parent. This in turns lead to an expo-
nentially increasing wait time which reduces resource
utilization. We note that while exponential increase of
wait interval adjusts the aggregate demand for excess
connections with the availability of resources, there
is still a possibility of improper parent selection due
to imperfect information on the location of available
resources which leads to improper usage of resources.
We have observed this effect in the Section 5.3 over
small tax rates as well.

5.5 Effect of group size

We now investigate how well the contribution aware
scheme scales with the average number of concurrent
peers in a session.12 Toward this end, we change the

12Note that the total population changes with churn but psim can
set the arrival rate in order to keep the average population at a
desired number.
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Fig. 7 The impact of resource index on effectiveness of the contribution-aware scheme

average population from 100 to 1,000 peers where RI =
0.5 and high and low bandwidth peers are willing to
contribute up to 24 and 4 connections, respectively.

Figure 8a depicts the weighted average in-degree of
high and low bandwidth peers as a function of tax rate
for three different group sizes. Figure 8b and c show
the average entitled and excess degrees of high and low
bandwidth peers for different group sizes, respectively.
These figures collectively illustrate that the average
entitled and excess degree of low and high bandwidth
peers are very close for different group sizes. This

suggests that the contribution aware scheme is likely to
scale with the number of participating peers.

5.6 Effect of update frequency

In this subsection, we explore the effect of reporting
interval on the performance of the contribution aware
scheme in a scenario where RI = 0.5 and high and
low bandwidth peers are willing to contribute up to
24 and 4 connections, respectively. In general, as the
update interval increases, the reported group state to
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individual peers and thus their estimate of available
resources becomes obsolete. Underestimating the
available resources will lead to a lower utilization of
resources whereas overestimating could result in an
imbalance allocation of resources in the absence of En-
En preemption policy.

We first study the effect of update interval during
the startup phase for individual peers when peers try
to reach their target degree after arrival. Figure 9a
and b depicts the average incoming degree among
high and low bandwidth peers with lifetime between
[x, x+10] sec for different update intervals, respectively.
The tax rate in these figures is 4 and the results for
other tax rates exhibit similar behavior. We truncated
the x-axis at 1,000 sec since the behavior remains the
same for higher life time values. These figures clearly
illustrate that increasing uptime primarily affects short-
lived peers (with life time less than 400 sec) that have
not reached their target degrees. As the update interval
increases, the effect is similar for both high and low
bandwidth peers, and results in a lower incoming de-
gree. To explain this result, we note that in our target
scenarios, the group population and thus RI has a

relatively small fluctuation due to churn.13 Since the
amount of aggregate resources is relatively stable, once
long-lived peers establish their connections, the only
change in their parents is due to churn. Therefore, in-
creasing update interval does not have a major effect on
them. However, short-lived peers are still building up
their connections and are very sensitive to inaccurate
information. Specifically, if a peer can not successfully
identify all its entitled parents, it needs to wait until
group state is updated at the bootstrap node to pro-
vide a proper list of parents. Inaccurate information
could also affect ability of long-lived peers to replace
a departed parent. To quantify the frequency of such
events, Fig. 9c depicts the average value of normal-
ized frequency of churn among peers whose lifetime
is between [x, x+10] sec. This figure indicates that as
peer’s life increases, it observes the lower rate of churn
among parents as well. This is simply due to the fact that

13One can generate artificial group dynamics that leads to sig-
nificant and rapid changes in RI. However, such dynamics appear
to be unrealistic since it is inconsistent with the reported peer
arrival and peer session times in previous empirical studies.
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a connection between long-lived parent-child remains
intact as long as aggregate resources do not change.

Figure 9e shows the average entitled and excess
incoming degree for high bandwidth peers that are
short-lived (lifetime less than 400 sec) for different
update intervals. Figure 9f depicts the same informa-
tion for short-lived, low bandwidth peers. These figures
illustrate a couple of points: (1) the overall trend of
change in average degree with tax rate is similar for
all update intervals; (2) increasing the update interval
results in a major drop in entitled degree and a minor
increase in excess degree. These changes in the entitled
and excess degrees are larger for higher tax rate. These
trends can be explained as follows: as the update inter-
val increases, it affects the ability of short-lived peers
to quickly identify the desired number of parents due
to the higher inaccuracy in the available group state at
the bootstrap node. This leads to a lower utilization of
resources and allows the excess connections to dynam-
ically utilize a small fraction of this unused resource.
Obsolete information affects only the second term in
(2) (i.e.,

∑N
i=1 fi ≤∑N

i=1 Wi), by increasing tax rate, this
term plays a more important role than the first term.
This results in a larger difference in incoming degrees
when update interval increases.

6 Related work

Incentive mechanism has been studied extensively in
the context of P2P file sharing applications [27–33]. In
general, incentive mechanisms can be divided into three
categories of: payment-based, reputation-based and in-
stantaneous methods. In the payment-based methods
[28], the service recipients pay the service providers for
consumed resources. Buragohain et al. [29] proposes a
game theoretical model to study the potential benefits
of incorporating payment-based incentive method into
P2P file sharing applications. Payment-based methods
typically require an infrastructure for accounting and
micro-payment which leads to a limited scalability in
practice.

Reputation-based methods rely on the history of a
peer’s contribution to the P2P network [24, 34, 35].
Reputation of peers is proportional to their overall
resource contribution, and peers with higher repu-
tation are rewarded with better performance. Habib
and Chuang [34] and Tan and Jarvis [36] propose
a reputation-based method where peers with higher
reputation are awarded with preferential treatment in
parent selection. In their proposed approach, reputa-

tion is accumulated over time across multiple stream-
ing sessions. In general, reputation-based methods are
suitable for asynchronous systems such as VoD and file-
sharing applications where contribution and reward do
not need to happen simultaneously and peers stay in the
system long enough to build adequate reputation. In
the context of live P2P streaming, empirical measure-
ment studies have shown that the median session time
of peers is very short (i.e. 25% of peers are in the system
for less than 2 min) [18]. In such a dynamic system, the
instantaneous contribution and demand have to be con-
sidered for a fair distribution of resources. We believe
that designing an incentive mechanism that computes
the instantaneous contribution of peers and allocates
proportional resources to individual peers accordingly
is more effective.

Instantaneous methods for incentive mechanism re-
lax the need for maintaining long-term state infor-
mation, in the form of reputation. Such methods are
based on direct or indirect reciprocity. BitTorrent, a
P2P file-sharing application, is a good example of direct
reciprocity approach by adopting a tit-for-tat strategy
[27]. In such an approach, peers upload to peers from
whom they are able to download at a higher. In the con-
text of live P2P streaming, [37] proposes an extension
of BitTorrent’s tit-for-tat strategy for parent selection
based on local information of available bandwidth and
streaming content among neighbors. Similarly, [38] and
[39] extending the tit-for-tat strategy, leverage the lay-
ered encoded streaming to accommodate heterogeneity
of bandwidth and enable video quality adaptation. As
such direct reciprocity approaches focus on peers local
information, the aggregate excess resources are ran-
domly distributed (instead of proportionally) among
peers depending on their neighbors. Furthermore, such
approaches require bidirectional connections between
peers to enforce the direct tit-for-tat strategy which
have some implications on the properties of the overlay
structure and adversely affect the performance of the
P2P streaming applications [6].

In this paper, we present a form of instantaneous
indirect reciprocity approach that addresses the re-
source management issue in the context of live mesh-
based P2P streaming over a wide range of scenarios
such as highly heterogeneous and asymmetric peers
bandwidth and realistic churn model. To the best of our
knowledge, none of the previous approaches proposes
an incentive mechanism that addresses all the issues of
fair distribution of excess resources, bandwidth hetero-
geneity and peer connectivity in the context of mesh-
based live P2P streaming over highly dynamic and
resource-constraint environments.
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6.1 Differences with tree-based approach

The contribution aware scheme that we propose for
mesh-based P2P streaming, is primarily inspired by
the approach proposed by Sung et al. [12] for tree-
based P2P streaming. Sung et. al. proposed a distrib-
uted mechanism based on an existing multiple-tree
overlay to monitor resources in the system. Leverag-
ing information on peers’ actual contribution and peer
population each peer decides the number of trees it
can connect to based on a tax-based function ( 1

t fi +
t−1

t

∑N
j=1

f j

N ) [12, 13]. Besides incorporating the tax-
based approach into different classes of P2P stream-
ing applications (mesh vs. tree-based P2P streaming),
extensive evaluating and studying the behavior of the
tax function, there are some notable differences in the
design level between our approach and [12] that are
worth mentioning.

An important difference between our design and the
tree-based approach is the use of peer’s willingness
(Wi) instead of its actual contribution ( fi) to determine
its entitled incoming degree in (1) and (2). Given that
the actual contribution of each peer is likely to be
less than its willingness (i.e., fi<Wi), using the actual
contribution has several side effects: (1) the available
resources in the system, is underestimated in the second
term of (1) and (2) (i.e.,

∑N
i=1 fi ≤∑N

i=1 Wi). This in
turn leads to a more conservative behavior by indi-
vidual peers during the parent discovery process, (2)
the actual contribution of peer i depends on the ability
and demand of other participants to use its outgoing
bandwidth. (3) effect of churn (i.e., departure of a child
peer) results in transient drop in fi which leads to more
dynamics in the system. Our examinations revealed that
this approach will slow down parent discovery and is
inappropriate in a dynamic environment where peer
population (and thus available resources) is constantly
changing.

The other differences are due to specific require-
ments for mesh and tree-based approach. In the tree-
based approach, a particular description of the content
is delivered through each tree. Therefore, each peer
should join a proper number of trees and also serve as
an internal node in only one tree. This approach raises a
few issues that do not exist in the mesh-based streaming
as follows: First, to improve received quality in the tree-
based approach, each peer should find a parent in a
particular tree whereas in the mesh-based approach any
new peer can serve as a parent. Second, the local pre-
emption policy for tree-based approach should distin-
guish between entitled connections for internal versus
leaf peers. This in turn adds new scenarios that should

be addressed by the policy whereas our approach does
not need to deal with this issue. Third, in the tree-
based approach, each connection should be specifically
labeled as “entitled” or “excess”. In contrast, in the
mesh-based approach, the number (rather than iden-
tity) of excess connections is simply determined by the
difference between the actual number of connections
and the number of entitled connections for each peer
(i.e., ei = ai − Ri when ai > Ri).

7 Conclusion

This paper presented a contribution aware mechanism
for live mesh-based P2P streaming based on the no-
tion of tax function. We examined the behavior of
a commonly used tax function and described how it
can be incorporated into mesh-based P2P streaming
mechanisms to ensure proper allocation of resources
among well behaved peers. We conducted extensive
simulations to illustrate the ability of the proposed
mechanism in proper allocation and high utilization of
resources over a wide range of scenarios.

We plan to pursue this work along the following
directions: First, we would extend the notion of contri-
bution awareness to a group of non-cooperative peers
by enabling individual peers to securely report their
own contribution to the system and reliably verify the
contribution by other peers. Second, we plan to incor-
porate a pairwise incentive mechanism (similar to Bit-
Torrent) between connected peers in a bi-directional
overlay as an alternative approach and compare this ap-
proach with the tax-based contribution-aware approach
presented in this paper.
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