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Abstract - In this work we propose LEMP, a new scalable application-layer protocol, specifically designed for
video streaming applications with large client sets. LEMP is a pull-based protocol in which peers act both as
clients and partial servers. The novelty of our protocol is its use of a semi-hierarchical overlay which, in a sense,
“brings back to life” the traditional tree-based approach but this time from a specific only point of view. We
emphasize four salient features of LEMP design and implementation: 1) fault-tolerance and self-recovery so as
to successfully adapt to high churn environments, 2) minimum simultaneous video server channels, 3)
manageable network traffic per client and 4) minimum control overhead. We present a detailed design
justification, implementation and evaluation of our prototype on real-world PlanetLab testbed and large-scale
emulation on the Emulab testbed. Our comparative analysis with an existing widely deployed commercial
systemshows that LEMP preserves high QoS and minimum control overhead.

[eptinym — Zmv napovco epyasia mopovsiaiovpe 1o LEMP, éva véo KAylakodpevo Tpotdkodlo enurédon
£QUPUOYNC, T0 omoio gival oyedoouévo e ka yo vVideo streaming spappoyés pe peydro apOud nedoatdv. To
LEMP egivar éva pull-based npmtoékoAlo 610 0m0i0 01 PETEXOVTEG AEITOVPYOVV GOV TEAATES KAl LEPIKDG GOV
dwkopotés. H mpmtomopia T0v TP TOKOALOV pag sival n xpion ™S NUL-1EpAPYLKAG TOL TOTOAOYiaG 1 omoia
KOTO KOO0 TPOTO EMAVAPEPEL GTO TPOGKNVIO TNV TOPOd0CIaKY dEVEPOedn TPoGEyyorn, 0ALE Hovo omd pio
OUYKEKPEVT] OTTIKY Yovia ovty ™V @opd. Tovilovpe técoepa Pacikd YopoKTNPIGTIKE TG o)xedioong Kat
viomoinong tov LEMP: 1) gvpwotio kot ovtd -avappwon €161 @GTe va TPoca proleTatl ETTu®S o€ W 1LTEPMS
duvapwd mepPdAiovia, 2) EAoyoTonoNon TOV AmoTo VREVOD £0povg {MVNG amd ToV S1Kopo T, 3) aveKT
dwtvokn Kivnon avd meldm kot 4) ehayioTomoinom Tov eOpTov ™G epapyiog eréyyov. Tlapovedlovpe pio
Aentopuepn arwoAdynon 1ov oxedopod, viomoinon kat a&oldynon tov mtpototdinov pog oto PlanetlLab
testbed xabdg kot e&opoimon peydAng khipaxag oto Emulab testbed. H ouykpitikn pog avdivon pe éva 1on
VIAPYOV KOl EVPEDS S0 ESOUEVO OVTIGTOYO eUTOPLKd cvoTNa delyvel 6Tt 0 LEMP dwtnpel vymin mowvmta
VINPECIDV KOLTEPLOPIGUEVO KOGTOG EAEYYOV.
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Abstract - In this work we propose LEMP, a new
scalable application-layer protocol, specifically
designed for video streaming applications with
large client sets. LEMP is a pull-based protocol in
which peers act both as clients and partial servers.
The novelty of our protocol is its use of a semi-
hierarchical overlay which, in a sense, “brings back
to life” the traditional tree-based approach but this
time from a specific only point of view. We
emphasize four salient features of LEMP design
and implementation: 1) fault-tolerance and self-
recovery so as to successfully adapt to high churn
environments, 2) minimum simultaneous video
server channels, 3) manageable network traffic per
client and 4) minimum control overhead. We
present a  detailed design justification,
implementation and evaluation of our prototype on
real-world PlanetLab testbed and large-scale
emu lation on the Emulab testbed. Our comparative
analysis with an existing widely deployed
commercial system shows that LEMP preserves
high QoS and minimum control overhead.

1. Introduction

Over the past few years, streaming technology has
become one of the leading edges in worldwide
network communications. The last added corner
stone in this trend is video streaming, which gains
momentum not only due to the penetration of
broadband Internet access into households but also
because it seems to perfectly fit the multimedia
social framework of our days. In July 2006, more
than 100 million videos were being watched every
day and this number continues to increase [23]. On
the other side of this coin, the traditional client-
server architecture, where each client is allocated a
dedicated stream from the server, is both costly
(e.g., YouTube’s bandwidth costs are estimated to
1 million a day) and has difficulty scaling to large
client sets.

Bearing in mind the above, several proposals have
been made to adapt the advantages of peer-to-peer
(P2P) architecture to video streaming technology.
P2P approaches have already been successfully
applied to file transfer systems and now developers
are focusing on the more demanding area (in terms
of delay, churn and real-time constraints) of video
streaming. Roughly speaking, the basic approach of
these proposals is as follows: each peer
participating in the system has the dual role of
receiving and serving the video as well. Some of
the differentiating aspects of these systems are
whether or not there is a central server that
facilitates the distribution amongst peers, whether
the video is a live feed or a stored video, the
architecture of the overlay (e.g. tree, mesh, cell,
unstructured, etc.), whether video parts are buffered
temporarily (sliding window buffering) or they are
locally stored for the longterm, whether a push-
based or a pull-based method is preferred, whether
the system is intended for a controlled environment
or not and whether multiple downloads are
supported (e.g. video segmentation). Each of the
proposals that have been made thus far exhibits a
set of tradeoffs.

The main tradeoff that has to be dealt with is that
between control overhead and delay, while
achieving the goal of video continuity and smooth
playback. In most systems (specifically those
involving video segmentation over a pull-based
method), each peer has to immediately inform its
neighbors of a packet reception (buffer maps
exchange) and the neighbors, interested in this
packet, should make a straight-forward request for
the packet. In this way, the delay is minimized but
a noticeable control overhead is added to the
system. For the overhead to be reduced, a peer
might resort to less frequent buffer maps exchanges
(e.g. after dozens of new packets have been
received) but this can lead to extended delays and
possible video interruptions.



Although P2P models based on file segmentation
have already been successfully implemented in a
large scale (e.g. BitTorrent), this is notstill the case
for (live) video streaming. The main difference is
that, in P2P video streaming systems, peers are
more interested in low delays (initial buffering
delay and playback delay) and video continuity
rather than in maximizing the aggregated download
throughput of their link. Moreover, peers in
existing proposak often have to carry the triple
burden of serving other peers (which incurs
bandwidth), storing video parts for long periods of
time (as in the case of push and static local store
methods) and reconstructing received video parts
for playback (which incurs computational effort).
Thus, the demands of this relatively new area are
more challenging than in traditional P2P systems.
The new challenges become more difficult due to
strict timing and bandwidth requirements, peers’
unpredictable behavior and extremely large flash
crowds.

In this thesis, we propose LEMP a new scalable
application-layer protocol, specifically designed for
video streaming applications with large client sets.
A preliminary version of the protocol was proposed
in previous work but had limited evaluation and a
number of limitations [24]. We thus present a
complete rehaul of the LEMP protocol along with a
detailed design justification, implementation and
evaluation of the protocol on real-world PlanetLab
testbed and large-scale emulation on the Emulab
testbed.

We believe our protocol to be the key for
minimizing overall video server network
bandwidth, while simultaneously maintaining the
latency of service to client requests at a minimum.
We assume that client bandwidth is slightly larger
than the playback rate for incoming traffic, that
clients may be characterized by heterogeneity
(computing power, buffer size) and that clients may
join or leave the P2P overlay at any time either by
choice or due to network failures.

Our protocol is a pull-based protocol in which
peers act both as clients (receiving the video) and
partial servers (serving the video). The novelty of
our protocol is its use of a semi-hierarchical
overlay which, in a sense, “brings back to life” the
traditional tree-based approach but this time froma
specific only point of view. Furthermore, we
emphasize on the mechanism for the join and

departure of clients, building it so as to be fault-
tolerant, self-recoverable while keeping the control
overhead to minimum levels. A full description of
the LEMP protocol in its initial stages is available
in [24]. In this work, we provide a high-level
description of its salient features and then focus on
a number of design improvements we added to the
protocol as we built a new implementation
prototype.

The rest of the document is organized as follows. In
Section 2 we formulate the problem. In Section 3
we present the original LEMP protocol. In Section
4 we present the enhancements applied on the
original protocol. In Sections 5 and 6 we present
an evaluation of our revised LEMP protocol using
detailed measurements of an implementation on the
PlanetLab and Emulab testbeds respectively.
Finally, in Section 7 we provide a summary
regarding related work and in Section 8 we
conclude.

2. Problem Formulation

For simplicity we assume one video server S,
containing a set of videos, with D the duration of
each video. C is the set of all clients, with C, the
set of clients requesting the same video m up to a
certain time point. The cardinality of these sets is n,
and ncn, respectively. The buffer size available at
each client, expressed in playing time, is d < D.

There is no limit to the number of clients which can
make requests, except that only one request per
client may be outstanding or served at any moment.
Client requests for video m are denoted by rjm,
where 1 < j< n¢n and may arrive at any time. The
server tries to serve them at discrete successive
time points, t, tj+1,..., so that tj;; - § <t,. The latter
(tw) is a constant that depends on the amount of
time a client is willing to wait for service, before it
decides to withdraw its request.

The goal is to leverage as much as possible the
available memory and bandwidth of the clients that
are already being served by the server. Therefore, if
at least one client receives the same video at
successive time points with time difference t,, < d,
it is possible to form a “chain” of successive video
streams that serve all client requests up to the
present time. Thus, at some time point t, there are
Nem clients requesting the same video grouped in i



levels, namely Ly, ..., Lj. The server is always at
level Ly and broadcasts to the clients of level L.

Each client has only one channel for video
reception and b channels for video broadcasting at
slightly larger than the playback rate. These are the
data or video channels.

All clients use unicasting to broadcast video; hence,
b is a positive integer, depending on the upper limit
of video channels per client. It is possible for
clients to fail, withdraw or operate in a lossy
network environ ment.

Consequently, such pipelines would break and the
system should try to remedy the situation.
Therefore, a solution must satisfy the following
characteristics:

e Be simple and fast to adapt quickly to the
changing circumstances

e Minimize simultaneous video server channels
for the same video

e Ensure that no client waits longer than t, for
service

e  Ensure manageable network traffic per client

e Provide speedy recovery for client or network
failures

e Have minimal requirements regarding client
computing power

3. Proposed Solution
3.1 LEMP Hierarchy

The LEMP protocol arranges clients into a
hierarchy of i levels, where 0<i < rD/ tW—|. The

main goal of the protocol is to create and maintain
this hierarchy effectively.

Contrary to other proposals [1, 8, 11], the data and
control paths are different: The data path follows a
tree-like arrangement where a client at level L;
provides a set of up to b unicast streams to a group
of clients at level Lj+1. These streams do not have to
be synchronized; they may be transmitting different
parts of the buffer content.

Assuming there are nj.;, nj and njy clients at levels
Li.1, Lj and L4+ respectively, the server divides the
clients at level L in nj; same-sized groups, if
possible, assigning each group to a client at level

Li.s. This forms a tree structure, used for video
streams.

The control path on the other hand is twofold: all
the clients at level Li are organized in a star-like
structure. One of the clients at each level L; is the
Local Representative (LRi). This client together
with other LRs from the rest of the levels
communicates with the video server forming a
control topology of a star, keeping overall
communication minimal. The rest of the clients at
level Li maintain and exchange control information
with their respective LR;. This arrangement allows
quick response in the event of client failures.

As for the arrangement of clients, from time ti to
ti+tw the server receives client requests for the same
video, which it groups into the level Li. The
arrangement is not random; the end-to-end latency
of the path between a client and the server is used
as criterion to select the Local Representative for
this level (LR;j) and the second closest client is
selected as the BackupLocal Representative (BLR;).
This happens because LR;j is the only client for
level Lj communicating with the server under
normal conditions; hence, an effort is made to
select the one closest to the server in terms of end-
to-end latency. Similarly, the BLR is selected in
order to replace quickly a failed LR. This hierarchy
is presented in Fig. 1, for the first two levels of
clients.

Video Berver

wf—“v’—\_

5 Level 1
N _/j“‘_"
._ Video Streams
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(&\ @E }5 Lewel 2
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Figure 1. LEMP Control and Data Hierarchy
3.2 Protocol Operations

Under LEMP there are three phases for any client:
Join, Work and Leave.



3.2.1 Join Phase

Under Join, a peer v requests a video from the
server. This request, as well as all other requests
made by other clients within a specific time period
(ti.1, tia + ty), are gathered from the server who
creates an ascending sorted list of clients, based on
the end-to-end latency between each client and
itself.

Next, the server determines whether there is
already a broadcast to at least one client, currently
receiving the first part of the video (level Lj;). If
none exists, a new broadcast is scheduled by the
server; otherwise, the new level L; and identity of
LR; and BLR; are determined.

This information is sent to the LR; and BLR; of
level L. Each client v; only receives the identity of
LR;, BLR; LR;.;, BLRj; and its parent. Thus, the size
of these messages is constant.

Finally, the server divides the clients at the new
level L; into nj; groups so as to ensure that they are
equally distributed to the parents of the previous
level. This information is sent to each parent at
level L1, and its child at level L;, such that each
client at level L;.; knows its children at level L;.
Thus, a forest of trees is formed, augmenting the
data path. If possible, LR; and BLR; are not assigned
any children due to their additional ad ministrative
load.

3.2.2 Work Phase

During this phase, the clients at level L;.; broadcast
the video in their buffers to their respective
children at level L;. Apart from data, control
information is exchanged in order to detect any
possible problems.

First, all clients send periodically an Alive message
to their respective LR. If no such message arrives to
LR fromany client v within a certain time interval
ts, then v is considered to have failed. Each of these
Alive messages includes the client’s identity and
load. Thus, a list of potential parents is formed,
sorted according to their load, in case of regular
parents fail.

Finally, LR; periodically exchanges a special
LRAlive message with the BLR; and the video
server, containing all information updates regarding
the state of clients at the particular level. This is
sent so that the server or BLR; can detect potential

failure of its peer and synchronize control
information.

323 Leave Phase

A client v may leave the overlay either by choice,
in which case it sends a Quit message to LR; and
also to its parent p and children, or unexpectedly
(e.g. due to network failure) so it no longer serves
its children and does not send Alive messages to its
LR.

In both cases, p removes v from the list of its
children. Furthermore, p stops broadcasting video
to v. The LR updates its information, accordingly.

e Orphans and Recovery

The departure of a peer at level L; has the result
that some peers at level L.+, are now orphans.
Since they know LR;, they send an OJoin
(Orphan Join) message to LR;. LR; determines
potential parents and replies by sending
ODirect (Orphan Direct) messages, directing
them to the appropriate new parents. If LR; has
failed, the orphans try the same process with
BLR;.

If no new parent is found or both LR; and BLR;
have failed at the same time, the orphans
contact the server, which schedules a new
broadcast to them.

e Uncertainty of Client Failures

The control communication pattern is fairly
distributed and unreliable. It is possible that no
Alive message by v reaches its respective LR
within the time interval ts/2. This & a partial
failure; one or more network links have failed
to deliver the Alive message, but client v
operates properly.

In this case the LR simply deletes v from its list
of potential parents, although it keeps waiting
for Alive messages for another time interval
ts/2 (a total of t;). It is, thus, hoped that the link
with v will operate again soon, in which case v
is re-instated as a potential parent by the LR;
otherwise, v is permanently deleted from its list

4. Protocol Enhancements

Thus far we have described the salient features of
the original LEMP protocol. In this section, we



describe features that we have added to the basic
protocol as part of our newly implemented
prototype.

An under the hood analysis was the main reason
that lead us to the recently applied enhancements
on the original protocol. This insightful analysis
consisted of a detailed practical revision of the
protocol and a complete re-imp lementation of it.

The improvements made on the basic version of
our new protocol (rehauled LEMP) are summarized
below:

e  “On the fly” service of client requests

e Client arrangement assigned to both server and
LRs

e Absence of BLR; step_LR role introduced

e LRs’ control partial independence fromserver

e Absence of OJoin messages

e Improved failure inspection

e Non-propagating failures

e Support for live video

We refer to the basic LEMP protocol plus these
improvements as “LEMP on the fly”.

Further refining enhancements applied to the
rehauled LEMP protocol result in the latest version
of our protocol (“LEMP heuristic”).  These
improvements include:

o Different heuristic for LR selection

e Anactual heuristic for step_LR selection
e A fair heuristic for parent selection

e Different handling of orphans

4.1 On the fly service

In the basic LEMP design described in Section 3,
the server gathers all client requests made during a
time period (t.1, .1 + ty) and then tries to serve
them. It is, thus, possible for a client to have to wait
up to t,, before being served (e.g. if his request was
made at the beginning of the period). Although t, is
not numerically set (or at least proposed) in LEMP,
we envision a protocol with minimum startup delay
and this potential wait of t,, must be reduced.

In our revised protocol, we propose and imp lement
an “on the fly” service of clients. That is, the
moment the server receives a client request at level
L;, it decides whether to serve it directly (e.g. when

no peers exist at level Lj.;) or, most importantly, it
can immediately forward it to LR;.;. Once such a
forwarding is made, the LR;; will immediately find
a parent for the new client (see paragraph 4.2)
leading to a minimum startup delay experienced by
the client. This procedure depends on the
improvements described below for its functionality.

4.2 Client Arrangement

As it is probably already suspected, contrary to
LEMP, the arrangement of clients is not a server
only responsibility.

Specifically, client arrangement is now performed
in two steps; each step is performed by a different
protocol component. The server is still responsible
for “nominating” the role of peers, regarding their
hierarchical position, that is if they are LRs or
normal peers. The second arrangement step, on the
other hand, is the responsibility of the LRs. LRs are
now those who assign children (peers at level L;) to
parents (peers at level Lj;) and thus decide on
peers’ functional role into the protocol. The new
procedure is as follows: let us assume that all
requests made within the period (ti.q, tiz + ty) are
successfully served and that the server moves to the
next period, waiting for new requests. At this point
the server has already created the ascending sorted
list of peers (based on latency) at level Li.; and has
also chosen the LR;4, which it informs of its role.
We assume that a peer v requests the video (from
the server) within the time period (tj, t; + ty). After
the hierarchical role (LRs or not) of peers at level
Li., was set by the server, is now time for the LR;.;
to set their functional role. The server simply
forwards the request of peer v to LR;; and the
responsibility of parent-to-child assignment is now
in its hands. Likewise to LEMP, LRs try to be fair
and preserve streaming load balance among
parents.

In this way, not only is the startup delay minimized
but a workload balance is also achieved, since the
server shares its “burden” with LRs.

4.3 Step_LRs instead of BLR

In the original protocol, there is supposed to be a
Local Representative (LR) and a Backup Local
Representative (BLR) at each level. Our first,
though a bit rough, implementation revealed that
setting ty, to a medium value, renders the presence
of BLR almost unnecessary, as far as successful



query forwarding to the LR is concerned. Such a t,
value however, keeps number of peers at each level
respectively low and furthermore creates a more
flexible hierarchy in terms of level maintenance.

Moreover, the cost of keeping BLR updated didn’t
seem to pay back as often as initially believed,
since the (only one) BLR itself had equal chances to
undergo a failure/ departure. Hence, we preferred a
more sophisticated approach which further
increases protocol robustness while minimizing
control overhead.

The newly introduced role is that of step LRs.
Instead of having a single one backup LR which is
continuously updated by the original LR, we choose
to have a plethora of possible step LRs, one of
which will be informed of its new role upon LR’s
departure. More specifically, when LR; is about to
leave, it will nominate an “alive” peer of its level as
new LR (step_LR), by informing him of their level
status. The same “hot potato” procedure will take
place upon the departure of the step_LR, such thata
LR is always present and up to date.

Note that step LR implementation requires no
special synchronization between the LR and the
step_LR, while control overhead is kept to
minimum levels.

4.4 Partial Control Independence of LR

As described in LEMP, LR; periodically exchanges
a special LRAlive message with the video server,
containing all information updates regarding the
state of clients at the particular level.

However, our analysis showed that this information
is rather useless on the server side, after the before
mentioned improvements have been applied. To be
more precise, under all circumstances, the
maintenance of level L; is now under LR;’s control.
That means that the server is no longer responsible
for changes or failures at the different levels.

Still, there is a catch regarding LRj’s control
information at the server side. The server needs to
be actually informed about LR; status, up till the
point LR; waits for forwarded requests from the
server; that is during the period (tj+1, ti+1 + ty). If
LRjis up, then the server keeps on forwarding client
requests (of level Li+;) normally; if not, the server
is held responsible for incoming requests and
accordingly serves them directly. In this way, we

achieve, even as a side effect, an even lighter
control hierarchy.

4.5 Absence of OJoin messages

Under the departure of a peer at level L, orphans of
level Lj+; send an OJoin message to LR;, according
to the original LEMP protocol. However, this is not
the case in our enhanced new protocol. Instead, the
recover procedure takes place automatically and no
extra messages are required.

The departure of a peer at level L;, will be noticed
by LR; after the absence of alive messages within
the ts interval (case of an unexpected departure) or
by an explicit Quit message sent by the leaving
peer (case of normal departure). LR; will then find a
new parent for the orphan. This choice is currently
made based on the number of children each parent
has; more precisely, the parent with the fewest
children is chosen from LR; as the step-parent of
the orphan.

We believe that OJoin and Alive messages serve
the exact same purpose, in the case of an
unexpected departure, so we totally removed OJoin
messages fromour new protocol.

4.6 Improved failure inspection

In the first protocol approach, unexpected failures
are inspected only by the absence of Alive
messages. Not much is mentioned nor specified for
the special case of orphans under the absence of
LR; (and BLR; in the original protocol).

In the revised approach, we propose a 2-tier
mechanis m against failures (e.g. broken link). We
believe that this part of our system is vital for the
overall system robustness and self-recovery, under
challenging and unexpected situations.

We have already elaborated on the first tier, which
is consisted of the Alive messages. These messages
are sent periodically by peers at level L; to their
LR;. If no Alive messages are received by LR;, that
is within the time interval t;s, the corresponding peer
is assumed to be “dead” and the recover procedure
takes place. Note that a peer failure is no longer
indicated by the absence of two successive Alive
messages, since our control hierarchy is now built
atop the TCP protocol, meaning no packets are lost,
and possible high delays are dealt by setting an
elastic timeout on the respective socket.



However, it is possible that the LR; itself might
leave the overlay, before video ends. In this case,
there has to be a backup procedure running in all
peers, such that they are able of self-detecting a
failure at the level above (Li.;). In light of this, each
peer has a timeout, regarding newly received
buffers. If no packets are received before the
expiration of this timeout, the peer considers itself
as an orphan and requests the video directly from
the server.

For this mechanism to be functional, the “buffer
timeout” is set slightly larger than the value of t;,
such that its expiration certainly indicates a LR
failure.

4.7 Non-propagating failures

One problem that came to surface, while testing our
first implementation, was propagating failures.
Consider a peer A at level i, who is facing
bandwidth problems but is able to keep up with
control message traffic. In other words, consider a
node which is normally responding to LR;’s alive
messages but for some reason, it is unable of
serving the video to his children at level i+1. Since,
peer A appears to be alive, no recovery procedure
will begin until the “buffer timeout™ at A’s children
has expired. However, this “buffer timeout” will be
propagated to all peers downstream peer A. In all, a
single failure/ error might be propagated down to
the leaves of the data tree, leading to a large
number of orphans and rendering the protocol
unstable.

For this weakness to be dealt, while a peer
undergoes an error or a “buffer timeout” instead of
normally replying to the LR’s “alive” message, it
replies with a “temp_off” message to informthe LR
of the temporary problem. LR, consequently, will
temporarily remove this peer from the list of
parents and will redirect any possible orphans to
step-parents of its level. In this way, errors are not
propagated to successive levels.

4.8 Live video streaming

The original protocol was theoretically designed for
VoD services only. However, the advance of
broadband  connections has  changed the
perspectives of video streaming. A decade ago,
IPTV or live broadcasting of a special event (e.g.
football match, rare physical phenomena) to a large
number of simultaneous peers seemed to be too

ambitious. Nowadays, the ground for such systems
is definitely more solid and able to hold the burden
of their demands.

We have, thus, focused our implementation on live
video streaming. We use the term live to refer to
the simultaneous distribution of the same content to
all clients. The content itself might be a live feed
(e.g. live webcam or recording camera) or a
playback. Consequently, each peer unicasts the
exact content to all his children, contrary to the
original protocol.

4.9 Different heuristic for LR selection

In the original protocol, LR selection was strictly
based on minimum RTT. However, the LR is
responsible for maintaining the control hierarchy
which normally involves higher cpu usage
demands. Thus, a more sophisticated heuristic
based on a weighted average of RTT and peer’s cpu
usage percentage was chosen.

4.10  Heuristic for step_LR selection

The “hot potato” scheme engaged in “LEMP on the

fly” was quite arbitrary, as far as the step_LR

selection is regarded. Trying to keep things fair, we
introduce an actual heuristic for step_LR selection
based on a weighted average of peers’ current cpu
usage and cpu usage history.

4.11 A fair heuristic for parent selection

A key aspect of our protocol’s feasibility and
fairness is definitely parent selection, which was
initially based on a very simple algorithm; children
were equally distributed among parents without
taking into account any bandwidth limitations. To
provide a more effective approach for parent
selection, children assignment to parents is now
performed based on parents’ available bandwidth
(exported with Iperf) and the number of already
assigned children to them.

4.12  Different handling of orphans

In the original protocol, upon the reception of an
orphan message, the server sent the video directly
to the peer that issued the orphan request. With this
enhancement, each client that undergoes a buffer
control timeout (not handled by the LR of its level)
will issue a first-orphan message to the server and
will be redirected to the current (latest) level LR to
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receive the video again. If the peer undergoes a
second buffer control timeout during his lifetime,
he will request and receive the video directly from
the server. Note that, this handling concerns only
buffer control timeout orphan requests and not
orphan requests issued upon the reception of an
explicit parent_out message (these orphans still
receive the video directly from the server). We find
that with this solution server stress is improved
without heavily worsening video loss percentage.

5. Planet-Based Performance Evaluation

Our first prototype (LEMP) was implemented in
the Java language, using the Java Media
Framework (JMF) API. However, the nature of
Java renders it a relatively heavy tool for such
demanding applications. Moreover, JMF after its
first release, received little attention, despite the
promises and initial envision of Sun for a new
powerful API for multimedia applications. Its last
update was made available in 2004 and since then
the APl is untypically considered as obsolete. Still,
this first implementation armed us with significant
experience and knowledge, while at the same time
revealed problems and disadvantages of the initial
protocol.

After applying the new design changes to the basic
LEMP protocol, we implemented in full a new
prototype (LEMP-heuristic). Our new prototype is
implemented in the Python language in conjunction
with the GStreamer Python bindings. Our
experience has shown that these new tools are
lightweight, flexible and reliable in terms of video
streaming and network communication.

5.1 Experiment Setup

We conducted an experiment on PlanetLab to
evaluate the performance of our new protocol. The
total number of participating PlanetLab nodes i
390, which is almost the largest scale of nodes
available on PlanetLab, and all results are extracted
from one PlanetLab run. The video stream is 3000
seconds long and the streaming rate is 150 kpbs,
unless stated otherwise.

According to [21], when it comes to live media
streaming, the nature of interactions between users
and objects is fundamentally different from stored
media streaming. The greatest difference is that
access to stored objects is user driven (since the
media is “always there” and is only up to client’s

Table 1. PlanetLab Experiment (Default) Parameters

Parameter Value
Total Number of Clients 390
Streaming Bitrate 150 Kbps
Video Length 3000 seconds
Client Arrangement
Interval (t,) 60 seconds
Alive Message Interval
W (t )ge v 3 seconds
0.

Client Interarrival Time Pareto a =2.52, b = 1.55

Client Lifetime Lognormal p=5.19, 6 =1.44

Unexpected Failures 5%

will when he will access it), while access to live
objects is object driven (since the timely
constrained availability of the content drives user
behavior). In light of this, our workload was strictly
based on the model for live media workload
generation, provided by [21], with peers inter-
arrival time following a pareto distribution (o =
2.52, b = 1.55) and peers lifetime modeled by a
lognormal (un=5.19, 6 = 1.44).

Note that, since our experiments are conducted in a
real network, unexpected failures due to link
congestion/break are present by definition.
Furthermore, no special choice over PlanetLab
nodes was performed, that is nodes might be
heavily loaded both in terms of bandwidth
consumption and cpu usage. In light of these,
artificially injected failure probability was set to
5% in all experiments, unless stated otherwise.

5.2 Metrics

We evaluated our prototype under the following
metrics:

e Startup Delay: time period elapsed between
the time the video request is issued and the
time packets start flowing in our pipeline.

e Video Loss Percentage (Discontinuity
Index): this metric concerns the maintenance
of continuous playback. We define as video
discontinuity the percentage of time that no
new data is flowing in the buffer to the total
time the peer is supposed to watch the video
(“lifetime” — “startup delay”). In other words,
it is a time estimator of the number of
segments that arrive (if at all) after playback
deadlines over the total number of segments.
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Startup Delay
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Figure 2. Startup delay in seconds

Percentage of video received directly from
serwver: we have each peer tracking down the
time periods that, either due to problems (i.e.
orphan client) or due to the nature of our
protocol (i.e. clients at level 1), it receives the
video directly from the server. This metric is
an indicator of server stress in terms of time.
As above, this metric is the ratio of the time
the peer was served directly from the server to
the total time the peer was watching the video
(“lifetime” — “startup delay”)

Total Outgoing Rate: Each peer runs an
instance of Iptraf to monitor its bandwidth
usage. This metric concerns the total (data and
control) uploading rate of each peer.

Data Outgoing Rate: A second instance of
Iptraf, providing more detailed information
(i.e. port numbers), runs on every peer. This
metric represents the data (video) uploading
rate of each peer.

Control Outgoing Rate: Similarly to above,
this metric depicts the control overhead of each
peer in terms of upload bandwidth
consumption.

Serwer Stress Saving Percentage: This metric
refers to the protocol’s server bandwidth that is
saved compared to the traditional client-server
model.

Video Loss Percentage

Cumulative Probability

—+— LEMP - onthe fly
—— LEMP - hewristic
T

| \ I | I | I I I I
002004006008 01 012014016018 0.2 022024
Yideo Loss Percentage

Figure 3. Video loss percentage

5.3 Experimental Results

Unless stated otherwise, the results presented
below refer to our latest protocol version, namely
“LEMP heuristic”.

53.1 Startup Delay

Startup delay (Figure 2) is clearly kept in low
levels for the majority of population. More
specifically, 50% of peers received the video in less
than 4 seconds and 90% of them in no more than 9
seconds. Note that only 1% of the population
received the video after 15 seconds or more.

5.3.2 Video Loss Percentage

Ideally, we would expect our protocol to achieve
zero video loss percentage for almost all clients.
That is, despite the undergoing operations
(departure, failure, rejoin, etc.) we envision the
majority of peers observe no video discontinuity.
Indeed, our prototype (Figure 3 “LEMP
heuristic”) presents 0% video loss for 91% of the
population, while 98% of peers lost no more than
1.7% of the video. In order to clarify the impact of
the different handling of orphans on video loss, we
also choose to present video loss percentage for
“LEMP on the fly”. As Figure 3 (“LEMP on the
fly”) indicates, 95% of peers underwent 0% video
loss and 98% of peers lost no more than 3% of the
video. This comparison reveals the effectiveness of
our protocol in terms of video continuity since
video loss percentage remains at low levels, even
under the new and more demanding handling of
orphans.
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Figure 4. Video percentage received directly from server

Awverage Outgoing Data Rate
1 T T

09
08

=
—-

Cumulative Probability

i i I i i i

0 100 200 300 400 500 500 700
Awerage Qutgoing Data Rate in ks

Figure 6. Average Outgoing Data Rate

5.3.3 Percentage of video received directly
from server

As for server stress in terms of direct video service
percentage, a remarkable improvement is achieved
since a portion of the orphans population is now
handled by other peers and not by the server.
Figure 4 (“LEMP heuristic ’) shows that not only is
there an increase in the number of clients receiving
the video exclusively from other peers (81% in
contrast to the 77% of “LEMP on the fly”), but
more importantly, 90% of the peers received less
than or equal to 40% of the video directly from the
server, while in “LEMP on the fly” the same
percentage of total population received less or
equal to 65% of the video directly from the server.
Moreover, only 5% of peers received the video
directly from the server, right from the beginning.
One should note that these percentages are over
client’s lifetime, which varies among clients. These
results show the protocol’s ability to relieve server
stress effectively.

Awverage Outgoing Total Rate
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Figure 5. Average Outgoing T otal Rate

Average Outgoing Control Rate
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Figure 7. Average Outgoing Control Rate

534 Total & Data Outgoing Rate

To demonstrate the protocol’s feasibility, Figure 5
shows the upload bandwidth consumption of
participating peers. We see that 60% of peers
contributed less than 85kb/s on average and 90% of
peer contributed less or equal to 190kb/s.
Moreover, 99% of the population had outgoing
total rate less or equal to 500kb/s while only 4
peers experienced higher outgoing rate values. As
expected, data outgoing rate (Figure 6) is almost
identical to the total rate, since control rate is kept
to minimum levels. Bearing in mind the worldwide
invasion of broadband internet connections in
households, we expect the majority of home users
to successfully carry the burden of such uplink
demands and only a small percentage of peers
remaining on dial-up modem connections having
their upload bandwidth stressed.

535 Control Outgoing Rate

An important aspect of our protocol’s
implementation is control overhead. Figure 7
shows that 90% of peers experienced control
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overhead of less than 1.4kb/s, while the biggest
value was only 6.77kb/s. Figure 8 provides an
illustration of total, data and control average
outgoing rate, so as to better depict the magnitude
difference between control and data outgoing rates.
Moreover, since each node mainly interacts with
the LR of its level (via alive and parent/child
messages) and every control message has a fixed
size, the average control overhead of each node
does not grow with the overlay size or with the
streaming bitrate.

53.6 LRsand non-LRs
To compare the stress placed on both LRs and non-
LRs, Figures 9 and 10 present the average outgoing
data and control rate  for LRs and simple
(non-LR)  peers respectively. Figure 9
demonstrates the fairness of our protocol, since
server stress appears to be equally distributed
among LRs and normal peers. Note that this
performance was achieved only after the parent
selection heuristic was applied on our protocol and
that in our protocol’s previous version (“LEMP on
the fly ) LRs were clearly more stressed than non-
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Figure 10. Average Outgoing Control Rate for LRs and non-
LRs

LR peers. When it comes to control overhead, we
expected LRs to be more loaded than normal peers,
since it’s their responsibility to handle their level.
Indeed, according to Figure 10, LRs spend more
bandwidth than non-LRs but still the fluctuations
are modest. Most importantly, the knee of non-LRs
demonstrates that the protocol places a bounded
amount of control overhead on non-LR peers.

5.3.7 Increased Unexpected Failures

To evaluate the protocol under worst-case
scenarios, we conducted experiments with peers
failing unexpectedly with various (increasing)
probabilities (5%, 10%, 15%), 20%). We would like
to highlight once more that since all experiments
take place on PlanetLab, unexpected failures due to
link congestion/break are present by definition. The
following three experiments, thus, push the
protocol to its limits so as to further examine its
robustness and performance.

Figures 11, 12 and 13 present a comparison of the
differentiating metrics of these experiments, so as
to better present and compare the protocol’s
performance under the different setups.
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Figure 9. Average Outgoing Data Rate for LRs and non-LRs
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Figure 11. Video percentage received directly from server
under different percentages of unexpected failures
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Figure 12. Video loss percentage

5.3.7.1 Percentage of video received
directly from server (unexpected
failures)
It is normal to expect that as unexpected failures
increase, the server will have to carry some extra
burden, regarding peers’ service; especially in the
case of unexpected LR failures. Our concern was
the extent to which the protocol preserves a high
performance under such demanding circumstances.
According to Figure 11, the protocol’s performance
degrades as unexpected failures increase but still
the majority of peers is served in an efficient p2p
way. Even with 20% unexpected failures, 73% of
peers receives the video exclusively from other
peers. Moreover the number of peers that receive
the video right from the beginning of their session
directly from the server is analogous to the
percentage of unexpected failures, which is the best
possible scenario.

5.3.7.2 Server Stress Saving Percentage

The extra server burden, which is described above,
is clearly depicted in Figure 13. The plot presents
bandwidth savings at the server side in comparison
to the traditional client-server model and clarifies
the consequences of the increased unexpected
failures. With 5% unexpected failures, the server
saves 77% of the bandwidth that would had spent
under the client-server model, while under 20%
unexpected failures, server savings are reduced to
64%. We choose to present percentages of server
savings in terms of bandwidth demands, rather than
absolute values of server stress, since these values
are closely related to the overlay size and the
streaming rate which varies among applications.

06

04 1

Saving Percentage

5% 10% 15% 20%

Unexpected Failures Percentage

Figure 13. Server Stress Saving Percentage

5.3.7.3 Video Loss

(unexpected failures)
As for video loss percentage (Figure 12), though
there is a degradation, 84-91% of peers experience
no video losses, while for all cases 96% of peers
loses no more than 5% of the video.

Percentage

5.3.8 Comparative Analysis

To better evaluate our protocol’s performance, we
also provide a comparison with one of the most
widely deployed and commercially available P2P
live-video streaming systems, namely
CoolStreaming [22]. Since the source code is not
publicly available and as several technical
information and parameters are absent for an
implementation of this system to be feasible by a
third party, we choose to evaluate our protocol
using the same parametric conditions and
experimental environment (PlanetLab) used in their
evaluation so as to achieve a fair comparison.
Specifically, the client set is consisted of 200
PlanetLab nodes and the default video bitrate is 500
Kbps. In the dynamic environment, peer lifetime is
exponentially distributed with an average of T
seconds while unexpected failures are set to 5%.

5.3.8.1 Stable Environment

We first evaluate continuous playback and control
overhead in a stable environment; that is peers join
the overlay and stay on until the end of the video
stream. Regarding video playback continuity under
different streaming rates (Figure 14), our protocol
outperforms CoolStreaming mainly due to two
reasons. First, our protocol’s data hiecrarchy
construction distributes children to parents based
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on their throughtput and the number of already
assigned children to them such that bandwidth
outages are minimized. Second, peers are normally
bound to undergo no more than two video
discontinuity malfunctions, since after the second
one they will request the video directly from the
server. This limit was set so as to both decrease
server stress and keep video loss percentages at low
levels.

Control overhead (Figure 15) concerns less than
0.8% of video traffic volume and falls between the
respective CoolStreaming overhead for 2 and 3
partners.

5.3.8.2 Dynamic Environment

We then conduct experiments under the dynamic
environment described in [10]. According to this
setup, peers may leave (or fail) and join freely and
their lifetime is exponentially distributed with an
average of T seconds. As Figure 16 indicates, our
protocol presents higher continuity index than
CoolStreaming mainly because most departures/
failures are caught by the LR before discontinuity
malfunctions occur at lower levels. Furthermore, in
the absence of LR, a leaving peer will directly

Cantrol Overhead - LEMP vs. CoolStreaming

I LEMP - heuristic
L Il CoolStreaming

0014 -

0.ms

0.018

0mz2r

0.01F

0.008

Contral Overhead

0.006 -

0.004 -

0.002F

2 3 4 g B
Mumber of Partners (CaoolStreaming)

Figure 15. Control Overhead — Streaming Bitrate 500Kbps

inform his children and they will consequently
request the video from the server without
undergoing any video loss.

6. Emulation

Since scalability is a key issue to the success of
P2P video streaming systems, we also evaluate
LEMP rehauled under an extensive emulation
performed on the Emulab testbed.

6.1 Emulation Methodology

To allow experiments with a very large number of
nodes, Emulab provides a multiplexed virtual node
implementation (hereafter known as just "virtual
nodes").

Virtual nodes fall between simulated nodes and
real, dedicated machines in terms of accuracy of
modeling the real world. A virtual node is just a
lightweight virtual machine running on top of a
regular operating system. In particular, virtual
nodes are based on the FreeBSD jail mechanism,
that allows groups of processes to be isolated from
each other while running on the same physical
machine. Emulab virtual nodes provide isolation of
the filesystem, process, network, and account
namespaces. That is to say, each virtual node has
its own private filesystem, process hierarchy,
network interfaces and IP addresses, and set of
users and groups. This level of virtualization allows
unmodified applications to run as though they were
on a real machine. Virtual network interfaces are
used to forman arbitrary number of virtual network
links. These links may be individually shaped and
may be multiplexed over physical links or used to
connect virtual nodes within a single physical node.
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Once the vnodes implementation was made clear,
there were several other issues to be solved for the
Emulab experiments to be feasible. These issues
had mainly to do with restrictions associated with
the hosting OS for FreeBSD jails, namely
FreeBSD4.10. In particular, due to some
limitations, gstreamer could not be installed so we
had to simulate the media stream using a dummy
data generation module of our own. Moreover,
iptraf is strictly designed for Linux architecture and
cannot be installed on FreeBSD. For this, the iptraf
bandwidth monitoring was replaced by a more
primitive approach based on the netstat utility.
Note however that several medium-scale Emulab
experiments were performed so as to ensure that
the before mentioned changes don’t affect our
protocol’s behavior and performance.

Our transit-stub topologies of 1000 and 1800 nodes
were generated using the GT-ITM generator. Link
delays were automatically assigned using the
sgh2ns tool and are proportional to the distance
between nodes with their values ranging from 2-
187 ms. Peers inter-arrival time and lifetime follow
the same pareto and lognormal distributions
mentioned in paragraph 5.1. The video stream is
6000 seconds long and the streaming rate is 150
kbps. Finally, all experiments were performed with
the latest protocol version (“LEMP heuristic ) and
unexpected failures were set to 5%, unless stated
otherwise.

6.2 Emulation Results

Startup delay measurements do not show
significant differences with the PlanetLab results,
with 90% of peers receiving the video in no more
than 10 seconds and only 4% of the population
having to wait for more than 16 seconds to receive
the video. This observation indicates that startup
delay is independent of the total number of peers.
Startup Delay - 1000 & 1800 peers topology

1000 nodes
f : ' i | —— 1800 nodes
0 | | | |
0 5 10 15 20 25 30 35 40

Startup Delay in Seconds
Figure 17. Emulab Startup delay in seconds

Video loss percentage remains at very low levels
with 95-96% of the population experiencing no
video loss and 99% of the clients losing less or
equal to 6% of the video during their lifetime.

Stress stress (as measured by the number of peers
receiving the video directly from the server) is
displayed in Figure 19. We see that server stress is
slightly improved compared with previous
experiments with 88% of peers receiving the video
exclusively from other peers and 90-91% of the
total population receiving less than or equal to 30%
of the video directly fromthe server.

Similarly to previous experiments, only a small
percentage of peers (4%) received the video
directly from the server. Figure 19 thus,
demonstrates once again the scalability of the
protocol.

Average outgoing total, data and control rates
present no significant differences from the previous
experiments. This observation leads us to the
conclusion that peers’ stress is stable and has
nothing to do with the overall peer population,
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since the protocol organizes clients into levels, with
each peer (pj) being associated only with its own
level (L;) and the next one (Lj+1).

An issue that required attention was whether the
achieved fairness of the protocol (“LEMP
heuristic”) will be sustained for larger scale
experiments. According to Figure 23, the protocol
appears to be strictly fair as far as LRs’ and normal
peers’ stress I concerned, with the two
distributions being almost identical.

Since the control hierarchy remains unchanged, it is
normal to expect that the average outgoing control
rate among LRs and normal peers (Figure 24) will
present the observed variations, with normal peers
experiencing a pretty stable control overhead
(around 0.55kb/s) and LRs being clearly more
stressed. Still, the average control outgoing rate
remains at low levels similarly to previous
experiments.

Being interested in evaluating our protocol’s
robustness under abnormal conditions, we present
plots of the two metrics likely to be affected under
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Figure 23. Emulab Average Outgoing Data Rate for LRs and
non-LRs

increased unexpected failures, namely video loss
and server stress in terms of direct video service.

As Figure 25 depicts, increased unexpected failures
have an impact on video loss percentage but still
the high majority of peers receives the video with
minimum video discontinuities. Even under heavy
unexpected failures (20%), 90% of total population
loses no more than 2% of the video and 96% of
peers loses less or equal to 5% of the video. Higher
percentages may be considered as outliers since all
video loss percentages are over peers’ lifetime,
meaning several clients might have lost just a few
segments of the video but their lifetime was too
short. In order to prove our claim we have plotted
video loss percentages and peers lifetime for all
four unexpected failure scenarios. Figure 26 shows
that the vast majority of high video loss
percentages (i.e. more than 10%) mainly concern
peers with short lifetime.

When it comes to video percentage received
directly from the server, our system appears to be
robust and stable despite the demanding scenarios
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of increased unexpected failures. According to
Figure 27, unexpected failures up to 10% don’t
seem to affect server stress while higher
percentages of failures (15% and 20%) have only a
moderate impact on server bandwidth demands
with 84% of peers receiving the video exclusively
from other peers and 90% of the population
receiving no more than 44% of the video directly
from server. Still the percentage of peers receiving
the whole video directly from the server remains
low (4%) and quite unchanged.

7. Related Work

Adapting the advantages of peer to peer
architecture on (video) streaming technology & a
relatively unexplored research field which however
has already attracted some attention. Several
proposals [1, 2, 3, 4, 5, 12, 13, 20] focus on VoD
media while other approaches [6, 7, 8, 9, 10, 11]
deal with live video streaming.
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In most proposed approaches, peers are organized
in an application layer multicast tree. In [1, 2, 6, 7,
9, 11, 13] such a multicast tree is used as the
building block for the peers’ coordination. The
main difference with our protocol is that in these
systems, data and control hierarchy are unified;
LEMP however, uses a tree-like hierarchy for data
flow and a dual star-like architecture for control
messages. Other differences concern client
arrangement, as in [1], [2], [7] and [11] where
control management and maintenance are
performed totally by the server and no “special”
roles are assigned to peers (e.g. LRs in LEMP).
Moreover, some proposak ([2], [7]) first exhaust
the server and then reside to the P2P approach
while at the same time they deal with service
interruptions only theoretically, unlike LEMP. [11]
and [13] use techniques such as patching and
shifted stream forwarding in order to handle
disruptions while Venkata N. Padmanabhan et al.
[9] use multiple diverse distribution trees (and thus
reassure redundancy in network paths) as well as
Multiple Description Coding (meaning redundancy
in data). Similarly to LEMP, the authors of [6],
propose the partitioning of clients to clusters with
each cluster having a head and an associate-head
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responsible for monitoring the membership of the
cluster and transmitting the content to cluster
members respectively. However, over a new client
request the server has to run an algorithm so as to
forward the request to another peer, while in our
system this is done immediately, since the request
is straightly forwarded to the LR of the previous
level, who is already known.

Having explored the tree-based approaches, we’ll
now look into p2p video streaming approaches
which are based on different building blocks (e.g.
cell, mesh, unstructured overlays).

An inspired proposal is the one made in [3], in
which the authors insert the cell definition in order
to deal with two challenges; namely how can a host
find enough video pieces to assemble a complete
video and what part of a video a host should cache,
given a limited buffer size. A cell is a cluster of
hosts which together can supply a complete video.
Peers’ discovery is made easier and data
redundancy is clearly supported. Still, only
simu lation results are presented while vital metrics
such as delays and server stress are not addressed.
A proposal based on the JXTA project (which
hides/ tackles all streaming routing and storage re-
allocation details) and RSVP is presented in [4],
which however only provides simulation results
and does not address scalability. In contrast to
LEMP, Alok Nandan et al. [5] and Mohamed
Hefeeda et al. [12] propose prototypes which are
independent of the underlying p2p substrate and
may be deployed over other overlays (e.g. Pastry,
Chord, Can). The latter infers and exploits
properties of the underlying network (topology and
performance), resulting in  higher system
performance. Systems based on mesh overlays are
presented in [10] and [18]. In the first case, an
inter-overlay scheme (based on multiple tree
structures) is used and parallel downloads are
supported via the use of a buffer manager. In the
second case the mesh-based approach is used in
conjunction with other DHT systems, such as
Chord or Pastry, while peers adopt static local
storage of data (and not a “cache and relay”
scheme as in LEMP).

Mea Wang et al. [14] and Meng Zhang et al [15]
propose a random packet scheduling strategy for
their protocols. Specifically, in [14], a simple and
probabilistic scheme (“perfect collaboration™) is
combined with video segmentation under a pure
push-based approach, unlike our pull-based

protocol. In this way, explicit requests are
eliminated, control overhead is minimized and
there is shorter initial buffering delay (10-20
seconds).. In [15], both a pure pull-based and a
pull-push hybrid protocol are examined, using the
metric of peer bandwidth utilization and system
throughput. However, we believe that in such time-
constrained systems, metrics such as delay and
video continuity should also be taken into account.

Two  proposals  applicable to  controlled
environments are presented in [17] and [19], while
our protocol is mainly intended for a wider
deployment. The first one uses a push-pull based
method and video segmentation while the latter
focuses on IPTV over FTTN/xDSL networks.
Another protocol based on a pull-push approach is
the one presented in [8]. Their GridMedia
prototype is built over an unstructured overlay
(unlike LEMP) where each peer starts with the pull
method (and delivers a packet only when there is
an explicit request) and then turns to push method
(that is relay packets to its neighbors for predefined
time intervals).

Stefan Birrer et al. [16] present a comparison of
resilient overlay multicast approaches and
specifically examine three different techniques:
cross-link, in-tree and multiple tree redundancy.
The paper mentions the advantages of each method
and concludes (via both simulation and real-
experiments on PlanetLab) that the combination of
in-tree  and multiple-tree redundancy achieves
highest delivery ratio under different failure
scenarios; this is something that will be taken into
account in our future work. Finally, Yan Huang et
al. present challenges and architectural design
issues of a large scale P2P VoD system, based on
real experiments on their PPLive system.
Segmentation, replication, content discovery, piece
selection, transmission strategy and NAT/ firewall
issues are taken into consideration. The authors
only focus on VoD but their work includes
extensive theoretical analysis as well as
experimental results and thus provided a guideline
for our research as well.

8. Conclusion and Future Work

In this thesis, we presented the design of LEMP
with emphasis on a set of improvements that
resulted in a complete rehaul of the original
protocol. These improvements aim to a fast, light-

20



weighted, fault-tolerant and self-recoverable
application-layer P2P protocol for live video
streaming.

We extensively evaluated the performance of
LEMP rehauled on the PlanetLab and Emulab
testbeds, over a number of metrics and the results
demonstrated that our protocol is effective in terms
of startup delay, video continuity, control overhead
and server stress savings. Moreover, our
comparative analysis showed that LEMP rehauled
outperforms CoolStreaming as continuity indexand
control overhead are concerned.

For our future work, we are exploring parallel
download support approaches to achieve higher
utilization without heavily interfering continuous
playback and control overhead.
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