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VMesh: Distributed Segment Storage for
Peer-to-Peer Interactive Video Streaming

W.-P. Ken Yiu, Xing Jin, S.-H. Gary Chan

Abstract�Provisioning random access functions in peer-to-
peer on-demand video streaming is challenging, due to not
only the asynchronous user interactivity but also the unpre-
dictability of group dynamics. In this paper, we propose VMesh,
a distributed peer-to-peer video-on-demand (VoD) streaming
scheme which ef�ciently supports random seeking functionality.
In VMesh, videos are divided into segments and stored at peers�
local storage in a distributed manner. An overlay mesh is built
upon peers to support random forward/backward seek, pause
and restart during playback. Our scheme takes advantage of
the large aggregate storage capacity of peers to improve the
segment supply so as to support ef�cient interactive commands
in a scalable manner. Unlike previous work based on �cache-
and-relay� mechanism, in our scheme, user interactivity such
as random seeking performed by a peer does not break the
connections between it and its children, and hence our scheme
achieves better playback continuity. Through simulation, we show
that our system achieves low startup and seeking latency under
random user interactivity and peer join/leave which is a crucial
requirement in an interactive VoD system.

Index Terms�Peer-to-peer, media streaming, random seeking,
distributed storage, locality-aware, popularity-based, distributed
consensus.

I. INTRODUCTION

W ITH THE PENETRATION of broadband Internet ac-
cess into households, there has been an increasing

interest in media streaming services. Video-on-demand (VoD)
is one of such services where movies are delivered to desktops
of distributed users with low delay and free interactivity
(in terms of pause, jump forward/backward, etc.). However,
providing VoD with traditional client-server architecture where
each client is allocated a dedicated stream from the server is
not scalable to large number of clients. This is mainly due to
heavy server load and limited network bandwidth at the server
side. Though IP multicast may be used as a scalable solution
for media streaming, providing such services worldwide is
still challenging due to the lack of widely deployed multicast-
capable networks and dedicated proxy servers [1], [2]. Re-
cently, peer-to-peer (P2P) technologies have been proven as a
scalable solution to many applications, e.g., multicasting and
file sharing among distributed users [3], [4]. In this paper,
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we propose a novel P2P technique to provide interactive VoD
service.

In P2P systems, cooperative peers self-organize into an
overlay network via unicast tunnels.1 Each peer (called overlay
node) in the overlay network acts as an application-layer
proxy, caching and relaying data for other peers. In addi-
tion, by sharing their resources such as storage and network
bandwidth, the storage and streaming capacity of the whole
system is greatly amplified as compared with traditional client-
server architecture. Recent research shows that it is feasible
to support large-scale media streaming in the Internet using
P2P approach [5]–[13]. P2P approach has been shown to be
feasible for on-demand media streaming, unfortunately, its
support to user interactivity is still a challenge because a user
may jump forward, backward, pause and resume its playback
anytime. This means that the parents (or “suppliers”) of a
user may need to be changed quite frequently. Therefore,
an efficient algorithm for switching to appropriate parents is
needed to support user interactivity.

Though P2P file swarming systems like BitTorrent may be
used to download the whole media objects before playback,
this introduces long startup delay [4]. Though there has been
much work on providing on-demand video service in P2P
networks (i.e., low startup delay) [5], [8], [10]–[14], only few
tackle user interactivity issue which we focus in this paper.
The previous work uses “cache-and-relay” paradigm, in which
a peer caches what it has recently played out for a period
of time before discarding it, and uses the cached content to
serve others. As opposed to the previous work, our scheme
uses static local storage instead of sliding window buffering
to help handle user interactivity efficiently and to reduce the
complexity. In “cache-and-relay” systems, peers rely on the
cached content of their parents. If a parent jumps to another
playpoint in the video, it starts to receive media data which
is not interested by its children. As a result, all its children
would be abandoned since the cache of their parent can no
longer supply useful data to them. The situation becomes
severe if the system uses tree-based overlay for streaming
because the descendants of the children are also affected. The
advantage of our scheme is that any interactive action (e.g.
random seeking) of a peer does not stop its children from
continuing to receive its stored data. The peers, on the other
hand, connect to new parents for each segment. The main
difference between our scheme and the previous schemes is
that, during normal playback, the time for a peer to switch its
parents is predictable. Therefore, the peer can start caching the
next segment when it nearly finishes playing out the current

1In this paper, we use “client”, “user” and “peer” interchangeably.

0733-8716/07/$25.00 c© 2007 IEEE



1718 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 25, NO. 9, DECEMBER 2007

`

`

`

`

26 94 156

59

30

23 74

Internet

Video 
Server

Video Name: Titanic
Video Length: 194 min.

0 1 2 3 4 5 … 191 192193194

Segment Blocks

Video Name: Titanic
Video Length: 194 min.

0 1 2 3 4 5 … 191 192193194

Segment Blocks

stored 
segments

Fig. 1. An overview of VMesh architecture. Each VMesh peer stores some segments for serving others.

segment. This is also an advantage of our scheme over the
previous schemes.

Most of the existing work on P2P-based media streaming
systems have made an implicit assumption that a user who
joins a streaming session would play the media from the
beginning to the end. However, as suggested in [9], based
on large amount of user viewing logs, most users performed
random seeking (i.e., jumping) frequently. From the statistics,
we also found that the jump distances are usually small. This
is reasonable because users would usually skip boring scenes
by jumping a bit forward or review some exciting scenes by
jumping a bit backward. It would be beneficial if the system
allows the users to jump to close scenes efficiently.

Based on the above observations, we propose a novel P2P
architecture called VMesh to support interactive VoD service
over the Internet. VMesh utilizes the large aggregate storage
capacity of peers to amplify the supply of video segments to
achieve user scalability. Figure 1 depicts the architecture of
VMesh system. In VMesh, videos are divided into smaller
segments (identified by segment IDs) and distributed to peers
over the network. An overlay mesh is built among the peers
to support playback and interactive functionalities. Each peer
stores a number of video segments at its local storage such as
hard disk, depending on its storage capacity. It keeps a list of
the peers who have the previous and the next video segments.
Following the list, its children can quickly find the peers with
the next requested segments. Furthermore, a peer also keeps
a list of peers storing the same segment for load balancing
purpose. If a node is loaded, it redirects some of its children
to other peers on its list. In order to provide failure-tolerant
streaming service, a client connects to multiple parents who
have stored the segment of interest so that they stream the
video in parallel and collaboratively. The parents could be
searched in the network using a distributed hash table (DHT)
system such as Chord or Pastry with the key comprising video
ID and segment ID [15], [16].

Some people may argue that DHT is unstable under peer
dynamics. Recently, there have been works on improving

DHT’s efficiency and resilience [17], [18] and how DHT
systems could be applied in practical systems [19], [20]. Our
scheme assumes using an efficient and resilient DHT system
as a subsystem, how to improve the efficiency of searching
results from DHT is out of the paper scope. Our scheme does
not pose any limitation on which DHT systems to be used.
Apart from that, network address translation (NAT) is another
major concern on the feasibility of P2P streaming systems.
Since there are many end-hosts currently situated behind NAT
routers, it is difficult to connect them from outside and stream
media to them. This issue can be addressed by applying hole
punching technique proposed in [21]. Once a host behind NAT
joins the system, it registers both of its private and public
endpoints (i.e., the two addresses used by the end-host inside
and outside of the NAT network) at a rendezvous server (RS)
which is dedicated for storing peers’ endpoints. When a peer A
wants to connect to another peer B behind NAT, A can obtain
B’s endpoints from the RS and try to connect to the private
and public endpoints of B. As mentioned in [21], this method
works for most of the NAT routers available nowadays. To get
rid of the centralized RS, one may also make the registered
entries distributed over a DHT. The routing tables in DHT
nodes then contain both private and public endpoints of a node
behind NAT, and the DHT nodes imitate the RS by forwarding
both endpoints to A and B.

In this paper, we propose VMesh architecture to provision
VoD service in a pure P2P network. In VMesh, we propose a
locality-aware segment location algorithm for improving the
streaming efficiency and reducing server stress. In addition, we
also propose a popularity-based segment storage scheme for
better load-balancing and relieving server stress. Our extensive
simulation shows that VMesh has the following desirable
properties:

• Scalability — the system is simple and scalable to large
number of users with low server bandwidth requirement.
It is completely decentralized, without the need of a
server to organize overlay nodes.

• Efficiency — users can start playing the media with low
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delay as it is based on streaming without file download-
ing.

• Failure-resilience — the system is robust to peer dynam-
ics, node and link failures to offer continuous streaming.

• Interactivity support — users can interact with the media
at any time.

This paper is organized as follows. We first briefly mention
the related work in Section II. We then give a detailed
description of our system and the popularity-based storage
scheme in Section III and Section IV. Next, we present our
experimental results in Section V. Finally, we conclude the
paper in Section VI.

II. RELATED WORK

Research on providing on-demand media streaming using
IP multicast, such as patching [1], [2], periodic broadcasting
[22], [23], stream merging [24], etc., has been done. Those
works take advantage of the efficient data dissemination using
IP multicast and repeat the media in multicast channels.
Nevertheless, over the past decade, the deployment of IP
multicast-capable networks has remained very limited. This
leads researchers to tackle the problem in the application layer.
Based on this, VMesh is a pure P2P architecture and does not
assume the existence of IP multicast.

Recently, researchers use peer-to-peer (P2P) approach to
provide VoD services. P2Cast [25] uses a P2P approach to
cooperatively stream video using patching techniques. Similar
to traditional patching schemes, while a new peer receives
a base stream from an overlay tree formed by the peers in
the same session, it also requests another peer from the same
session as its patch server for sending it the patch stream.
However, hosts in P2P networks usually do not have enough
bandwidth to serve a client, the single parent approach used
by P2Cast is unable to cope with the bandwidth limitation and
fluctuation problem and the parent departure problem in P2P
networks. Moreover, overlay tree’s bandwidth is guaranteed
to be monotonically decreasing from the root to the leaves,
streaming quality becomes worse at the leaf nodes. CoopNet
[14] delivers multiple description codes (MDC) of a video
stream over multiple overlay trees to solve the departure
problem. Each peer joins multiple trees, and hence has more
than one parent. If one of the parents departs, the peer can
still receive and decode other descriptions from the remaining
parents with a little quality degradation. PROMISE [26] peers
also receive stream from several parents. However, each of
the parents is required to have the full copy of the requested
media, which is rarely available in practice. P2VoD [13]
organizes each video session tree into layers. Peer departure is
efficiently handled by finding another parent only in the upper
layer without the involvement of the source. With each peer
having a fixed bound on the amount of cached most recent
stream, each new client can quickly join the system by either
joining the lowest layer of the tree or creating a new layer
in the tree. However, P2VoD assumes that all clients play
the stream from the beginning which is not true in reality.
It also does not provide any efficient mechanism for client
to random seek another playpoint in the video which is an
essential functionality in a VoD service. Cui et al. developed

a temporal dependency model among end-hosts [11]. Based
on this model, a media distribution tree is found by the central
server to minimize the overall transmission cost. Nevertheless,
every time a peer leaves or seeks another position in the video,
the server needs to recompute the whole tree. In our design
of VMesh, we consider provisioning the important function -
random seeking, by distributed storage and search schemes.
Each peer in VMesh stores a few segments of the media
data which are independent of what it is playing, hence, user
interactivity of the peers does not affect its children in the
delivery network. In [10], a hybrid approach is introduced.
Upon a tree overlay, a gossip-based data exchange mechanism
is added to withstand the unreliability of peers. However,
all the parent-children relationships and gossip partners are
assigned by a central server. Therefore, the central server
needs to keep track of all the users. This centralized approach
is not preferred in P2P systems because a large amount of
control traffic would congest the network near by the central
server. PROP [27] also uses distributed storage approach for
providing VoD service. But, the scheme relies on proxy servers
and global information for cache replacement. In our system,
we use distributed algorithms for segment location, storage
and replacement. We do not assume any availability of global
information. In addition, we also build an overlay mesh called
VMesh to minimize the searching overhead.

For searching good parents in a P2P network, Zhou and
Liu proposed to build an overlay AVL tree for efficient
searching [28]. Though searching parents is achieved using
a distributed AVL tree, the network locations of peers are
not taken into consideration when assigning parent-children
relationship and gossip partnership. Careless assignment may
lead to transmission of the stream to and fro some bottleneck
links many times, increasing the link stress of the network.
Also, transmission from distant parents may experience higher
probability of packet loss. Chi and Zhang proposed buffer-
assisted search (BAS) in [29] which builds a binary search tree
based on peers’ buffered content range. As peers’ buffer cov-
erage may overlap, many peers who have content overlapped
by others can be dismissed from the search tree. Therefore,
the scheme keeps the search tree size small and hence the
searching process becomes quick. Again, the scheme may also
assign distant parents to a new client which leads to inefficient
data delivery. In VMesh, we use distributed hash table (DHT)
for searching parents. With each peer registers its own stored
segments on the DHT [15], a new client can perform DHT
search to find out which peers are storing the required content.
In addition, the network locations of peers are embedded in
the search key so as to allow the DHT search to find out close
peers for efficient streaming.

Data scheduling among multiple parents is another impor-
tant issue in P2P streaming system. Zhang et al. proposed
a deadline-oriented greedy algorithm for assigning packet
delivery from multiple parents [6]. In [30], the problem is
modeled as a classical min-cost network flow problem and
proposed a distributed scheduling algorithm to maximize the
system throughput. The algorithm solves a linear program
(LP) which maximizes the cost in terms of packet rarity and
emergency, with a set of constraints on available inbound,
outbound and end-to-end bandwidth. In this paper, we con-
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centrate on segment storage and location, and provisioning
random seeking functionality. This topic is out of the paper
scope. In this paper, we simply apply round-robin scheduling
among parents. However, our system can be adapted to apply
any other advanced techniques for data scheduling.

In [31], we proposed the use of distributed storage to allow
efficient support of user interactivity in P2P VoD system.
In the paper, we extend the work by adding a distributed
algorithm to balance the supply and demand of video seg-
ments under non-uniform segment popularity distribution. The
algorithm makes popular segments to be duplicated more and
match their demands, so as to relieve requirements on the
server bandwidth. Besides, since the distributions of popular
segments are denser, it is more likely that a client could find
close parents for those segments, and hence receive video
of better quality. We also evaluate the performance of the
proposed algorithm through simulation.

III. SCHEME DESCRIPTION

In this section, we first give an overview of VMesh (Sec-
tion III-A), followed by our locality-aware segment loca-
tion scheme for locating distributed stored segments (Section
III-B). Then, we introduce our scheme on mesh construction
(Section III-C) and its feedback-based maintenance (Section
III-D). Finally, we discuss how to choose the size of segment
(Section III-E) and how to extend our work in order to support
fast-forward operation (III-F).

A. VMesh Overview

A video server stores the videos for user access. Each video
is divided into N segments, each of them are identifiable by
its video ID and segment ID. For example, the segment is
5 minutes long with a video bit rate of 1 Mbps, therefore,
it is of size 36 MBytes. Depending on the capacity of its
local storage, each peer stores a number of segments randomly
chosen from the N segments of the video. These peers are
referred as storage peers. In this way, there are multiple copies
of each video segment in the network. When a client wants to
play a segment, it first looks for the supplying peers of that
segment in the P2P network, then sends requests to those peers
for the service. Those supplying peers with enough outgoing
bandwidth would serve the requesting peer. If there is no
supplying peer, the requesting peer requests the media server
for the target segment as the last resort.

Since video segments are distributed among peers, VMesh
utilizes distributed hash table (DHT) to locate these segments.
DHT is a structured overlay constructed among peers. It works
like a traditional hash table, that is, given a hashed key, it
returns the corresponding object or its location. The difference
is that the table entries are not located in the same place but
distributed among the peers in the network. With a proper
routing mechanism, the DHT supports primitive functions
such as: put(id, object), get(id) and delete(id), where id is the
object’s identifier, as in a traditional hash table. In VMesh,
peers use a DHT built among the peers to bootstrap a new
video streaming session. A new client searches for its first
segment of interest in the DHT network and starts playing the
video when the requested data arrives and fills up its buffer. A
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Fig. 2. In VMesh, storage peers hold various video segments and at the
same time, they keep a list of peers who possess the next / previous / current
segments for random seeking and load balancing purposes.

client continues to request the next segment when the current
one is nearly finished. At the mean time, a peer uses its spare
bandwidth to randomly download and store video segment(s)
in its local storage. The segment would then be used to stream
to another peer of interest. Each stored segment should be
registered in the DHT network by the storage peer, so as to
allow other peers to locate the segment. This can be done
using put(id, object).

It is feasible for a client to continuously search for each
segment using get(id) in the DHT network. However, it is
likely that, a client who is accessing the current segment
also wants to access the next segment, i.e., their access
probabilities are highly correlated. Therefore, it is beneficial
to cache the links to the next segment. In VMesh, peers
also form an overlay mesh among themselves in order to
save messaging overhead for the DHT search and shorten the
segment location latency. Each peer keeps a list of pointers
(i.e., the IP addresses) pointing to some peers which store the
next video segment and the previous video segment. By using
the pointer list, clients could request the current parents for
the locations of next required segment. This does not require
the client to go through the DHT query process. Besides, for
the load balancing issue, each storage peer also keeps a list of
pointers to some peers which are storing the same segment.
When a storage peer is overloaded by its children, it can
redirect some of them to other storage peers which are also
able to serve them.

Figure 2 illustrates the idea of VMesh. In the figure, a circle
represents a storage peer and the number inside represents the
ID of the segment it holds. A storage peer holds a few video
segments and keeps a list of peers who have the next, previous,
or current segments for seek and load balancing purposes.
The pointers are used to redirect users to the appropriate
peers storing the next requested segments. In case of joining
or jumping, a VoD client in our system searches for its
parents using DHT and gets the stream from those parents.
In the traditional “cache-and-relay” paradigm proposed in the
previous work, a VoD client relies on the content resides in
its parents’ buffers [11], [13]. If a parent jumps to another
position in the video, the peer needs to search for a new parent
again. In contrast, the segment stored by a peer in VMesh
would not be changed by any user interactive actions.

All peers register the search keys of their stored video
segments in the DHT. A joining client performs the following
procedures:
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One may consider to perform fast-forward operation solely
by playing out the video stream at a faster speed by the client
peer. That is, for a 2X FF operation, the client can either
display video frames at a double frame rate or play only one
frame (and skips one frame) for every two frames. However,
since this approach consumes the bit stream at a double speed,
the peer is also required to download the video stream at a
double speed, which would definitely increase the download
bandwidth required for a peer. Also, the transmission of
skipped frames costs 100% overhead (and the overhead is even
more for higher speed FF operation). Thus, this approach is
not suitable for supporting FF operation in our system.

Therefore, we propose two approaches to support FF in
VMesh:

• Encode-on-demand at peers: In this approach, when a
peer performs a FF operation, it requests its parents to
encode and deliver a video stream of the segment at
a faster frame rate dynamically. This approach requires
not only processing power from the peers for dynamic
encoding, but also the synchronization of all encoding
parameters. This would also complicate the client soft-
ware implementation. Moreover, the client peer needs to
switch its parents more frequently while it performs FF
operation. For example, a peer plays a 5-minute segment
at a double speed, it needs to switch to new parents after
2.5 minutes.

• Distribution of pre-encoded frame-skipped version: In
this approach, the source provides encoded streams of
the original version as well as the frame-skipped versions
for various speeds. The frame-skipped versions are then
distributed to the peers in the same way as the original.
The speed of a version can be embedded into the media
information part of the DHT key, so as to allow clients
who perform FF operations to search the frame-skipped
versions on-demand. This approach requires the source to
pre-encode all versions, and the peers to store segments
of versions other than the original. Therefore, some peer
storage resources are contributed to store various speed
versions.

Both of these two approaches are able to support FF operation.
Applying which approach is a trade off between the overhead
on peers’ computation and the system storage.

IV. POPULARITY-BASED SEGMENT STORAGE

Given a streaming media, the popularity of the segments
are different if user interactivity like jumping is allowed. For
instance, users who are viewing sports events usually jump to
view the scoring moments. This makes the access rate of the
segments non-uniform. Therefore, if storage nodes uniformly
pick random segments to store, some nodes would have heav-
ier load than others since some segments are accessed more
frequently. Intuitively, the load-balancing in the system can be
improved if the supply of each segment matches the demand
of that segment. In this section, we first model the popularities
of segments by considering user interactivity (Section IV-A).
Then, we propose a mechanism to estimate the segment
popularities in a distributed manner (Section IV-B). Based
on the estimated popularities, we describe our distributed

algorithm to determine which segments to be cached by the
storage peers and how to perform cache replacement to adapt
the supply of segments which meets the changing demand
(Section IV-C).

A. Segment Popularities

In [27], segment popularities (i.e., the access probabilities)
are assumed to follow a Zipf distribution, like the distribution
of web objects’ popularities in the Internet. If all the segments
are ranked in the descending order of their popularities, the
popularity of the ith segment, pi, is expressed as

pi =
1/iα∑N

n=1 1/nα

where N is the total number of segments, and α is a constant.
In our study, we link up the user interactivity and the segment
popularities, since the popularity of a segment depends on how
frequent the segment is accessed by the users. We model the
user interactivity as follows: A user starts to watch a video
at a segment randomly selected. The user stays in normal
playback mode for a random time period with an exponential
distribution with mean Tseq seconds, then jumps to a random
segment and returns to normal playback mode again. When
the user finishes the last segment of the video, it loops back to
the first segment. The process continues until the user leaves
the system. The time period for the user staying in the system
follows an exponential distribution with mean Tlife.

For calculating segment popularities, we approximate the
model as a discrete-time system. The continuous stream is
divided into N segments, each of which is ∆t seconds long.
Let πi be the state that a user is accessing segment i. There-
fore, the time for a user staying in the system is discretized
to �Tlife/∆t�. With probability pseq (= e−∆t/Tseq ), the user
plays the media normally and sequentially access segment
(i + 1). Thus, the average number of consecutive segments
the user access in sequence is 1/(1−pseq) (for this geometric
distribution). At the segment i, with probability qi,j , the user
jumps to another segment, j, such that

N∑
i=1

qi,j = 1 − pseq .

The user interactivity model is a discrete-time Markov
chain. We can see that the one-step transition probability pi,j

from πi to πj for any i and j, 1 ≤ i, j ≤ N ,

pi,j =

{
qi,j + pseq if j = ((i + 1) mod N) + 1,

qi,j otherwise.
(1)

Given that a user starts with a randomly chosen segment,
the initial access probabilities p

(0)
i of segments are evenly

distributed, i.e.,

p
(0)
i =

1
N

, ∀i ∈ N.

At discrete time slot n, the access probabilities p
(n)
i change

to some other values given by,

p
(n)
i = p

(0)
i Pn



YIU et al.: VMESH: DISTRIBUTED SEGMENT STORAGE FOR PEER-TO-PEER INTERACTIVE VIDEO STREAMING 1725

E stimated popularity pi

Normalized supply si

i

0.1

0.2

1 2 3 4 5 6 7 8

S urplus supply of 
segments are replaced 
by demanded segments

>

Fig. 7. Stored segment replacement probability is calculated using the
difference between p̂i and si (N = 8).

network. Similarly, each peer can then compute the normalized
supplies si, 0 ≤ si ≤ 1 for segment i from its own set of di’s
as

si =
di∑N

k=1 dk

,

such that,
N∑

i=1

si = 1.

Based on those estimated segment popularities p̂i and
normalized supplies si, 1 ≤ i ≤ N , each peer determines
which segments to be cached or replaced by which segments.
We will give the details on how to store segments according to
the changing supplies and demands in the following section.

C. Adaptive Segment Caching

When a new peer joins the system, it requests for the seg-
ment popularities p̂i and normalized supplies si, 1 ≤ i ≤ N ,
from one of its neighbors. The peer then chooses the segments
to cache with probability P C

i to choose segment i,

P C
i =

{
p̂i−siP

{k|p̂k>sk}(p̂k−sk) if p̂i > si,

0 otherwise.
(3)

Equation (3) captures the discrepancy between the supply and
demand. If the demand is greater than the supply for segment
i (i.e., p̂i > si), there is a need to cache more copies of that
segment. P C

i is the probability proportional to the need of
segment i among the demanding segments. Hence, the larger
the difference between supply and demand of a segment, the
larger the probability for a new peer to cache that segment.
After downloading the chosen segments, the peer sets those
ci’s for the chosen segments to 1. The averaging algorithm will
then propagate and update the corresponding di’s throughout
the network.

Periodically, each storage peer checks the distribution of
p̂i and si to see if there is any discrepancy between them.
We define the discrepancy degree D as the mean square
error (MSE) between the supplies and demands of all the N
segments. That is,

D =
∑N

k=1(p̂k − sk)2

N
(4)

If there is a large discrepancy (i.e., D is greater than a
threshold thrD), the peer determines whether it needs to
replace its stored segments or not. For each of its stored
segments, the peer decides whether or not to replace segment
i with probability P R

i ,

P R
i =

{
si−p̂i

si
if p̂i < si,

0 otherwise.
(5)

If the peer decides to replace segment i, it then chooses
to download another segment j to replace segment i with
probability P S

j ,

P S
j =

{ p̂j−sjP
{k|p̂k>sk}(p̂k−sk) if p̂j > sj,

0 otherwise.
(6)

Since we only replace segment i by the segments whose
demand is greater than its supply, the probabilities to choose
segments with supplies exceed demands are zero. For segment
j with its demand exceeds its supply in Equation (6), the
numerator represents the amount by which its demand exceeds
its supply. And, the denominator is the sum of all the amounts
for those segments. Hence, the probability to choose segment
j for replacement is proportional to the amount by which its
demand exceeds its supply among those demanded segments.
Again, the peer sets those ci’s for the chosen segments to
1 after downloading them and let the averaging algorithm
propagate and update the corresponding di’s throughout the
network.

V. PERFORMANCE EVALUATION

We have evaluated VMesh using packet-level event-driven
simulation. We also studied the performance of embedding
locality information into the DHT search key. We used Chord
implementation for our DHT module [37]. For the distributed
consensus protocol, each peer randomly connects to 5 peers
and sends state messages to them periodically with the period
of 2 seconds.5 We set the local stepsize parameter γ to 0.5 for
all peers. Each peer checks for the discrepancy between supply
and demand periodically with the period of 10 minutes, and
the threshold thrD is set to 0.001. In Section V-A, we first
describe how we model our network and user behaviors. We
also introduce the performance metrics we used to evaluate
the system performance. Finally, we present our experimental
results in Section V-B.

In order to compare our scheme with traditional “cache-
and-relay” approach, we implemented P2VoD system [13].
In P2VoD, peers are divided into generations according to
their playpoints. Peers in the uppermost generations directly
connected to the source and peers in an upper generation
delivers stream to peers in its lower generation. Each peer
caches the streaming data for a period and streams the cached
data to its children. However, the system restricts its peers
playing the video from the beginning. Therefore, we modify
the system by allowing the peers to search for their parents
starting from the root. In addition, the system also does not

5In order to further reduce message overhead for distributed consensus
protocol, we use periodic messaging instead of the original message-on-update
approach.
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support random seeking, hence, we add this functionality by
simply leaving and re-joining the peer to the system. In case
of parent failure, a child would request data from the siblings
of its parent. The cache size of each peer is also set to the
size of one segment.

A. Data and Network Models

In our simulations, the length and bit rate of a movie are
L seconds and R Mbps, respectively. We set L = 7200 and
R = 1 in our simulations. Each segment is 5 minutes long and
of size about 36 MBytes. Each peer owns local storage space
with size of one video segment, thus, a peer can at most store
one segment locally. Each peer is randomly attached to a router
node. When a peer joins the system, it requests the beginning
of the video. Meanwhile, each peer is assigned an uploading
capacity of at most 2R Mbps, i.e., a peer can at most upload
two streams to its neighbors. Group size, i.e. the total number
of peers in a measurement session, varies from 100 to 3200.
The underlying network topology is generated using GT-ITM
[38]. The whole network consists of 4080 routers and more
than 20000 links.

In order to further study the performance of our locality-
aware segment location scheme, we model the link loss of our
network topology according to the typical settings in [39]. A
fraction f of the links were classified as “good” links and the
rest as “bad”. The loss rate for good links is picked uniformly
at random in the 0 − 1% range and that for bad links is
picked in the 5 − 10% range. Once each link is assigned a
loss rate, packet loss events at each link follows a Bernoulli
loss process, i.e., each packet traversing a link is dropped with
a fixed probability determined by the loss rate of the link. In
our simulation, we set f to 0.95.

One way to evaluate the performance of a streaming system
under user behavior is to run the simulation based on real
user traces. However, it is difficult to gather enough data for
various settings of user behavior to perform such trace-driven
experiments. Therefore, we generate users and their activities
according to [40]. The user arrival process follows a Poisson
distribution, i.e.,

p(x; λt) =
(λt)x

x!
e−λt, x = 0, 1, 2, . . . , t ≥ 0,

with average inter-arrival time τ (= 1/λ) seconds. The dura-
tion of each user session is exponential with mean T seconds.
As the usual case in the Internet, we model all user departures
as ungraceful leaving, i.e., the users leave the system without
informing their neighbors nor clearing their DHT entries. This
also provides a pessimistic evaluation on our system. Thus,
the system performance would be better if there are users, on
the other hand, leave the system gracefully. According to the
statistics in [9], each user performs 6 to 7 random seeking
in its session on average. We hence model each user to jump
with exponential inter-jump period of one-seventh of T . A
user may jump forward or backward and the jump distance is
modeled as a Pareto distribution, i.e.,

p(x; k, xm) = k
xk

m

xk+1
, x ≥ xm,

where xm is a location parameter to control the lower bound
of the jumping distance, and k is a shape parameter to control
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Fig. 8. Simulated popularity distribution of a video (L = 7200, R =
1, T = L, τ = 9.0), with the average number of concurrent users N =
T/τ = 800. Given the same user interactivity model, our experiments show
that the distributions are similar for other settings of T and τ .

the shape of the distribution (Higher value of k means the
density shifts to xm.). The probability distribution is bounded
by the two ends of the video, and is normalized accordingly.
In order to provide a non-uniform popularity distribution, we
partition the video into three regions with various parameter
settings for jumping:

• Region 1: The region ranges from the 0th second to the
2500th second. Inside the region, xm = 4000 and k =
100.

• Region 2: The region ranges from the 4000th second to
the 6000th second. Inside the region, xm = 10 and k =
500.

• Region 3: The rest of the video belongs to this region,
in which xm = 1000 and k = 1.

Figure 8 shows the popularity distribution of a video we
obtained after simulating the user behavior according to our
model for 24 hours of simulation time.

We evaluate our system using the following performance
metrics:

• Server stress – the outgoing bandwidth required at the
media server to support the whole system. In our results
shown below, we normalized the server stress by the bit
rate of the video stream to indicate the number of streams
required. The lower the server stress, the more scalable
the system is.

• Continuity index – the percentage of media data received
and played out at the client side by the playback deadline
of the media data. The higher the continuity index, the
higher the video quality received is.

• Startup latency – the time period starting from the
instant that a client joins the system to the instant that
the client starts playing out the video after buffering a
few seconds of media data6.

• Jumping latency – the time period starting from the

6The buffer size does affect the smoothness of the playback. In our
simulation, we set it to be 3 seconds.





1728 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 25, NO. 9, DECEMBER 2007

100 200 400 800 1600 3200
0

100

200

300

400

500

600

700

800

900

1000

average user population

se
rv

er
 s

tr
es

s 
(n

um
be

r 
of

 s
tr

ea
m

s)

client−server
VMesh(RAND)
VMesh(LA)
VMesh(LA−POP)
P2VoD
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(b) Server stress against simulation time (in second). The user population
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Fig. 9. Server stress under dynamic peer join/leave in a lossy network.
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Fig. 10. Playback continuity under dynamic peer join/leave in a lossy network.
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network via distributed hash table (DHT) technique using the
key comprised of video ID and segment ID.

Our results show that our locality-aware segment location
algorithm substantially reduce the server stress by allowing
clients to find close and good quality parents. Our popularity-
based segment storage scheme also helps reduce the server
stress and improve the playback continuity by matching the
supplies and demands of segments over the network. Unlike
the previous work, in which a peer depends on what resides
in the buffers of its parents, if the parents jump to another
position in the video, the peer needs to search a new parent
again. In VMesh, parent activities do not affect the children
unless the parent shutdowns the service. Through simulation,
we show that our system performs well under peer dynamics.
We show that the system achieves high playback continuity
under random member join/leave. In addition, the system
achieves very low startup and seeking latency which is crucial
to the performance of an interactive VoD system.
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