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ABSTRACT

Content delivery networks (CDNs) have been widely used to pro-
vide reduced delay and packet loss, fault tolerance, and improved
scalability for web content delivery. Additional benefits are pro-
vided for video streaming when one designs a Streaming Media
CDN (SM-CDN) for either conventional single description (SD) or
multiple description (MD) coding. Specifically, when precise net-
work conditions and topology are known, simulations show that an
MD-SM-CDN can provide 20 to 40% reduction in distortion over
a conventional SD-SM-CDN, even when the underlying CDN is
not designed with MD streaming in mind [1].

This paper examines the performance of an MD-SM-CDN as
afunction of different network topologies and loss conditions, and
compares it with a conventional SD-SM-CDN. This examination
providesinsight into an MD-SM-CDN'’s performance when knowl -
edge of network topology and conditions is imprecise or uncer-
tain. Our simulations indicate that an MD-SM-CDN can provide
improved performance over a conventional SD-SM-CDN over a
wide range of network topologies and |oss conditions.

1. INTRODUCTION

Content delivery networks (CDN) were developed to overcome
performance problems, such as network congestion and server over-
load, that arise when many users access popular content. CDNs
improve end-user performance by caching popular content on edge
servers located closer to users [2]. This provides a number of ad-
vantages. Firdt, it helps prevent server overload, since replicated
content can be delivered to users from edge servers. Furthermore,
since content is delivered from the closest edge server and not from
the origin server, the content is sent over a shorter network path,
thus reducing the request response time, the probability of packet
loss, and thetotal network resource usage. While CDNswere orig-
inally intended for static web content, the same benefits have been
exploited by state-of-the-art streaming video systems.

Video communication quality over lossy packet networks can
be improved by employing multiple description coding (MDC)
and path diversity [3]. Thedesign of a multiple description stream-
ing media CDN (MD-SM-CDN) can create an effective platform
for providing and exploiting path diversity. Specifically, we use
MDC to code a media stream into multiple descriptions, and dis-
tribute copies of these descriptions across servers in the CDN.
When a client requests a media stream, it is directed to multi-
ple nearby servers which host complementary descriptions of the
stream. Theclient receives the complementary descriptionsthrough
different paths and from different servers. In this way, midstream
disruption occurs only in the less likely case when losses afflict
both descriptions simultaneously.

Redlizing an effective MD coding and path diversity scheme
in a CDN context requires solving a number of fundamental CDN
design problems adapted to the context of an MD-SM-CDN: (1)
where to deploy the servers (server placement), (2) how to dis-
tribute the descriptions across the servers (content distribution),
and (3) how to select for each client the best servers hosting com-
plimentary descriptions (server selection). Assuming precise knowl-
edge of network condition and topology, the models developed in
[4] describe the expected distortion for MD and path diversity and
can be used to determine high-quality, and in some cases optimal,
solutions for these MD-SM-CDN design problems. However, var-
ious attributes of the network topology and loss conditions may be
unknown or time-varying. Thisuncertainty can have a detrimental
effect on the solution of these MD-SM-CDN problems and may in-
fluence whether an MD-SM-CDN or a conventional SD-SM-CDN
provides better performance. Thus, the goal of this paper isto (1)
examine how the client performance in an MD-SM-CDN varies
as afunction of different network topologies and loss conditions,
(2) determine under what conditions an MD-SM-CDN or a con-
ventional SD-SM-CDN provides better performance, and (3) use
this knowledge to gain an understanding of the effect of network
uncertainty on MD-SM-CDN performance.

This paper continues with a brief overview of MD and path
diversity in Sec. 2 and the design of an MD-SM-CDN in Sec. 3.
Modelsfor estimating MD and SD distortion are discussed in Sec. 4,
and the performance as seen by the client is examined in Sec. 5.

2. MULTIPLE DESCRIPTION VIDEO CODING
AND PATH DIVERSITY

Video communication over lossy packet networks such as the In-
ternet is hampered by limited bandwidth and packet loss. MD cod-
ing is one form of compression that may help to overcome this
problem [5, 6, 7]. In MDC asignal is coded into a number of sep-
arate bitstreams, each containing a complementary description of
the signal. MD coding enables a useful reproduction of the signal
when any description is received; for this reason it is beneficial to
increase the probability that at |east one description isreceived cor-
rectly at any point in time. MDC provides improved reconstructed
video quality as more descriptions are received.

In [3] it was shown that combining MD video coding with
a path diversity transmission system, where different descriptions
are explicitly transmitted through different network paths (as op-
posed to the default scenarios where they would proceed aong
asingle path), can improve the effectiveness of MD coding over a
packet network by increasing the likelihood that the loss probabili-
tiesfor each description areindependent. A path diversity commu-
nication system enables the end-to-end application to effectively



see avirtua channel with improved loss characteristics[8, 3]. For
example, the application effectively sees an average path behavior,
which generally provides better performance, e.g. reduced vari-
ability, as compared to a single path. Furthermore, the probability
that all of the multiple paths are simultaneously congested is much
less than the probability that a single path is congested. An impor-
tant property of our selected MD video coder [7, 3], as opposed to
other proposed MD video coders, is that it enables repair of cor-
rupted frames in a description using uncorrupted frames in other
descriptions so that usable quality can be maintained even when
there are losses in al descriptions, as long as the losses do not af-
flict all descriptions simultaneously. This MD video coder can be
designed as a standard-compatible enhancement of MPEG-4 V2,
H.263 V2, and H.26L.

3. MULTIPLE DESCRIPTION STREAMING MEDIA
CONTENT DELIVERY NETWORK

The previous section described how the combination of MD cod-
ing and path diversity can achieve improved error-resilient stream-
ing over lossy packet networks. In [1], we show how the benefits
of MD coding and path diversity can be achieved in aCDN infras-
tructure. Specifically, media is coded into multiple descriptions
which are distributed across the servers of a CDN. Then, when a
client requests a stream, it is directed to multiple nearby servers
hosting complementary descriptions. These descriptions are sent
to the client from different servers over different paths. The paths
between the distributed servers and the client may have different
degrees of jointness or disjointness; greater degrees of disjointness
imply greater path diversity, which when coupled with MD coding
can lead to improved error resilience for the MD-SM-CDN.

3.1. MD-SM-CDN Architecture Design

Traditional CDN design principles can be used to design SD-SM-
CDN’s. However, the use of MD coding in an MD-SM-CDN
presents a number of important new research problems that are
fundamentally different from their SD counterparts.

The Server Placement Problem addresses how to determine
the best locations to deploy serversto optimize client performance.
Conventional SD-SM-CDN design would place servers to min-
imize the distance between clients and the closest single server.
However, in MD-SM-CDN design it is important to minimize the
distance from the client to multiple servers which host comple-
mentary descriptions of the content. Furthermore, it is important
to maximize path disjointness between the client and these multi-
ple servers to exploit the path diversity gain achievable with MD
coding. Thus, the MD server placement problem requires opti-
mization for both server distance and path diversity.

Given an existing CDN infrastructure, the Content Distribu-
tion Across Servers Problem addresses how to optimally dis-
tribute the MD streams across an existing set of servers. In acon-
ventional SD-SM-CDN, the content is stored at each single chosen
server. Inan MD-SM-CDN the content is coded into complemen-
tary descriptions which are distributed across multiple servers. In
this system, each server may have zero, one, or both descriptions.
The MD content distribution problem involves optimally distribut-
ing the descriptions across the servers such that both descriptions
are close to every client while maximizing path diversity.

For each client request, the Server Selection Problem ad-
dresses how to select the optimal pair of servers that have com-

plementary descriptions to maximize the quality at the client. In a
conventional SD-SM-CDN, each client request is typically served
by the single closest server. However, for an MD-SM-CDN the
goal isto select multiple servers with complementary descriptions,
and both server distance and path diversity must be considered to
optimize performance.

In certain cases it may be beneficial for an MD-CDN to lever-
age an existing CDN infrastructure, instead of deploying servers
from scratch; since the server placement is predetermined, only the
content distribution and server selection problems must be solved.

4. MODELING MD CODING AND PATH DIVERSITY

In order to better understand, characterize, and compare MD cod-
ing and path diversity versus conventional approaches, analytical
models that accurately and quickly predict the performance of the
system for different path diversity topologies and network condi-
tions were developed [4]. Specificaly, [4] presented models that
express (1) MD video distortion behavior as a function of differ-
ent loss events and (2) the loss process for a two-path path diver-
sity transmission system. In addition, models were presented for
conventional single description video coders (e.g. MPEG-4) and
the loss process for a single path. These models enable one to
compare the performance of MD video coding and path diversity
against conventional SD video over asingle path for different net-
work topol ogies and channel s exhibiting isolated and bursty packet
loss. It was shown that MD video and path diversity provides sig-
nificant benefits for avariety of settings that exhibit path diversity.

To summarize the MD and path diversity models in [4], the
MD and SD distortion behavior for different loss events can be
captured for a given video sequence by 5 and 7 parameters, re-
spectively. Each path is modeled as the concatenation of multi-
ple independent links, where the loss characteristics of each link
is modeled with a Gilbert model parameterized by {p, ¢} which
can reflect different packet loss rates and burst lengths, and the
effects of joint and digjoint links are captured. This provides (1)
amodel for the loss process of a two-path path diversity system,
and (2) a distortion model that maps the loss model to MD dis-
tortion values. Specifically, assuming identical Gilbert parame-
ters {po, qo} for each link, SD distortion for a given video source
over a path of Nange links is given by Ds(Nangee, Po, go0), and
that for MD is given by Dwp (Nbisjoint-1, Naoint, Nbigoint-2, D0, 90),
where Noigoint-1, Naint, and Npigioin-2 denote the number of joint
and digjoint links along the two paths.

5. EXAMINING PERFORMANCE

Given knowledge of the network topology, including knowledge
of joint and digoint links, and loss characteristics for each link,
the analytical models presented in the prior section enable us to
accurately estimate expected distortion and thereby enable the re-
liable solution of the problems presented in Section 3. However,
typically one does not have complete knowledge of the network
topology and loss conditions, and therefore it isimportant to char-
acterize how robust the solutions are to partial or noisy estimates
of thisinformation. Thisis particularly important for an MD-SM-
CDN, since it requires additional information as compared to a
conventional SD-SM-CDN (e.g. knowledge of the number of joint
and disjoint links) and therefore may be more vulnerable to uncer-
tainties in thisinformation. This section examines the variation in



the expected distortion at the client for different network topolo-
gies and loss conditions.

The MD and path diversity models depend on accurate knowl-
edge of path lengths, number of joint and digoint links, and loss
characteristics of each link. In many cases it may be possibleto es-
timate the total number of links between aclient and each server of
apair of servers. For example, the ping utility may provide thisin-
formation in certain contexts. However, asillustrated in Figure 1,
it may be difficult to determine the number of links that are joint
and the number that are dijoint. Therefore an important consider-
ation is the effect of inaccuracies in estimating the number of joint
links, given that the total number of links for each path is known.
These inaccuracies can be better understood by examining the per-
formance under different loss conditions (packet lossrate and burst
length). In the following, we assume two MD streams are sent
over two paths, and the path diversity is expressed by the triplet
{ Nbisjoint-1, Nacint, Npisaint-2 }. The SD path is chosen as the shorter
of the two MD paths, Nsingle = Naoint + min(NDisjoint—l, NDisjoint-Z)-
We also assume each link is 11D with identical Gilbert parameters
{po, qo}. Theresults for the Foreman and Bus sequences are plot-
ted on the left and right, respectively. Details about the MD video
coder are availablein [4].

Path 1
Server 1

Server 2
Path 2
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Fig. 1. A client communicates with two servers over two paths,
however neither the client nor the MD-SM-CDN may know the
path topology (joint and digoint links) and loss characteristics.

5.1. Experimental Results

Performance as a Function of Joint versus Digjoint L osses Fig-
ure 2 examines MD and SD performance for 5% end-to-end aver-
age packet loss rate, as we vary the fraction of losses that are joint
versus digoint. Another interpretation is that the total length of
each path is known to be 10 links, however it is not known how
many links are joint: the number of joint links can vary from O
(completely disjoint) to 10 (completely joint) and the number of
digoint links therefore varies from 10 to 0. We assume {po, o} =
{.0043, .835} for each link, which corresponds to 5% end-to-end
average packet loss rate for 10 links, and average burst length of
1.25 packets which isthe longest average burst length (for 30 msec
sampling) that we are aware of in the literature [9, 10].

In these plots, the SD performance is constant because SD is
sent along a single path that isindependent of jointness. For max-
imally disioint paths, the MD distortion is minimized and it sig-
nificantly outperforms SD. As the jointness of the paths increases,
the MD distortion increases approximately linearly to the case of
completely joint paths at which point its performance is similar
to that of SD. Specifically, in the Foreman sequence, MD outper-
forms SD across all jointness ratios; while in the Bus sequence,
MD outperforms SD for jointness ratios between 0% and 90%,
with a crossover point a around 94%. In genera, we observe
that the MD distortion is sensitive to the ratio of joint to digoint
links, contributing to adistortion variation of afactor of two in our
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Fig. 2. MD and SD distortion as a function of joint versus digoint
losses. When 8 out of the 10 links in each path are joint, then 80%
of the end-to-end losses are joint losses. 4% and 1% end-to-end
packet loss on joint and digjoint links, respectively.

test conditions. Furthermore, we see that MD comfortably outper-
forms SD for most jointness ratios. Thus, we conclude that when
coupled with MD coding, even small amounts of path diversity or
digjointness can improve the performance of an SM-CDN.

Performance as a Function of Packet L oss Rate, Expected
Burst Length, and Topology The packet loss rate and expected
burst length are generally unknown in advance and usualy are
time-varying. Therefore, it isimportant to characterize the effect
of different packet loss rates and burst lengths on MD and SD per-
formance. Figure 3 examines the performance for different packet
loss rates for three different single-link expected burst lengths of
{1.11, 1.25, 1.43} packets corresponding to ¢o = {.9, .8, .7}, and
three different path topologies. As anticipated, the expected dis-
tortion for SD and MD increases with the packet loss rate, and for
MD the slope increases with the path jointness [3]. An important
observation is that the MD distortion is sensitive to losses in joint
links, but islargely insensitive to lossesin digoint links.

Furthermore, the plots show that MD outperforms SD for all
packet loss rates and burst lengths for the completely disjoint and
half disjoint topologies. Meanwhile, for the completely joint topol-
ogy SD only begins to outperforms MD for longer burst lengths.
This is shown more clearly in the plots in Figure 4. These plots
examine the effect of expected single-link burst lengths ranging
from 1 to 1.5 packets corresponding to go varying from 1 to .667.
po is chosen as .0235 which corresponds to 2.3 to 3.4 % packet
loss for a single link (depending on ¢) and 4.5 to 6.7 % end-
to-end packet loss over two links. Note that the end-to-end loss
characteristics depend on whether the path length is 1 or 2 links.
Once again, the characteristics vary as a function of the type of
path diversity that exists, and the combination of joint links and
large expected burst length corresponds to an increased probabil-
ity of simultaneous loss of both descriptions for MD, correspond-
ing to significantly higher distortion. It is worth stressing that the
longest expected end-to-end burst length that has been experimen-
tally measured and cited in the literature [9, 10] that we are aware
of is 1.25 packets, and in the region of expected burst length less
than 1.25 packets, the expected distortion of MD is less than that
of SD.

SD distortion depends primarily on the loss rate and to alesser
extent on the expected burst length (relatively small spread inFig 3
and small slopein Fig 4). In contrast, MD isrelatively insensitive
tolossrate and loss burstiness on digjoint links (small spread in Fig
3and small slopein Fig 4 for topology {1,0,1}), but is sensitive to
loss rate and |oss burstiness on the joint link (larger spread in Fig
3 and larger slope in Fig 4 for topology {0,1,0}). Thisis because
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Fig. 3. MD vs SD distortion as packet loss rate is varied for three
different expected burst lengths and three different degrees of path
diversity: (top) completely disjoint {1,0,1}, (middle) half digjoint
and half joint {1,1,1}, and (bottom) completely joint {0,1,0}.

the dominant term for MD distortion results from simultaneously
losing both descriptions, which is more likely when losses in the
joint link are heavy or bursty. Also note that the total MD dis-
tortion for atopology given by the concatenation of digoint links
and joint links is approximately additive, specificaly the distor-
tion for topology {1,1,1} is approximately given by the sum of
the baseline distortion for the case of no-loss and the incremental
distortions for {1,0,1} and {0,1,0}.

6. CONCLUDING REMARKS

This paper provided an overview of design issues for multiple de-
scription streaming media CDNs. MD-SM-CDN performance was
examined in terms of expected distortion at the client as afunction
of different network topologies (different degrees of path diver-
sity) and different network loss conditions (packet loss rate and
expected burst length). Our studies show that for topologies with
even modest amounts of path diversity, MD-SM-CDNSs outperform
SD-SM-CDNs over a wide range of typical operating conditions,
and that the improvement becomes quite significant for larger de-
grees of path diversity. SD-SM-CDNSs perform better for the case
of completely joint paths with long expected burst lengths, sincein
this extreme case the MD coder is highly likely to be afflicted with
simultaneous losses in both descriptions. However, in most typical
operating ranges MD-SM-CDNSs provide better performance.
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Fig. 4. MD vs SD distortion as the expected single-link burst
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