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ABSTRACT

Content distribution is one of the large research areas in
multimedia communications. In the past research efforts
have mainly concentrated on communications aspects.
This is now complemented by efforts to better exploit
content characteristics to deal with the multitude of re-
quirements placed onto future content networks. This
paper gives an overview of the developments in content
networking to this date and outlines the research chal-
lenges networked audiovisual systems face in future. The
particular focus is on content networking and delivery
systems. The results presented in this paper are based on
the discussions within the European Network of Excel-
lence E-Next working group on Content Networking.
Key words: content distribution networks, con-
tent networking, multimedia communication, con-

tent management

I. INTRODUCTION

With the advent of the Web and the possibility to

transmit multimedia content over the Internet content
distribution has become a major issue. Content Distri-
bution Networks (CDN) are being developed to effi-
ciently deliver content to end-users. A number of
CDNes already exist as part of different infrastructures
(e.g. Akamai in the Internet but also traditional TV
broadcast networks). Still, with constantly evolving
networks, applications and user requirements the de-
velopments in this area are very much on-going work.

Over the years CDNs have become more and more
sophisticated. First generation CDNs have mainly
focused on Web documents using caching and repli-
cation techniques (predominantly for the Web) to
provide a better service 13221, The second genera-
tion of CDNss has been mainly concerned with con-
tinuous media issues such as audio and video
streaming, video on demand (VoD) schemes, scal-
able video support, etc. ', It is expected that the next
generation of CDNs will focus on additional
functionalities, e.g. to facilitate the creation,
modification, active placement and management of

content within the content infrastructure. This ex-

China Communications June 2006

91



| Feature Articles: Next Generation Network |

tends the functionality beyond traditional delivery
and is therefore called content networking (CN) 4,
Content networking is not only concerned with dis-
tribution aspects but also with content management,
retrieval, content creation and adaptation support.
The challenges arising from this have been addressed
by Working Group 3, Content Networking, of the
European Network of Excellence (NoE) E-Next'. Within
this working group a research roadmap has been iden-
tified comprising the future research topics in content
networking. The result of this work is reported here.
In this paper the current developments in the area of
CDN are outlined in section 2. In section 3 research
challenges in the content networking domain are
introduced. The research roadmap in section 4 shows
the envisaged further developments in this area. Finally,

the paper is concluded in Section 5 with a short summary.

1. STATE-OF-THE-ART IN CONTENT
NETWORKING

CDN s have been discussed for some time and design
aspects have been researched to a certain extent !,
However, the definition of CDN is still not very clear.
In" a CDN is defined as a networked infrastructure
that supports the distribution of content while
optimising the delivery by exploiting the specific
properties and characteristics of content. Content in
this context has two components, viz. the encoded
data (e.g. video, audio, images, documents, Web-
pages, etc.) and metadata (used for identifying, de-
scribing and locating content). Thus, a CDN should
not regard content files as transparent data but make
use of the available content related information in
order to improve the delivery and management within
the infrastructure. The developments in the area of
CDN have been mainly driven by the communication
community. However, another important area in this
context is content management and media encoding.

Within the communication domain initially three
major aspects have been researched, i.e. the use of
multimedia servers to support the timely delivery of
continuous media (cf. 1'% 131), QoS aspects, and net-

work caching. The work on QoS issues has resulted in
two alternative proposals. The Integrated Services
approach (IntServ) together with RSVP uses reserva-
tion and admission control on top of IP to guarantee
QoS8 The idea underlying Differentiated Service
(DiffServ) takes a more lightweight approach utilising
different service classes and trying to exploit the
predictable behaviour of Internet users ©*!. Caching has
been successfully introduced in the Internet for HTML
documents in the late 1990. These are usually conven-
tional text and image based documents. In order to
satisfy the increasing use of multimedia content on the
Web, new forms of caches are required. Research has
developed schemes to also support continuous media.
For instance SOCCER ! uses stream segmentation,
dynamic caching combined with self-organising, co-
operative caching techniques. Middleman also uses a
co-operative technique by employing proxy servers as
aggregates that cache video files within a LAN,
Probably the currently most popular CDNs are
Peer-to-Peer (P2P) systems based on application
level overlays ). They are commonly used to ex-
change content by file transfer. P2P systems can be
roughly divided into unstructured systems (e.g.
Freenet, Gnutella™), and structured systems, usually
using a Distributed Hash Table (DHT) approach.
The former includes centralised schemes (such as
the original Napster) and hybrid approaches (e.g.
JXTA). Examples for the latter are for instance
Chord [20], CAN !¢ or Pastry ['¥], Issues related to
P2P systems are for instance a general lack of stream-
ing support (addressed by 1> 17-2)), restricted metadata
and search capabilities, and missing (pro-)active
replication !4, These are all active research areas.
Another area of interest in the context of content
networking is content management systems (CMS).
These are distributed systems that manage all kinds of
different content types'!). Within an organisation they
support the entire content lifecycle from the original
idea to the finished product (including archiving). At
present CMS are mainly used within a specific applica-
tion domain. However, it is envisaged that content
management capabilities are becoming an integral part

of the content networking infrastructure. This should
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include better support for interactive content use, more
appropriate content search and location capabilities,
and a more comprehensive support of the entire content
lifecycle reaching from production to delivery.
Standardisation within the CDN domain has so far
been rather fragmented (mostly related to specific
topics, e.g. QoS provision). Apart from MPEG-21?
there are currently no major standardisation activities
addressing the problem area comprehensively. Though,
MPEG-21 has a much broader focus and is concerned
with the entire, fully electronic workflow of digital
multimedia content, including creation, delivery and
trading. One of the seven key elements, viz. Terminal
and Networks, is addressing issues related the func-
tional interoperability between heterogeneous networks
and devices, which is related to content networking.

I11. FUTURE RESEARCH CHALLENGES

A study of ongoing research shows that it is still very
much driven by communication issues. However,
the research in the area of content distribution has
also led to the identification of a number of chal-
lenges that need to be addressed.

3.1 Ongoing research

A major issue is the architecture of content networks
(CN). There are various possibilities to design such
systems. However, they can be all assessed accord-
ing to the kind of operations they support and the way
content is handled. In order to support the different
needs of applications it is necessary to apply the
classical principle of systems design to CNss, i.e., the
separation of mechanisms and policies.

To achieve a better understanding of how the re-
search community is approaching the problem and to
advance the state-of-the-art a questionnaire has been
distributed in 2004 to all 42 E-Next member
organisations ¥, Within the research projects that
have been identified there is a clear consensus about
the underlying networking infrastructure that should
be chiefly considered in CN research: all assume an

IPv4 based network and some do not exclude a later

transition to IPv6, all consider best-effort networks
and some combine them with DiffServ. Further, most
research projects target large scale systems.

The applications that are supposed to use the CNs
that are developed in different projects comprise clas-
sical video-on-demand as well as news-on-demand
with high user interactivity, distributed content man-
agement systems for professional use, medical digital
video libraries, media-on-demand for education, and
3D virtual worlds for a large number of users that
interact through multicast streams. The tools that are
within the research projects comprise various pro-
gramming and simulation tools, of which ns-2 is
clearly the favourite of most researchers. However,
many researchers have realized that simulation is just
an early step in the development and PlanetLab 2! as

a test-bed is regarded also as very important.

3.2 Challenges

The ongoing discussion within E-Next shows that there
are many challenges that need to be addressed in future
CN research "4, In this section, the once are discussed
that are deemed to reflect the major issues, i.e.:

1. How to handle unexpected resource demand and
network conditions

2. How to design and develop a research CN

3. The number and kind of CDNss needed to fulfil
the requirements of different applications

4. How to take advantage of application and con-
tent semantics

5. How to deploy future large scale services

6. How to deal with heterogeneity at the device,

application and user level

3.2.1 Measurement effort

CNs rely on CDN services to distribute and manage
content within the network. Fundamentally, the emer-
gence of CNs does not necessarily require any new CDN
mechanisms apart from the necessary customization
required for each application so that CDN elements (e.g.
surrogate servers, proxies, etc.) become aware of the
content and application semantic. A challenge lies in the
ability of the CDN elements to react fast enough to

changes in network conditions to avoid any service
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disruption. The more interactive the service is, the more
stressed the CDN elements are. In the case of CNs the
objective is not primarily to offer a better service than
the legacy best effort service but to offer a consistent
service throughout users sessions' lifetime. With re-
spect to this constraint one of the biggest challenges for
CNs is the ability of CNs to continuously monitor
network conditions. Network monitoring is also impor-
tant in the context of wireless and ad-hoc networks
because it converges to a whole IP solution. Wireless
users might get high download throughput (e.g., in 3G
networks) but may suffer highly fluctuating network
conditions due to mobility or fading effects.

3.2.2 Towards a research CN

The need for a CN research platform stems mainly from
two aspects of CN research. On the one hand there is the
need to collect usage statistics to inform system design
and engineering decisions. Here the challenge is to
"look into the future" by deploying new services to a
user population and on a platform reflecting a real world
deployment, rather than restrict testing to the labs. To be
effective such a CN should not only be very stable but
also operate within a realistic scenario.

On the other hand, researchers will also want to be
able to quickly deploy and test new services and
mechanisms as part of a normal system research cycle.
Furthermore, because of the performance issues en-
countered in CN research, researchers should be given
the opportunity to experiment with low-level operat-
ing systems mechanisms (e.g. disk scheduling, net-

work protocols, etc.).

3.2.3 How many CDNs are required?

If one considers CDNSs as a set of functionalities and
active devices within the network and CNs as an
upper layer that aims at transforming application and
users needs and information into metadata, then two
natural questions arise from this global picture:

1. To which extent can the application and user require-
ments be transformed into metadata that allow CDNs to
operate without any further control of the application?

2. How many CDN/CN architectures do we need?

Concerning the latter question, the two answers at

the extreme ends of the spectrum are one CDN ar-

chitecture per application versus one CDN architec-
ture shared by all applications. As usual in such cases,
it can be expected that the correct answer lies in
between the extremes. Accordingly, it is expected that
a few CDN architectures will emerge. While the
number of distinct CDN architectures is an important
research issue, from an operational point of view the
number of operated CDNs is more relevant. It is
predicted that this will be large. Issues such as scalability
will have to be addressed in this context.

3.2.4 Exploiting application and cntent semantics

Current CDN approaches are either implicitly exploit-
ing application and content semantics (e.g., caching
strategies for Web content), use a rudimentary sub-set
only (e.g., P2P file sharing applications using file
names), or largely ignore it. However, the goal of a
CDN is to appropriately exploit them to optimize the
delivery of content within a CN. The challenge in this
context is how to find the right level of abstraction and
balance of application knowledge within the commu-
nication sub-system. Metadata plays a crucial role in
this context. The knowledge represented by the
metadata is also highly relevant to feed self-

organisation and guide the structuring of CN.

3.2.5 Large scale issue

One of the main issues will be to deliver high quality
content in a scalable manner since scalability is
necessary to maintain low operational costs. With
respect to the scale of the problem, the following
questions need to be addressed together:

e How to handle heterogeneity of receivers in
terms of network fan-in, fan-out, and resources
available at the terminal (e.g., CPU, screen size).

e How to handle scalability for broadcast events to
alarge audience using scalable congestion control.

e How to support low-latency streaming of live
multimedia flows (e.g., minimize the number of

hops, select not overloaded peers, etc.).

3.2.6 Heterogeneity

Heterogeneity is an issue at all levels of the CN
architecture. At the user level the question is what

kind of content does the user want to be presented
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with in which way. This does not only reflect on
formats but also on the presentation. The different
applications using content also provide various
functionalities ranging from simple display to so-
phisticated interactive capabilities. At the device
level the range is from high capability high resolu-
tion displays to small handheld wireless devices.
Two of the major questions in this context are how
to accommodate these requirements technically
and how the content itself can be transformed to
satisfy them. An interdisciplinary approach has to
be taken in this context.

IV. ROAD MAP TO FUTURE CONTENT
INFRASTRUCTURES

In the previous section the most immanent and urgent
research issues in the area of content networking have

been presented. Obviously, there are many more

dynamic content e.g., for "in-network applications"
such as online-services. In the long-term, volatility
also has to be addressed. Further the exploitation of
content characteristics within the content network to
enable the new wave of content (e.g., wireless oppor-
tunistic content distribution) will be a major issue.

This application centric view is related in Figure 2
to the research issues that have been discussed in the
previous section (i.e. they are considered from a
system view). This figure also takes a long-term
perspective and discusses the challenges in the con-
text of various potential system and technical devel-
opments over the coming years.

The three major threads coming together in CN
research are communication systems, content
management, and the exploitation of content charac-
teristics and media semantics for a more effective
content handling. Within all these areas specific
research topics have been identified that will contrib-

ute to the further development of CN and content

infrastructures.
I Today's research
] | Volatility, in CDN related
2020 Wireless Opportunistic Content Exploit mn relate
/ Distribution, NewlWave of Content Content communications
2015 (> 100 QB) Characteristics
/ CDNs for In-Network JApplications (On- ?:ynatmi:? research 18, for
i i onten . .
2010 line Seryces) \ instance, dealing
P2P Live-Streamirg, Personalized Real-Time, with streamin
/ TV, Games, Content Wireless Interactivity g
2008 Broadtast \ network caching,
Music, Movies, Push VoD, Software Scalability
20(’)1 Updates (P2PI paradigm) Heterogeneity QoS and P2P
1 \ issues.
/ The World Wide Web End-user
1995 (Caching, Akamai, L-7|Swi|ches, Satellite CDNs, etc) experience Content man-
X \

Fig.1 Applications and CDN research challenges

research challenges in this area. The aim of this
section is to give a more complete and also more long-
term view alongside with an overview on the research
challenges that have to be addressed within the com-
ing years. Figure 1 presents the challenges in an
application context on a time scale from 1995 to 2020.

P2P live streaming, personalized TV, Games and
wireless broadcasting have been identified as impor-
tant applications in the near future which require
(due to their interactivity) sufficient real time support.
The next big challenge after this is the handling of

agement research
is currently look-
ing at highly distributed infrastructures (possibly us-
ing service based concepts). This is mainly related to
the fact that production becomes more fragmented
and distributed. Also, this approach reflects the
organisational structure better. Last but not least,
content will in future not only be produced by one
organisation to be made available at a single hand-off
point. There will many different contributors to the
content creation process. This is already acknowl-
edged by the new user paradigm of prosumer, i.c., a

consumer who also produces content and vice versa.

China Communications June 2006

95



| Feature Articles: Next Generation Network |

The third research thread is currently mainly look-
ing at Ontologies and content description and issues
related to content analysis.

Ultimately we see the different areas converging
via two stages. It is envisaged that by 2010 1*
Generation Content Networks are in operation that
integrate CDN and content management
functionality, i.e., the networked infrastructure will
not only be concerned with the efficient delivery of
content but will also deal efficiently with load
balancing, autonomously manage its placement
within the system. Furthermore, it will also allow
more appropriate search and take into account con-
text by using content adaptation.

At the same time there will be more integrate
media creation, production and delivery using dis-
tributed content management environments. This
infrastructure will on the one hand use sophisticated
automatic content analysis and description schemes.
On the other hand it will be far more distributed than
today's systems. A service oriented approach seems

to provide the most suitable abstraction in this context.

Here the different functionalities are represented by
independent services with open interfaces. The nec-
essary workflow support will also be provided through
a special service in this context.

Through further research in areas such as proac-
tive content placement, Data Stream Management
Systems (DSMS), interactive CN, context aware
content delivery, content adaptation, automatic
content classification we envisage the systems to
converge to a content infrastructure that com-
prises support for content creation, handling and
delivery. This infrastructure will optimally sup-
port the predicted more interactive types of con-
tent usages as well as the prosumer paradigm. It
will also provide a better platform for professional
content creation since it allows instant access to
content production and distribution facilities from
almost anywhere: Thus, it will enable faster pro-
duction and distribution.

The in section 3.2 identified challenges are
guiding the research carried out along the

roadmap. The non-functional characteristics (such

2030
2015

2010

2007

today
I

CHALLENGES

Exploiting
Content
Characteristics

\

Types & Number
of CDN

\

Research CDN
\

Heterogeneity

\
Scalability
\
Adaptability

Fig.2 Systems and challenges
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as support for heterogeneity, better scalability
and adaptability) have to be considered in the
different sub-areas.

Many of the individual issues are already being
tackled within specific contexts. A "meta-challenge"
therefore will be to come up with a framework in
which the different approaches can be integrated.
This framework needs to be flexible enough to
incorporate the results of the different research
strands. At the same time it needs to facilitate the
development towards one common infrastructure.
This is the idea behind the content infrastructures
concept. The introduced roadmap is providing a way

to achieve this aim.

V. CONCLUSIONS

Content delivery and content networking is one of
the large research areas in which multiple domains
and aspects are coming together. This paper gives
and overview of the developments so far and outlines
the research challenges networked audiovisual sys-
tems face in future. The particular focus is on content
networking and delivery systems. The contribution
reflects the discussion of the NoE E-Next working
group on Content Networking.

The introduced roadmap indicates the expected de-
velopments over the coming years (until 2030). It is
envisaged that content infrastructures will by then
emerge as systems that allow ubiquitous content access

and support for content creation, handling and delivery.
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