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ABSTRACT 

In peer-to-peer (P2P) video-on-demand (VoD) systems, a 
scalable source coding is a promising solution to provide 
heterogeneous peers with different video quality. In a 
scalable P2P VoD system, the received video quality at each 
peer is dependent on the throughput if the packet 
redundancy has been addressed with coding techniques. In 
this paper, we propose a hybrid-forwarding P2P VoD 
architecture, which integrates both the buffer-forwarding 
approach and storage-forwarding approach. Furthermore, 
we develop a distributed algorithm to maximize the 
throughput. Through simulations, we demonstrate that the 
hybrid-forwarding architecture can obtain a much higher 
throughput compared to the architecture with only buffer-
forwarding links or with only storage-forwarding links. 
 
Index Terms— Peer-to-peer video-on-demand, throughput 
maximization, distributed optimization

1. INTRODUCTION 
 
Recently, peer-to-peer (P2P) technology has become a good 
approach to provide live video broadcast [1] or VoD 
streaming service [2, 3] to a huge number of the users over a 
global area. Most existing P2P VoD systems only adopt 
single-layer video coding [3]. If the source rate is high, 
some peers with a limited or low download bandwidth may 
not be able to accommodate it. On the other hand, if the 
source rate is too low, peers with a higher download 
bandwidth may underutilize their download bandwidth. 
Therefore, a scalable source coding is a promising solution 
for P2P VoD systems with heterogeneous bandwidth.  
    In a scalable P2P VoD system, the objective is to 
maximize the received quality at each peer. By applying 
coding techniques such as network coding [4], the 
redundant packets can be eliminated with a very high 
probability. If each peer receives distinct packets, 
maximizing the reconstructed quality at each peer is 
equivalent to maximizing the throughput.  

    The overlay construction has a great impact on the system 
throughput. Many of the existing P2P VoD systems use 
buffer-forwarding approach [2], where the participating 
peers organize themselves into an overlay based on the 
playback progress, each peer buffering the recently received 
content and forwarding it to the following peers. The buffer-
forwarding approach moves a significant fraction of the 
uploading task from the server to the peers. However, a peer 
only redistributes the video it is currently watching to the 
peers that are watching the same video, and it does not 
redistribute the content that it has stored in its storage. Also, 
the upload bandwidth of the idle peers cannot be utilized 
since they have no buffered content.  
    The system throughput can be maximized through 
optimal link rate allocation. However, how to optimally 
allocate each link rate is a challenging problem. The reasons 
are as follows. 1) The number of link rate variables is 
typically huge in a P2P system. 2) There are correlations 
among different link rate variables. For example, the 
outgoing link rate and the incoming link rate at a peer must 
follow the flow conservation law. 3) Each peer has only a 
local view, thus centralized algorithm is not suitable for P2P 
applications.  
    In this paper, we propose a hybrid-forwarding P2P VoD 
architecture, which greatly improves the system throughput. 
Furthermore, we develop a distributed algorithm to 
maximize the throughput by optimally allocating the link 
rates.  
 

2. HYBRID-FORWARDING P2P VOD SYSTEMS 
 
A hybrid-forwarding P2P VoD architecture integrates both 
the buffer-forwarding approach and the storage-forwarding 
approach. The peers watching the same video form an 
overlay with the buffer-forwarding approach. In the 
example shown in Fig. 1, peer 3, 7, 130, 116, 104 and 1 
form video-1 buffer-forwarding overlay, and peer 134, 34, 
115, 43, 22 and 1 form video-2 buffer-forwarding overlay. 
Each peer replicates in their storage one or multiple 
segments of the video it has watched before. The stored 
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Fig. 1. A hybrid-forwarding P2P VoD system 

segments can be used to serve the other peers. Some peers 
watching video 2, such as peer 115, can forward their stored 
segments to the peers watching video 1 (e.g., peer 7). The 
idle peers (e.g., peer 27, 12, and 75) are encouraged to 
contribute their stored segments to serve other peers. In the 
hybrid-forwarding architecture, the peers (e.g., peer 115) 
may have both buffer-forwarding outgoing links and 
storage-forwarding outgoing links. These two kinds of 
outgoing links participate in different video sessions, and 
compete for the limited upload bandwidth. In VoD 
applications, different video session has different priority. 
We can implement service differentiation among videos by 
allocating a larger portion of the upload bandwidth to the 
links participating in a high prioritized video session 
compared to those participating in a low prioritized video 
session. Furthermore, this hybrid architecture is robust to 
random seeks. For example, when the buffer-forwarding 
parents of peer 7 (e.g., peer 130 and 116) both jump to other 
positions, peer 7 can still have a stream supply from its 
storage-forwarding parent (e.g., peer 115). 
    In the overlay construction, the peers watching the same 
video are first organized into a buffer-forwarding overlay 
using one of the existing approaches in [2, 5], then each 
peer locates the storage-forwarding parents either in a 
centralized way [9] or in a distributed way [3] and connect 
itself to them. The overlay construction module handles the 
peer dynamics and output the overlay to the throughput 
maximization module. 

 
 

3. DISTRIBUTED THROUGHPUT MAXIMIZATION 
 

3.1. Problem formulation 
The hybrid-forwarding mesh overlay can be represented by 
a directed graph G = (N, L), where the set of the peers are 
denoted by i=1,…,N, and the set of directed overlay links 
are denoted by l=1,…,L.  
    The relationship between the node and its incoming links 
is represented by a matrix LN1 ,0B , where 1ilB  if link l 
is an incoming link into node i, and 0ilB  otherwise. The 
relationship between the outgoing link and the incoming 
link of a node is represented by a matrix LL1 ,0C , where 

1lmC  if link m is an incoming link into the upstream node 
of link l, and 0lmC  otherwise. The relationship between 
the node and its buffer-forwarding outgoing link is 
represented by a matrix LN1 ,0E , where 1ilE  if link l is 
a buffer-forwarding outgoing link from node i, and 0ilE  
otherwise. The relationship between the node and its 
storage-forwarding outgoing link is represented by a matrix 

LN1 ,0H , where 1ilH  if link l is a storage-forwarding 
outgoing link from node i, and 0ilH  otherwise. Suppose 
there are V videos, denoted as v=1,…,V, being played at the 
current moment. Each video is allocated with a priority 
level, denoted as 10 vv . A peer can only watch a 
video at a time. We use a vector NR  to denote the peer 
priority, where vi if peer i is watching video v, and 

0i  for all other cases. Let lp  denote the packet-loss-
ratio (PLR) at link l. We define a link-quality matrix 

LLRQ , where lll pQ 1 , and the other components are 
zero. The peer upload bandwidth is represented by a vector 

NRU , where iU  is the upload bandwidth of peer i. The 
peer download bandwidth is represented by a vector 

NRD , where iD  is the download bandwidth of peer i. 
    The objective of the optimization problem is to maximize 
the aggregate weighted throughput taking into account the 
priority levels of the videos. The objective function is 
formulated as BQXTf , where LRX  is the link rate 
vector. 
    We assume that a scalable source coding is used in the 
P2P streaming, and the maximal source rate is denoted by 

rs . If rs  is small, the upload bandwidth in the system will 
be underutilized. Therefore, we encode the video into a high 

rs , such that any peer can receive a rate less than rs . This is 
regarded as source rate constraint, which is stated 
mathematically as SBX , where NRS  is the source-rate 
vector with all components equal to rs . In P2P streaming, 
bandwidth bottleneck usually occurs at the access links. 
Therefore, each peer has the download bandwidth 
constraint, formulated as DBX . The buffer-forwarding 
aggregate outgoing rate can be expressed by EX , and the 
storage-forwarding aggregate outgoing rate can be 
expressed by HX . The total outgoing rate, consisting of 
buffer-forwarding outgoing rate and storage-forwarding 
outgoing rate, should satisfy the upload bandwidth 
constraint, which is stated as UHXEX . 
    The direct outgoing link from the server should carry a 
rate not larger than rs , and each buffer-forwarding outgoing 
link from peer i (i 1, node 1 is the server) should carry a 
rate not larger than the total incoming rate into that peer. 
This constraint is referred to as buffer-forwarding 
constraint, which can be formulated as XCI , where 
I  is a LL  identity matrix, LR  is a buffer-forwarding 
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compensation vector, defined as rl s  if link l is a direct 
outgoing link from the server or a storage-forwarding link, 
and 0l  otherwise.  
    We adopt a random replication strategy in which each 
peer is required to store one random segment. Our algorithm 
can be easily extended to deal with the case in which 
multiple segments are stored in each peer. The rate of the 
stored segment at each peer is represented by a segment-rate 
vector NRF , where iF  is the rate of the stored segment at 
peer i. In hybrid-forwarding P2P VoD systems, we have a 
storage-forwarding constraint: the rate of each storage-
forwarding outgoing link from each peer should be not 
larger than the rate of the stored segment. This constraint 
can be formulated as FHX T , where LR  is a 
storage-forwarding compensation vector, where rl s  if 
link l is a buffer-forwarding link, and 0l  otherwise. 
    The optimization problem is to maximize the aggregate 
weighted throughput by optimally determining the link 
rates, subject to the above five constraints: source rate 
constraint, download bandwidth constraint, upload 
bandwidth constraint, buffer-forwarding constraint, and 
storage-forwarding constraint. Mathematically, the 
optimization problem can be formulated as follows. 

.                    
,                   
,                   

,                   
,                   
,    subject to

 maximize

0X
FHX

XCI
UHXEX

DBX
SBX

BQX

T

T

                          (1) 

    Let ,,min DSY ,      
TTTTT ICIHEBT and 

.      
TTTTTT FHUYW We can combine the five 

constraints into one inequality constraint, and the 
optimization problem (1) can be rewritten as follows. 

.                    
,    subject to

 maximize

0X
WTX

BQXT

                              (2) 

    The optimization problem (2) is linear programming 
(LP), which can be solved using a centralized algorithm 
such as the interior point method [6]. In order to develop a 
distributed algorithm, we change the objective function to a 
quadratic function. The optimization problem (2) is then 
changed to: 

(2),in  sconstraint  thesubject to
 minimize XXBQX TT

                    (3) 

where 0  is a scalar regulation factor. When  is 
sufficiently small, the solution to problem (3) is arbitrarily 
close to the solution to problem (2).  
 
 

3.2. Distributed solution 
The problem in (3) can be solved with a distributed 
algorithm using dual decomposition. We introduce dual 
variables LN 22RV  to formulate the Lagrangian 
corresponding to primal problem (23) as below 

WTXVXXBQXVX, TTTL .           (4) 
The dual function is the minimum of the Lagrangian [7]:  

.inf         

inf

0

0

WVXBQTVXX

VX,V

X

X

TTTT

LG
             (5) 

The Lagrange dual problem is to maximize the Lagrange 
dual function. That is: .0  subject to  ,  maximize VVG  
    Let BQTVZ TT , At the k-th iteration, the link rate 
vector can be calculated by 2/kk ZX , where 

    denotes the projection onto nonnegative real number 
R . Dual variables are updated using subgradient method 
[8]. The dual variables at the (k+1)-th iteration is given by                          

, )(1 TXWVV kkk                        (6)                 
where )(k >0 is the scalar step-size at the k-th iteration.  
    The proposed algorithm for throughput maximization in 
hybrid-forwarding P2P VoD systems is fully distributed. 
Each peer collects the local information through message 
exchanges with its neighbors to compute the optimal link 
rates of the incoming links. If there is a topology change 
due to peer dynamics, the overlay construction module 
reconstructs the overlay and informs the throughput 
maximization module, which then updates the dual 
variables. The change of the dual variables causes the 
update of the link rates. In this way, both the dual variables 
and the link rates progressively evolve towards the optimal 
solution corresponding to the new topology. 
 

4. SIMULATIONS 
 
In the simulation, the maximum source rate is set to 1.3 
Mbps. The server has a 2 Mbps upload capacity. There are 
two classes of peers: cable/DSL peers and Ethernet peers. 
Cable/DSL peers take 85% of the total population with 
download capacity uniformly distributed between 0.6 Mbps 
and 1.0Mbps and upload capacity uniformly distributed 
between 0.2 Mbps and 0.4 Mbps. Ethernet peers take the 
remaining 15% of the total population with both upload and 
download capacities uniformly distributed between 1Mbps 
and 2 Mbps. The playback time of each peer is uniformly 
distributed between 0 and the length of the video (1.5 
hours). The packet loss rate at each link is uniformly 
distributed between 0.05 and 0.10. Two videos, denoted as 
video 1 and video 2, are played at the moment. 60% of the 
peers are watching video 1, 30% of the peers are watching 
video 2, and the left peers are idle. Each peer randomly 
stores one segment. The length of a video segment is fixed 
at 5 minutes.  
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Fig. 2.  Comparison of average throughput 
with different network sizes 

Fig. 3.  The iterations of randomly selected 
11 link rates in a 200-peer scenario 

Fig. 4.  Average throughput for different 
priority level in a 200-peer scenario 

 

    Fig. 2 compares the average throughput among different 
schemes. “Hybrid-forwarding centralized” represents the 
results obtained by solving the optimization problem (2) 
with a centralized interior point method; “Hybrid-
forwarding distributed” represents the results obtained with 
the proposed distributed algorithm; “Buffer-forwarding 
distributed” represents the solution obtained by a distributed 
algorithm in the P2P VoD system with only buffer-
forwarding links; “Storage-forwarding distributed” 
represents the solution obtained by a distributed algorithm 
in the P2P VoD system with only storage-forwarding links. 
“Hybrid-forwarding centralized” obtains globally optimal 
solution in hybrid-forwarding P2P VoD. However this 
scheme requires global information, thus not suitable for 
P2P applications. The average throughput obtained with the 
proposed algorithm, “Hybrid-forwarding distributed”, is 
very close to the globally optimal throughput. By sharing 
both buffer and storage among the P2P community, the 
proposed hybrid-forwarding scheme improves the 
throughput by 12% – 23% over the scheme with only 
buffer-forwarding links and by at least 90% over the scheme 
with only storage-forwarding links. 
    We jointly optimize 659 link rate variables in a 200-peer 
P2P VoD scenario. All the 659 link rates start from an 
initial value 0, and converge to their optimal values within 
549 iterations. For clear presentation, we just randomly 
choose 11 link rate variables and show their iterations in 
Fig. 3.  
    In hybrid-forwarding P2P VoD systems, we can 
implement the service differentiation among videos by 
adjusting the priority level of each video. We vary the 
priority level 1  of video 1 from 0.1 to 0.9, and the priority 
level 2  of the video 2 is set by 12 1 . As shown in 
Fig. 4, the average throughput of video-1 viewers is 
increased as the priority level of video 1 goes up.  When the 
video-1 priority level is higher than video-2 priority level, 
video-1 viewers are allocated with a larger portion of the 
upload bandwidth, thus achieving a larger throughput 
compared to the video-2 viewers.  
 

4. CONCLUSIONS 
 
In this paper, we propose a hybrid-forwarding P2P VoD 
architecture, which integrates both the buffer-forwarding 
approach and storage-forwarding approach. We also 
develop a distributed algorithm to maximize the throughput. 
Simulation results demonstrate that the proposed hybrid-
forwarding architecture achieves a much higher throughput 
compared to the architecture with only buffer-forwarding 
links or with only storage-forwarding links.  
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