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Abstract that the above be achieved over a cost-effective shared in-
frastructure and be available to the public at large over both
By putting the tools for media creation in the hands of the wired and wireless access links. A natural progression to the
consumer, there will be exponential growth in the distribu- above vision is the wide-spread availability of highly inter-
tion and hosting of media on the Internet. We expect this activetele-experienceervices.
growth to parallel that of HTTP traffic. Our positionisthat  This vision is in direct contrast to the conventional no-
we need to confront the issues related to the potential ex-tion of mass dissemination of entertainment-quality video-
ponential growth in the number of media sources and ser-on-demand, the goal of which is to deliver highly polished,
vices. Further, we believe that significantly higher quality copyrighted, rights- managed media at a price. We believe
streaming and context-sensitive personalization of multime- that there are some critical differences in the infrastructure
dia services are key enablers of this whole technology area.required to support our vision (see Section 2).
Our vision differs from the delivery of video-on-demand ser-  First we highlight the technology drivers that we think
vices because we believe that there will be a vast number ofwill make our vision possible. We then postulate some sce-
sources of copyleft content. In this paper we focus on four narios which differ from today’s content authoring and de-
key areas: the distributed discovery of content; the concur- livery. We discuss the challenges that our vision presents
rent manipulation of multiple media streams; media sensi- us with in Section 2. Section 3 lists some novel research

tive mechanisms for providing end-to-end services over the problems associated with this vision, followed by conclud-
Internet; and the subjective assessment of delivered mediang remarks in Section 4.

quality.

.. 1.1 Technology Drivers
1 The Vision &

Technology advances are paving the way for rapid growth in
We envision a future where Internet users will interact with the distribution of real-time, multimedia streams. Consider
applications, other humans and perhaps even objects in thehe following:
environment, primarily via multimedia objects and streams.
We further envision a world where every user of a service Backbone Capacity Growth Advances in optical commu-
can receive live, stored or interactive media content that is nications technology including dense wavelength division
personalized, custom-made, context- and location-aware formultiplexing and emerging metropolitan area network
that specific user or interest group. In this environment, systems continue to increase Internet backbone and access
service providers will be able to compete for customers transmission rates.
on primarily their value-added services offering. Examples
of value-added services include advertisement insertion andBroadband Access LinksThe deployment of cable modem
commentary overlay in live or stored media streams. Theseand DSL service has greatly increased the access bandwidth
services will require the manipulation of multiple streams available to the home, with some five million homes wired
sourced from different origins. inthe U.S. [12].

Furthermore, with emerging multimedia authoring tools,

there is the potential for every Internet user to be a media Improved Peering for QoS Backbone providers now offer
content author and source, much like the prior WWW trend. end-to-end Service Level Agreements on which network
Many future services will require high bandwidth, high qual- QoS can be built.
ity, large format media streams. Today’s postage-stamp for-
mat video will not suffice. The final component of the vi- Video and Audio Coding The desire to stream and down-
sion that presents the most significant technical challenge isload audio and video over the Internet has fueled interest in



low bit rate video and audio encoders. The initial results specific players or positions for training purposes).
are somewhat crude, but gradual improvements in codecs
along with increasing bandwidth will lead to a richer media Sportscast Commentary American football fans in the
experience, with audio and video quality becoming similar U.S. have grown accustomed to seeing the electronic
to broadcast television. yellow “first down” line superimposed on the field in the
television broadcast of games, or the commentators drawing
Handheld Digital Capture Devices The consumer elec- “play analysis” that is superimposed on the image of the
tronics industry is rapidly producing digital appliances field. The speed-skating lanes in the Winter Olympics are
to supplant the “old” analog equivalents. MP3 play- superimposed with the flag of the country that the athlete
ers are replacing portable cassette tape players, digitalrepresents. The broadcast of NASCAR races have virtual
cameras are replacing film cameras, and digital video is flags attached to each of the cars for easy identification by
challenging analog tape formats in the camcorder space.the viewers. These are examples of value-added features to
These digital devices are readily connected to the PC whichthe original content that have tremendous support from the
acts as a bridge between the various devices and the Internetaudience. However, production of these seemingly simple
features is a big task. For example, a crew of four people
Home Video Production Tools Improvements in PC  (including one on the field) and five computers is dedicated
technology, particularly processor speed and disk space,to the “first down” line feature [46]. In the future, perhaps
have made it possible to store and edit digital video at a two well-renowned commentators will be brought in on the
very attractive price point. The capabilities are already built fly to discuss the game as it is happening and “draw” play
into many high end personal computers and will soon be analysis on the screen, when neither is actually at the game
available on all new PCs. The net result being that anyone or the production site.
with a PC and a digital camera will have the technology to
be a cinematographer, editor and director of his or her own Media Web Television advertisements already carry URLs
movie. in the picture, but this limits the seamless transition from the
world of television to the world of the Web. The Advanced
Wireless Systemsmprovements in wireless technologies Television Enhancement Forum has defined a way to carry
(both LAN and mobile telephony), video coding, and minia- URLs in the NTSC video picture [15]. Widespread adoption
turization of audio and video capture technologies make pos-of a mechanism like this would greatly ease the integration
sible a world where media can be streamed from anywhereof television and the Internet. For instance, during the
into the Internet. This should open up a new world for the broadcast of a program there may be a piece of background
spontaneous creation and dissemination of media. music playing. The program metadata could contain a URL
about that music. Metadata might be rendered upon viewer
request, like subtitles.Noticing an associated URL, the
1.2 Scenarios viewer could then seek out product information and perhaps

, . . ) . make an online purchase of that music. After the browsing
Media-centric services will dramatically and fundamentally ¢ogsion is complete, the user retumns to the streamed media
change our future way of life. Below we take four seemingly (; resume viewing.

familiar examples and expand them to demonstrate how we

think future media services will be constructed. Pledge WeekImagine that it is pledge week on the In-

] ] ) ) ternet. One hundred live performers along with some
Home Director Increases in available network bandwidth e recorded content are simultaneously accessible through
mean that future commercial Internet television stations ;g gifferent charitable organizations, each of which gives
will not face the channel (bandwidth) limitations faced 5 ger access to a different production of the performances.

by conventional broadcasters. For live broadcasts (€.9..charitable donors select and tune in to the performances
news, sports), conventional broadcasters have h'StO“Ca”ythrough a media finder. Unlike today, after the user has

created and transmitted a single “moderated,” or produced,p|edged funds to a charity, he or she does not have to view
program. Regardless of the number of cameras covering ayny of the pledge breaks.

event, at each instant only one is selected for broadcast, with

all other camera feeds terminating in the local production  There are several more challenging scenarios as well.
room. With _Internet_ backbone bandW|dth_ plent_lful, these \what if you could receive time-shifted, personalized “radio”
alternate points-of-view could be transmitted in parallel j, your car, home, office, or hotel room? What if remote
with the primary, moderated stream, and each of these .qjaporation was really simple to use and readily available
streams might find its own audience. Further, interaction ; ,usinesses and consumers? What if you could cheer your

between the remote audience and the event site can directhiid’s soccer team from your office or on the road stuck in
camera activity. Alternatively, different points of view . ¢io

might be of interest to certain audiences (e.g., attention on
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2 Elements of the Vision

dFigure 1. The growth in the number of World Wide Web

Our position is that we need to confront the issues related "
sites, 1993-2001 [58].

to the potential exponential growth in the number of me-

dia sources and services, so we are not taken by surprise
again, like the growth of the Web in the 90s. Further, we be- measurecast; MeaaureCast Intarnet Radio Listening Index™

2001-2002

lieve that significantly higher quality streaming and context-
sensitive personalization of multimedia services are key en- s
ablers of this whole technology area. To summarize, our
vision rests on the following four pillars of thought:
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e Huge number of rich media sources 210

e Requirement for high quality media

e Personalized custom-made and context-aware media
streams for individuals or interest groups
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e Cost-effective evolution of the Internet infrastructure

2.1 Huge Number of Rich Media Sources Figure 2: Weekly Internet radio listening index, February

We have wondered whether the world of streaming media 10, 2002 [31].
will come about. Where will this content come from? Who
will author it? These are exactly the same questions we ) ) ) ) )
asked ourselves before the World Wide Web surpassed ev_spe_nt I_|sten|ng to Internet radio stations has risen by a factor
eryone’s expectations on how it would be used. of five in the past year alone.
It seems highly likely that there will be two camps: the
entrenched copyr.ight owners (such as the large studios) Wh02_2 High Quality Media
will provide copyrighted movies and audio to large numbers
of consumers; and the home users who will take videos of Quality is a highly subjective issue, and discussion of what
their family and vacations and the like, probably not for fi- might be an acceptable level of quality is beyond the scope
nancial gain, and without copyright concerns, who will pro- of our work. However, we are motivated to provide an expe-
duce a substantial amount of content for consumption by arience similar to what people are most familiar with: televi-
different demographic than the copyright owners. One fam- sion. We can think of this as the source quality for the media,
ily in a hundred producing a one hour home video per year which will be relayed over the Internet, perhaps suffering de-
(one million hours for the US alone) will dwarf the output of lay and loss along the way. Below, we analyze the stress that
the major studios. Finding and cataloging this material and high-quality media sources will place on the network.
making it available to its audience is a significant challenge.  High quality audio means CD-quality stereo sound. A rate
The growth of multimedia on the Internet in some ways of 128 kb/s (MP3) is considered “near CD quality.” Multi-
parallels the rise of the World Wide Web in the 1990s. Just channel (5.1) systems run at higher bitrates, with Dolby Dig-
as the Web increased the number of content “publishers,” asital using 448 kb/s.
shown by the growth in the number of Web sites in Figure 1,  Video can consume substantial bandwidth as shown in Ta-
we expect the number of media “producers” to rise as well. ble 1. There has been substantial interest in compressing
While numbers for the popularity and growth of all forms video, using DivX and MPEG-4 to fit 90 minutes of video
of multimedia on the Internet are not readily available, there and audio on readily available CDR material. It is likely that
is some data on the rise in popularity of one form of stream- streaming at around 1 Mb/s will be very attractive because
ing media: Internet radio. Figure 2 shows how the total time of the amount of material being encoded in this way.



these sites could repurpose content with fans of show adding

Table 1: Sample high quality video encoding rates. their own audio or video commentary, or perhaps producing

DV (Digital Camera) 35 Mb/s their own “directors’ cuts.”

Hi Definition (broadcast) TV 20 Mb/s Streams could also be customized based on personal pro-
DVD 10 Mb/s files and preferences. Examples include insertion of location
Standard Definition TV 5 Mb/s aware advertisements or specific camera feeds as described
Video CD (VCD) 1.15 Mb/s in the home director scenario in Section 1.2.

DivX (90 minutes/700MB) | 1.03Mb/s

2.4 Cost-Effective Infrastructure

For the near term itis likely that standard definition televi- End-to-end bandwidth is still not plentiful or cheap in the
sion is as high as we are likely to set the bar. The consumerinternet as well as in many corporate intranets today. At the
DV video format is widely available, but it will almost cer-  very least, it is not cheap enough to afford massive over-
tainly have to be transcoded for streaming. The demand for provisioning. For the near- to medium-term future, a shared
HiDefinition is very limited because of the (prohibitively) infrastructure will be the only cost-effective way to achieve
high cost of consumer access to video cameras and editingsome of the objectives of our vision.
equipment. A rough model of the Internet is that a consumer connects

Encoding media at higher quality levels is meaningless to an ISP over an ADSL, cable modem, or dial-up connec-
if the media cannot be delivered at the same quality levels. tion. The ISP buys transit from a backbone provider. The
When transmitting high quality media over the Internet or backbone is attached to another ISP who hosts the target
shared infrastructure, we risk losing the gains in quality from service (and servers) that the consumer is trying to reach.
these encodings at the source. Ensuring proper delivery re-This model has many problems and is not authoritative in
quires correlating objective metrics with subjective, end-user any way, but is useful for the following illustration.
perceptual quality analysis, which we discuss in Section 3.4. A rough model of the Internet is that a consumer connects

to an ISP (on ADSL, cable or dial-up). The ISP buys tran-
2.3 Personalized, Context-Aware Media sit from a backbone provider. The backbone is attached to

Streams another ISP who hosts the target service (and servers) that

the consumer is trying to reach. This model has many prob-
Media today flows directly from the content creator to the lems and is not authoritative in any way, but is useful for the
audience without any intermediate manipulation. In the fu- following illustration.
ture we see this situation changing by the addition of value A simplistic back of the envelope calculation provides in-
added content and services. These additions may be persight into the magnitude of the costs involved. Consider a
formed by a third party, and we are interested in supporting 90-minute, 10 Mb/s DVD movie download (not streaming)
this model. service over the Internet. Table 2 compares the cost to down-

We can see examples of repurposed content today.An in-load a single DVD movie over various communication link
teresting example is “pop-up video” [47] which is shown in types. The monthly cost of the link is normalized with re-
the US on the VH1 television channel. The original content spect to bandwidth in “Megabit month,” which is the cost
is a pop music video which provides the backdrop for speechto send 1 Mb of traffic continually for a month on the link.
bubbles which pop-up frequently during the video. The ma- The Megabit/hour costs are simply the megabit month costs
terial in each bubble is some anecdote about the video, thedivided by (30 days< 24 hours).
artist, the location, the clothes and so on. In addition to mod-  Using the rough model of the Internet, downloaded media
ifying the video, the sound is augmented with a bubble pop- traffic must cross two highly expensive transit links (target
ping noise or other appropriate jingle. ISP to backbone, backbone to consumer ISP) and this has

Mystery Science Theat¢44] is another example of re- to be paid for by the fee the consumer pays for access. Ta-
purposed content, where movies are broadcast along with arble 2 demonstrates that this model is not economically fea-
additional overlay of cartoon characters in a cinema. The sible. This argues for, at least in the near tecantent de-
added value here is the lampooning of the feature by the car-livery networksand caches where content is transferred into
toon characters who contribute a witty dialog for the dura- a consumer’s ISP once and consumed many times in order
tion of an otherwise dull movie. to mitigate the transit costs. Sharing of the infrastructure by

Taking these two examples, we can postulate a similar multiple users is essential to achieve the required cost bene-
phenomenon for media on the Internet. Moreover, the In- fit.
ternet is an open delivery mechanism where content can, at Rather than wait for the whole Internet to evolve, and in
least in theory, be modified and republished by anyone. To- reaction to transit costs, large ISPs who have a large cus-
day many sites exist which are devoted to televisions shows,tomer base may find the “walled garden” business model
offering plot summaries and character features. In the future successful, in which media can only be streamed between



Table 2: Typical costs to download a DVD movie over various link types.

Link

| Monthly cost| Mb/month | Mb/hour | DVD movie |

AT&T 2.4 Gb/s OC-48 $840,000 $350 $0.48 $7.2
AT&T 155 Mb/s OC3 $72,200 $465 $0.64 $9.6
AT&T 1.544 Mb/s T1 $1,970 $1313 $1.82 $27.3
Typical 56 kb/s Dial $20 $357 $0.49 $7.35
Typical 40 Mb/s Cable $40 $1| $0.001 $0.015
Pac Bell 1.5 Mb/s ADSL $50 $33 $0.04 $0.60
Pac Bell 6.0 Mb/s ADSL $179 $30 $0.04 $0.60

customers of the same ISP. That there is not ubiquitous ac-service requiring media assessment, adaptive protocols and
cess to service (a cornerstone of the Internet) may be a littlemedia manipulation.

disturbing, but nevertheless this may be a profitable way to  We acknowledge that there are several other important re-
make progress. search areas that will have an impact on the viability of the

Some ISPs may face considerable infrastructure upgradesservices we envision. These include media encoding, pri-
should high-quality streaming media take off. To illustrate vacy, security, digital rights management, and pricing mech-
the magnitude of the issue, in the 650 area code Board-anisms, and are out of scope of the paper. It is our belief
watch [8] lists 109 ISPs, only ten of which have a peering that the kinds of applications we envision will first emerge
bandwidth of more than 100 Mb/s. in corporate intranets or “walled gardens” where these issues

We have mentioned that Web caching and content deliv- are less problematic.
ery networks can help reduce the cost of access to streaming
med|a._ In addlt_lon to Web hostmg we believe that hpstmg 3.1 Announcement and Discovery
streaming media content will be an important function of
ISPs. This is driven by an observation about access tech-In each of the scenarios described in Section 1direc-
nology: most links (ADSL, cable, 56k dial-up) have asym- tory systenis the presumed basis for both announcing and
metric bandwidth, with a lower speed uplink from the home. discovering multimedia content. The challenges associated
Consequently, it is better to upload content into the network with this system are formidable. The system must scale to
and stream it from a staging post rather than streaming di- enable a vast audience to identify content of interest. Unlike
rectly from the home. traditional information discovery systems (e.g., Web search
engines), the system must be capable of handling short du-
ration, real-time communications. These sessions can be
pre-scheduled, or occur spontaneously and be announced
at the session start. The directory system should also be
We next identify four important research areas list the novel lightweight, consuming only small amounts of computing
problems that need to be addressed for each. The four arand bandwidth resources. Directory service users should
eas are (1) announcement and discoverintdrestingme- have the benefit of powerful searching tools, yet search times
dia content, (2) program manipulation, (3) end-to-end per- must be kept low. Announcements of events should be suf-
formance issues and (4) media quality assessment. Theséiciently expressive to facilitate discovery, without putting
research areas cover the problem space alluded to in the preundue burden on the announcer, who may in fact be little
vious section. more than a camera connected to a communications link.

To understand why these areas are so important to us, it Further, the directory system might take on additional fea-
is necessary to understand what we have chas¢to do. tures when used in an enterprise setting. Here the directory
We are not building a video-on-demand system for movie could benefit from integration with other meeting directory
and television content. A commercial system like this would services, such as that for Microsoft's NetMeeting. This inte-
most likely beover-provisionedvith dedicated resource® gration could further extend to announcements for both In-
ensure a good customer experience at possibly a high costernet and conventional telephone system conferences. For
to the user. Further, in such a system, content manipula-example, an Internet voice conference call initiated by the
tion would be forbidden, while announcement and discov- Session Initiation Protocol (SIP) [21] might conceivably is-
ery would be reduced to an electronic TV Guide. By start- sue an INVITE message to our directory system for the pur-
ing with a large number of sources we have a very different poses of a public announcement. Similarly, an announce-
problem. The sources will necessarily be widely distributed, ment of a conventional telephone conference call, now often
and hence require a decentralized location service. Accesdistributed semi-privately by mechanisms such as electronic
to the media will be over a network with varying degrees of mail, might also be listed. Indeed, if connected to a tele-

3 Novel Research Problems



phone switching system, the directory would in principle be we are now considering. Among the difficult questions we
able to announce any active connection in progress. seek to answer are:

3.1.1 Related Work Announcement Creation Each announcement must ef-
fectively describe its associated multimedia session with
Though research in conventional information discovery sys- sufficient expressiveness such that a simple search by a po-
tems has been extensive, relatively little attention has beentential recipient will discover the session. Yet suppose that
paid to systems capable of discovering live multimedia ses- there are two closely located sources, each unaware of the
sions. As an example of a conventional system, the Domain other, transmitting live video from the same event. How can
Name System (DNS) is a robust, heavily-used decentralizedwe ensure that their independent announcements facilitate
database primarily for name/address translation. DNS haniscovery? The challenge becomes greater if we consider
a variety of desirable properties that we seek, including ro- sources with extremely limited data input capabilities (e.g.,
bustness, global scale, and caching. DNS queries are quitgjigital cameras). Can metadata not requiring human input,
limited in nature, however, as is the data stored in the systemsuch as unique device identifiers or GPS coordinates, be
(e.g., CNAMES, PTR). Moreover, even with advances such used to facilitate content searches?
as dynamic DNS, management of system data is restricted,
and propagating new records throughout the system can takenccess Control and Privacy The directory system we
hours, far too slow for our application. envision will be most powerful if it supports public, private

The announcement of live multicast sessions on the and semi-private announcements. How can we ensure that
MBone is achieved through use of the Session Announce-the only parties to receive an announcement are those we
ment Protocol (SAP) [20], and discovery is realized by desire? In addition, a receiver might desire personalized
client-based software ‘session directory’ tools suctsds  directory presentation according to pre-defined preferences.
sdr, and rsdr.  SAP relies on the presence of IP multi-  How will filtering of listings take place, and where should
cast, and essentially implements a soft-state protocol; clientsthis filtering occur?
monitor an announcement channel, and perform all discov-
ery operations (e.g., searching) locally. Announced sessionDirectory System Architecture The architecture of the di-
are described by the somewhat unexpressive Session Derectory system must be scalable yet still enable rapid di-
scription Protocol (SDP) [19]. SAP/SDP was later extended rectory dissemination. Should such a system combine both
to support a limited session directory hierarchy. pushand pull distribution mechanisms? If so, how do we

Though shown to be useful as a discovery system for prevent a program directory listing from being stale? Wil
small-scale, prescheduled MBone sessions, a SAP basegnulticasting be part of the solution?
system suffers certain limitations. Efforts to conserve band-
width by making infrequent announcements caused rela-
tively long startup delays for users joining the multicast 3.2 Program Manipulation
group at program start time. The system was not intended
for use by unscheduled sources, nor would it be effective
for very short-lived sessions. SDP is also quite limited as a
descriptive language for programming metadata.

A collection of research attempts have addressed thes
limitations. SDPng [27], a successor to SDP, is an XML-
based session description language under consideration
within the IETF. Also, tools to permit Web browserstointer- 321 Related Work
act with directory information have tended to displace dedi-
cated client-side session directory tools. Defining the layout, interaction and temporal and semantic

One proposa| has Specifica”y addressed a number of therelationships among various media streams is very important
scaling limitations within the SAP-based discovery system for composable and customizable multimedia presentations.
design. The Information Discovery Graph (IDG) [50] seeks SMIL [3] (Synchronized Multimedia Integration Language)
to impose a hierarchical network of directory managers— is & language developed by the SYMM (Synchronized Mul-
each responsible for a semantically distinct session topic—totimedia) Working Group of W3C to describe time-based

balance system load, facilitate searches, and reduce systerfitructure for multimedi@locumentsCMIF (CWI Media In-
overhead. terchange Format) [13] also allows composition of multiple

video and audio streams.

Various inter- and intra-stream synchronization algo-
rithms have been proposed to smooth out the network delay
No existing directory service appears capable of coping with jitter. A comparison of several such techniques has been pre-
the scale and the dynamics of the media distribution systemsented in [24]. Several video compression standards such as

Future media streams will have audio, video, textual and
markup components, and interesting multimedia programs
will require several semantically related streams to be com-
eoosed and customized. We thinkmbgram manipulatioras

the control, modification and coordination of these streams.

3.1.2 Research Challenges



MPEG-4 and MPEG-7 also allow for synchronization mark- Repackaging audio and video streams with additional
ers. markup allows us to personalize content. The markup al-
lows the expression of the type of content which could be
matched against the user’s preferences to create a personal-
3.2.2 Research Challenges ized experience of the media. We see this today in parental
controls, but in the future we imagine a much wider expres-
sion of what is in the streams.

) , . Stream markup will also aid synchronization among
Stream Manipulation Along the path between the original 1 itiple streams with different origins. Though some video

media and the final audience, the stream may pass through,ompression standards have proposed synchronization

several processing steps to add value. These processing,arers, we require a format-independent mechanism for
steps occur ommediators which perform the following stream synchronization

functions:

We discuss key research problems in program manipulation.

Multi-Stream Program Composition The W3C standard

Switching This component would take several incoming gL (3] can be used for defining the layout and temporal
streams and generate a single outgoing stream. An examplercture of multimedia documents. Several SMIL-based

is switching between various camera feeds in the home yoqentation authoring tools are now available. Most of
director scenario described in Section 1.2. these presentations are limited to static (predefined) streams.
For example, it would not be possible to author a sportscast
using SMIL where a viewer is interested in watching
only the camera feed that has a particular player. Novel
mechanisms are required to be able to dynamically compose
media presentations based on stream metadata and user
preferences.

Semantic Manipulatio® simple example of semantic ma-
nipulation is inserting a logo into an existing stream. More
complex examples include editing “pop-up” text or selecting
an audio stream appropriate for a user’s preferences.

TranscodingTranscoding would transform material from

one format to another (e.g., MPEG-2 to MPEG-1), increase \5igation The ability to effectively navigate streams
compression to allow transmission over a lower bandwidth within multi-stream programs is key to good viewer experi-

link, or add appropriate link level forward error recovery.  gnce. The single stream control protocols such as RTSP [43]
are restricted to simple commands lig&rt, fast-forward
rewind, pauseetc. Such primitives are not adequate for
proposed program manipulation. Navigation among the
different components of a multi-stream program will require

] S new control primitives and protocols for exchanging these
We believe that content distribution networks (such as

: \ commands. For instance, new primitives are needed to
Speedera and Akamai) are the pre-cursors to mediators. Wey,nress a viewer's intention to switch between TV and the
argue that CDNs work for on-demand video, but that much \yep, in the media Web scenario described in Section 1.2.

of the research on optimal placement of mediators will be re-
visited because of the advanced processing and requiremenpasonalization Users will need some way of expressing

for “live” low latency video. _ _ _ their preferences so that streams can be personalized for
Copyright also has an interesting architectural impact on e *stream metadata/cues will provide the mechanism for
how and where streams may be manipulated. In repurposingy e onalization, but how users will specify their preferences
content a third party is producing a derived work, which iq o gnen problem. We note that many useful services could
may be a breach of copyright (Section 106(2) of the US ¢ congiructed by making the profile available publicly, and
Copyright Act does not allow unauthorized derived works). many more services would be enabled by including location
For example, a third party may take a video and create ajnformation as part of a user’s profile. However, history has

commentary but be prohibited from mixing the two and ghqn ys that there are privacy and security issues related to
then republishing it. On the other hand, it may be perfectly yissemination of user information.

reasonable for the third party to pass a reference to the
original work and for the commentary to the audience to be

rendered in an appropriate browser. 3.3 End-to-End Performance Issues

Stream Markup Program manipulation requires enhancing The problem of network performance for media is a well-

the streams with metadata not only about their identities but researched topic and addresses the problem of how me-
also about structure and semantics. Cueing protocols [9]dia services can be delivered with acceptable quality over
provide one mechanism for transporting metadata in-bandresource-constrained content networks. Quality of Service
with the stream. (QoS) requirements of media streams are very stringent in

SynchronizationWe might wish to coordinate the arrival
of multiple streams at clients to reduce the client buffering
load (especially for mobile devices).



terms of the acceptable delay jitter and packet loss. Typ-time to come, particularly as media applications grow in
ically, existing Internet media players attempt to hide the popularity [30]. Also, depending on the traffic mix within
delay jitter in large playback buffers (often 30 seconds or the network and the often imperfect nature of peering
larger) and scale down (the already low) transmission ratesarrangements, congestion points can develop dynamically
to battle losses. However, if the goal of deploying very high and unpredictably, causing performance impacts, particu-
bandwidth media streams that may be transmitted live or aslarly on media streams that suffer greatly from short-term
part of interactive applications, requiring very small or negli- fluctuations in quality of service.
gible playback buffers, is to be realized, significant strides in
QoS deployment will need to be made. All of the scenarios Resource ReservationThe most common technical ap-
described earlier require multiple semantically related, high proach to providing network QoS guarantees to applications
quality media streams to be delivered over a cost-effective has been based on a resource reservation approach. How-
shared infrastructure. The area of coordinating the perfor- ever, the success of this approach is heavily dependent on
mance of multiple correlated streams is a new area of re-the capability of applications and services to accurately
search that has not received any attention. Since end-topredict their demands on short as well as long time scales.
end bandwidth is likely to be a scarce and highly variable This is inherently a difficult problem for most applica-
commodity, at least in the near- to medium-term, we argue tions/services and has either of two effects: the resource
that innovative and non-conventional methods are requiredreservation is inadequate and fails to meet the desired
to continually search out the necessary resources that carapplication QoS level, or there is resource overbooking
provide high media quality. leading to large costs and resource under-utilization.
Further, statistical bandwidth allocation formulas such as
equivalent bandwidth computations (e.g., [18]) have been
3.3.1 Related Work found to be overly pessimistic. For media applications, this
is made even harder because the resource requirements are

Predictable end-to-end perfor.mance is still an unsolved content-dependent and compressed media is highly bursty.
prot_>lem because the Internet is a heterogeneous, federqteqlechnicm challenges aside, as alluded to in Table 2, the
environment connected together at private and public ocqnomic cost of resource reservation at this point in time
peering points. Some parts of the Internet have very goodig jyst too high for the end user. Thus it is likely that users

QoS and traffic management mechanisms implemented, i continue to select the cheaper best effort service that
while other parts may have no such mechanisms. In SUChpromotes higher levels of resource sharing.

an environment, it is difficult to obtain any end-to-end

perform_ance guarantees. The offered load on the Inter'Scalability An important issue with QoS provisioning is
net exhibits unexpected long-term as well as short-term gq apility concerns. Providing QoS on a per-application
variations, which has the impact of making the overall g, yasis requires the maintenance of per-flow state infor-
performance quite unpredictable and unsuitable for media yaion, |n the core of the network, scaling to thousands of
applications.  We briefly describe the research done 10 f4,ys passing through a single switch/router is a technical
mitigate performance problems. challenge. A newer framework for QoS in IP networks is
o ) ) the Differentiated Services (DiffServ) architecture [7] which
Over-provisioning Stemming from the observation that  5meliorates the scaling problem by providing QoS to flow
QoS is achieved automatically in an under-utilized network, aggregates only in the network core. However, preliminary
a primary approach to achieving good network performance research on the mapping from aggregate QoS to individual
is by gross over-provisioning. However, massive OVer- nor fioy QoS indicates that under some circumstances,
provisioning of network resources is very expensive, par- there might be a significant performance difference between
ticularly at the levels required to accommodate global high i« individual QoS and the aggregate QoS [57]. Further,

quality media streams. Due to the purported high costs of 1,5 jn the same traffic aggregate do not have performance
lighting dark fiber, less than 5% of fiber in the ground has isolation, which is likely to impact the QoS of a stream,
been lit [41], and in the current market conditions, making particularly on short time scales.

more bandwidth available is not perceived as being urgent.
Further, in spite of good growth levels, broadband home ac- \1eia Transport Without Reservations The downside of

cess penetration is still fairly low. That said, Internet back- ,qing non-dedicated resources is that congestion points can
bone bandwidth has been increasing dramatically over thedevelop often and suddenly. For most Internet applications,
last dgcade. ) ] congestion control is primarily exerted in the form of TCP
While Internet performance has indeed improved from .,ngestion control, where one of the techniques is Additive
the early 90's, the emergence of the Web and increasedincrease Multiplicative Decrease (AIMD), which halves

Internet usage has caused a proportionate increase in netq,o «urrent TCP window in response to a lost packet [1].
work traffic flow. The net result is that serious performance - media applications, the primary form of congestion
issues still exist, and this trend is likely to continue for some '



control has been rate control applied at the end system [56],targets for multiple semantically related streams? Should
sometimes using AIMD-like rate control [39]. The main the routing, scheduling and congestion control mechanisms
assumption is that the applications under consideration arebe coordinated across the correlated streams? For instance,
able to scale back their packet transmissions without lossif the primary stream suffers a loss burst, it is not useful
of functionality. While this is certainly true for applications to transmit the temporally correlated packets from the
such as ftp, emerging applications such as streaming audiovalue-added stream as well. Similarly, it makes sense to
and video cannot comply with such harsh control without pick routing paths for the streams that have approximately
losing usability. However, if no control is exerted on such the same path characteristics to avoid unnecessary buffering
applications, then responsive TCP applications can sufferin some cases. Due to congestion, if the primary stream is
unfairly. There has been a host of hew congestion control rate controlled, it may not be useful to transmit the other
algorithms proposed recently [6, 54] that are less responsivestream at a higher rate. Can this coordination lead to more
than TCP but react in a manner that is TCP-friendly or TCP- efficient bandwidth allocation and better dimensioning of
compatible. TCP-friendly schemes such TCP-Friendly Rate playback buffers?
Control (TFRC) [16] and Binomial Congestion Control [5]
provide for a more smooth transmission rate as comparedShort-term QoS Traditional QoS mechanisms have fo-
to TCP, but do not take into account the inherent dynamic cused on long-term QoS metrics.Despite this, there has been
source rate that the application may have. Providing a con-relatively little work (e.g., [34]) on solving this important
stant rate to an application is not adequate if the application problem and offers a significant research space. To solve this
requires a dynamic rate. End system rate control aloneproblem, itis likely that innovative video coding techniques
cannot manage congestion adequately, and Active Queuewould need to be coupled with network mechanisms such
Management (AQM) techniques such as Random Early as selective packet dropping and bandwidth renegotiation.
Detection (RED) [17] and its variations have been proposed Recently, codes resilient to bandwidth and delay variations
that attempt to control queue lengths inside the network. In have been developed [11], which need to be coupled to
the above mentioned DiffServ environment, media flows can appropriate mechanisms inside the network to achieve
use an enhanced service class (e.g., expedited forwardingacceptable short-term QoS levels.
as in [2]) but the mapping between the user level quality
and network parameters such as the token rate need to béMedia-Aware Network Control As we push towards
studied further for different classes. higher bandwidth and higher quality media streams, it
becomes imperative to design media-aware network mecha-
Content Distribution Networks A powerful approach to  nisms that are also friendly to other traffic types. Traditional
providing good application QoS is via content distribution research pushes towards one goal or the other, and there
networks or other content delivery mechanisms, including needs to be a good balance between the two. Two big
replication and caching at the network edges [40, 45, 52]. differences between media streams and other traffic types
These approaches are successful to some extent in bypassingre that (1) media flows are of longer duration than many of
the network by priming caches close to the receiver ahead ofthe other dominant Internet traffic types (e.g., WWW traffic)
the time it may be required. However, these techniques work and (2) media flows are adversely affected by sudden and
best for on-demand usage and have yet to prove their meritsarge changes to their natural bandwidth demands. Current
for live or interactive multimedia applications. rate control mechanisms for media advocate TCP friendli-
ness and either subject media traffic to harsh rate decreases
or provide an “almost constant rate” or “slowly varying
3.3.2 Research Challenges rate” that is fair to other TCP traffic [6, 16]. Although the
) . . ) . second proposal is better than the first, it dictates a rate
In this section, we discuss four open issues whose resolution,5sed on other shorter-lived traffic flows and does not work
is imperative to the success of the future vision. for compressed variable rate encoding. Towards this end,
new measures of fairness are required, taking into account
' s A X long-lived as well as short-lived flows. Perhaps media
described earlier involve multiple semantically related gyeams can be subjected to smaller degrees of rate control
media streams. Traditional QoS research has focused ory, 5 continuous basis (as a function of the queue length
single streams, connections, or sessions. The researcly; the pottieneck node using early congestion notifications
space is significantly altered with multiple diverse but (ECN) [38] from routers) rather than only when packet
semantically related streams. The individual streams may|ysses are detected. A related idea is to link priority of

originate from different points in the network and may neqwork packets based on the duration of the flow, not just
traverse paths with very different QoS characteristics 10 yhe type of application. Particularly in best-effort networks,
the merge/manipulation points. There are several research,qars have no expectation of QoS levels when they initiate

problems involving stream coordination that emerge in 5 gsession, and this fact could be exploited to ensure that
this environment. How would one define QoS metrics and

Semantically Correlated StreamsMany of the scenarios



existing long duration flows continue to receive the perfor-
mance level they entered the network with, at the expense
of new sessions. Current media players decrease the source
rate in steps when congestion is detected, but have limited
methods built in to increase their rates when either the
congestion period has ended or alternate higher bandwidth
paths are available. Probing for higher bandwidth paths
and/or lightly loaded paths will be important to support
high quality media flows. Further, methods to dynamically
and collaboratively aggregate resources on the network to 2 :
support high bandwidth flows is an open research problem. g
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Latency Masking An important hurdle in deploying global
tele-presence and tele-experience applications is the large
end-to-end latencies. However, interactive users can typi-
cally deal with longer latencies if the variability of the la-
tency is relatively low. The design of low variance, almost
constant delay pipes over shared infrastructure could per-

haps be one step towards deploying such highly interactive bandwidth at various points during the stream, failing to

applications. show the many peaks and valleys over the duration of the

stream. In addition, it is not clear from the graph if the vari-

34 lity A ation in sampled bandwidth is due to network loss or if the
) Quality Assessment bandwidth variation is normal for this particular encoding of

Much research effort over the past several years has agthe stream. This example iIIustrates_ the need for observing
dressed the general problem of constructing scalable and relPoth short-term and long-term metrics as well as the need
evant measurement infrastructures, network fault diagnosist© define appropriate metrics for the media services environ-
methods, and fault prediction methods, particularly in the Ment. _ _
context of the Internet. However, conducting quality assess- I this section, we explore the measurement and analysis
ment for streaming media services, particularly from the end SPaces and discuss the repercussions for high-quality, multi-
user perspective, has not been widely addressed by the netStream media delivery over both closed and open infrastruc-
work research community and remains a hard problem. tures.

Several factors make measuring media more difficult than
measuring, fo_r example, Web transactions or file trgnsfers.3'4'1 Related Work
For one, media sessions tend to be of a longer duration than
file transfer sessions or Web sessions (see [32], for example Several software solutions exist to measure and assess the
for RealAudio traffic characteristics). Media files are larger quality of streaming media. For example, NetlQ Corpora-
than the typical data file on the Web. Most significantly tion’s Chariot [35] uses specialized endpoints that send and
though, media metrics are much more context-specific andreceive synthetic traffic to emulate, in packet size and rate,
temporal. For example, which packet is lost or where in the real media servers and receivers. The tool cannot assess
stream bandwidth throttling occurs is significant; 5% packet characteristics such as stream start-up delay or player stall
loss may be detrimental for a movie trailer clip, but may not that are of relevance to actual media clients, and has scala-
produce any significant degradation in a newscast clip. Tra- bility issues. Broadstream’s service [10] obtains assessment
ditional metrics of network quality, such as average received of actual end-user activities via a Java applet and provides
bandwidth and average packet loss rate, may not be adequataggregated usage and quality data to content-producers. It
for assessing media quality. requires clients to communicate to a single central service

As an example, consider Figure 3, which illustrates the location on the Internet. Streamcheck [49] operates in a sim-
received bandwidth as measured by a commercially avail- ilar manner, using synthetic clients built on top of existing
able media player application for an eleven-minute video players in a test-mode basis. A “subjective” measurement in
clip streamed over a lossy connection. The received band-the form of a letter grade is generated from a measure of ini-
width is sampled at ten-second intervals during the stream;tial connection and total stream buffering time as compared
the dashed line shows the average bandwidth as measuretb total playback time. The test clients reside at “desktop”
over the entire stream, a common network quality metric. It level; i.e., at the end of cable modem and DSL connections.
is difficult to determine from this plot the end user’s view- Keynote [26] measures streaming media quality at locations
ing experience: excellent, passable, unacceptable, etc. Alsoalong the Internet backbone (usually at peering points) us-
the average received bandwidth tells little about the receiveding actual client applications, but it is limited to “test-mode”

Figure 3: Received bandwidth vs. time, sampled at ten sec-
ond intervals and averaged over the entire stream.
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functionality only and does not measure “desktop” perfor- 3.4.2 Research Challenges
mance as seen by the end-user.

A variety of proposed techniques and existing products,
such as Lariat [28], obtain information from the log files '
of media servers in an attempt to provide an assessment ofliSCUSS them here.

stream quality. These approaches are proprietary, not open o ) ) L
to general integration into a complete assessment service YSiNg Objective Metrics to Quantify Subjective Expecta-

do not provide for testing and fault isolation independent of 1ONS of Quality End users must have the ability to interact

end-user cooperation, and cannot accurately assess qualityith the network, both automatically and manually, to mon-

as seen at the client. itor their level of received service quality. To do so requires

Real-time Transport Protocol (RTP) [42] for media mapping subjec_:tive idea_s of media quality, such as picture
streaming has a related control protocol, RTCP, for com- @nd sound clarity, to objective metrics such as frame rate,
munication from the client about the quality of received Packet 10ss, and jitter. One such solution is given in [55]
streams. This protocol suffers from severe scalability issues,2nd [2], but it requires correlating measurements on both the
and is generally disabled in real production deployments of sender an'd receiver sides. A more useful solution would as-
the media servers and players that utilize standard RTP. TheS€SS received quality by taking a select set of measurements
commercially popular servers and players do not fully sup- from both the receiver and the netwo_rk and using these mea-
port standard RTP. surerr_]en_t_s to deduce the_user’s rfecelved quality.

Some proprietary media players (such as RealPlayer and AS|gn|f|cant_ chal!enge is Fo denve assgssments fr.on"! these
Windows Media Player) support agents that provide qual- collected mgtncs with .sufflment .|nformat|on to permit either
ity feedback in an attempt to adjust stream server charac-tN€ adaptation of quality of service parameters or the correct
teristics. Principally these agents work in conjunction with diagnostic action. For example, if an end user's quality suf-

the server to enable transmission and reception of a lower€rs because of inadequate bandwidth for a particular media
bit-rate encoding of the media stream. To provide log file- stream, how can the network and/or media source address

based reports of quality assessment, they utilize TCP-based€ Problem in real time? Can the network find an alternate,
streams with the attendant scalability problems. less-congested path with more available bandwidth? Or can

Some work has focused on instrumenting client-side me- the source reduce the rate at which it streams, by sending
dia players in order to assess the quality of received video 'eWer encoded layers? Achieving this goal requires devel-
streams. For example, [53] studies user-perceived video©Ping new test tools that can interact with client-side players
quality using an instrumented version of RealPlayer. The &nd existing network measurement tools. _ _
application is completely user-controlled, and requires the e claim that the recipient of a media stream is obviously
user to manually rate his or her perception of video qual- (e best authority to assess its quality. Humans, however,
ity on a numeric scale once a clip has played. Similarly, [29] cannot be relle_d upon to provide consistent, timely infor-
describes a measurement study of streaming video to dial-upMation. Thus it becomes necessary to make assessments
modem clients that utilizes instrumented MPEG-4 receivers. Of Stréaming media quality within the receiving client. For

The mapping between objective measurements and subsuch a system to wo_rk nece§3|tates the cooperation of end
jective video quality is attempted in [2] for MPEG-1 and US€rs as well as service p.rowders. We must ensure .that the
Windows Media clips over a DiffServ network. Their as- system is secure, in that it protects both datg integrity and
sessment system is based on earlier work described in [55].he Privacy of the end-users and network providers.

The mapping works by measuring both the sent and received

video streams to extract key parameters; these parametery/Ulti-Domain Operation An end-to-end assessment sys-
are then compared to compile a subjective quality score. tem must operate among domains rather than within a single

The general problem of developing large-scale network dom_ain. Thi§ necessitates inte_r—domain cqope_ration_a_mong
assessment and measurement architectures have been wideffFrVice providers. Inter-domain cooperation is a difficult
studied. A survey of existing efforts and a description of problem because historically service providers have been re-

the problem space can be found in [33]. Examples of large- luctant to share measurement data among themselves. Als.o,
scale network measurement architectures include [25], [37], the correlation of measurements/assessment across domains

[36], and [48]. Inter-domain assessment and troubleshoot-iS @ non-trivial problem. Even if providers were open with

ing have also been addressed previously. Thaler and Ravis{n€ir data, it is hard to construct an end-to-end picture of
hankar [51] describe a troubleshooting methodology for co- Ne€twork performance. There is an effort [23] to standardize
ordinating problem diagnosis across multiple managementthe collection and sharing of data among network service

domains. Baelet al. [4] describe a multi-domain measure- Providers, but the problem remains. _
ment system appropriate for SLA use. The problem is made more urgent when applied to a me-

dia services environment. Because of the longer duration of
media sessions as compared to much of the traffic travers-
ing the Internet today, and the amount of data transferred per

Several areas within the space of end-to-end streaming
media quality assessment remain open problems. We
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session, itis important that a clear end-to-end picture emergeRefeI‘enceS

for proper fault diagnosis and troubleshooting. In addition,

cooperating parties still need to determine an adequate set of [1] M. Allman, V. Paxson, and W. Stevens, “TCP Conges-
metrics with which to evaluate the quality of media sessions, tion Control,”IETF RFC 2581 April 1999.

for the reasons described in Section 3.4.

A wide range of parties value the assessment of streaming [2]
media quality for diverse reasons, as indicated in Table 3.
When a number of entities have a need for common infor-
mation, an open standard interface to such information is
ideal. End users and providers both benefit, as both sets
of consumers are able to get a clearer picture of network [3]
performance and where problems lay.

W. Ashmawi, R. Guerin, S. Wolf, and M. H. Pinson,
“On the Impact of Policing and Rate Guarantees in
Diff-Serv Networks: A Video Streaming Application
Perspective,Proceedings of the ACM SIGCOMM’01
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Integration Language (SMIL 2.0), W3 Recommen-

dation, April 2001, http://www.w3.0rg/TR/
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system will have a very large number of measurement points, [4] J. W. Baek, J. T. Park, and D. Seo, “End-to-End In-
as each end user is a potential measurement point. Because  ternet/Intranet Service Management in Multi-Domain

of the complexities involved in evaluating streaming me- Environment Using SLA ConceptProceedings of the
dia quality, as discussed in Section 3.4, each measurement IEEE/IFIP NOMS’0Q Honolulu, HI, April 2000, pp.
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amount of media traffic to monitor. Control Algorithms,”Proceedings of the IEEE INFO-
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cide from which monitoring points to collect data, on what [6]
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Table 3: Consumer-Metrics matrix.

| Consumers of Quality Assessment Uses

Content Owners

Did the viewing stop because content was uninteresting or because it was un-
watchable (poor received quality)?

What content is watched, and for how long?

What content has been unwatched for some time?
What can be said about viewer behavior (pause, skip, rewind) for the content?

End Users

To whom do | complain when my reception is unwatchable or inaudible?
Am | getting the streaming media quality | paid for?
What information do | need when | call customer support?

Network Operators,
Media Service Providers,
Media Distribution Networks

media service?

scale streaming media event?

Is my operation supporting service level agreements for streaming media sefvice?
What causes poor quality for “this user’s” media stream?
Is the trend of my operation’s behavior headed towards unsatisfactory streaming

How do | determine my operational parameters that will improve streaming media
service?
How do | test my operation in advance of need, especially in advance of a|large

Product Developers

Will this improvement in my product (e.g. encoder, transport mechanism, degoder,
etc.) result in improved media quality as | expect?

Management System Providers

What are the key alert events for streaming media quality?
What methods can be used to “drill down” and correlate or diagnose stregaming
media faults, all the way to the receiver when possible?
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