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ABSTRACT

With the continuing drop in the price of memory, Video-on-Demand (VoD) solutions that
have so far focused on maximising the throughput of disk units with a minimal use of
physical memory may now employ significant amounts of cache memory. The subject of
this thesis is the study of a technique to best utilise a memory buffer within such a VoD
solution. In particular, knowledge of the streams active on the server is used to allocate
cache memory.

Stream optimised caching exploits reuse of data among streams that are temporally
close to each other within the same clip; the data fetched on behalf of the leading stream
may be cached and reused by the following streams. Therefore, only the leading stream
requires access to the physical disk and the potential level of service provision allowed by
the server may be increased.

The use of stream optimised caching may consequently be limited to environments
where reuse of data is significant. As such, the technique examined within this thesis
focuses on a classroom environment where user progress is generally linear and all users
progress at approximately the same rate — for such an environment, reuse of data is
guaranteed.

The analysis of stream optimised caching begins with a detailed theoretical discussion
of the technique and suggests possible implementations. Later chapters describe both the
design and construction of a prototype server that employs the caching technique, and
experiments that use of the prototype to assess the effectiveness of the technique for the
chosen environment using ‘emulated’ users. The conclusions of these experiments
indicate that stream optimised caching may be applicable to larger scale VoD systems
than small scale teaching environments. Future development of stream optimised caching
is considered.
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CHAPTER 1 1

1. Background & Direction of Work

With the increasing use of computers as a tool for teaching, inevitable progress has led to
a demand for the use of video material as a means to enhance the learning process. The
size of video files has itself been an obstacle to this end, in terms of both storage
requirement and display capabilities. While the use of CD-ROMs is a solution for off-
the-shelf multimedia ‘learnware’, it is not a solution for locally produced material where
there is a need for each teaching workstation to access the same material; to duplicate the
material across all the workstations would require a large amount of disk on each, and
would additionally consume large amounts of network bandwidth in preparing each
workstation. If there are several different courses running over the same term, the set-up
time required before each class may itself prohibit such a solution, and giving each
workstation a larger disk is not only expensive, but may give rise to multiple points of
maintenance in the system. While a broadcast solution is possible, it ties all of the users
to the same rate of progress and is very restrictive to the learning process; each student
should be allowed to progress at their own pace. What is more appropriate here is a
central video server that supplies the video in a real-time on-demand basis. This
eliminates the need for the workstations to store any part of the source media files, hence
reducing their disk requirement, and possibly enabling the use of diskless workstations.
More specifically, what is needed is a networked video file server allowing simultaneous
access by a group of users in a classroom, yet giving the illusion that each individual has
all of the video that they view on their own workstation.

For each class, the users will progress through the learning material at around the
same rate of advance. Many of these users will therefore be using the same media clip at
approximately the same instant in time, perhaps separated by a time difference varying
from a few seconds up to a few minutes. It is likely that the users will begin close
together, with a number of user groups forming as the class progresses, each with similar
learning ability. Thus, given the potentially small temporal difference between the
accesses of a number of users, a memory cache might be used to reduce access demands
on the underlying storage medium. That is, a small section of clip is loaded from storage
into the cache for the first user to request it. Other temporally close users’ requests are
then served by the cached section of clip, and hence access is not needed to the storage
device. The cached data can then be discarded once all temporally close users have
accessed it, making way for other data with predicted reuse. The concept of stream
optimised caching is derived from this potential reuse phenomenon.

The accesses of a classroom of users to a centralised media server is clearly a case of
Video-on-Demand; each user has independent and immediate control over the media they
view. However, the accesses of each user across the class will have a great deal of
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similarity. The users will look at the same set of clips, and these clips will usually be
viewed in the same order. To add to this, what one user views is likely to affect the
behaviour of those around them, and vice versa. In short, the users are highly predictable.
Stream optimised caching exploits the predictability of users by maintaining a cache with
the set of data that is most likely to be accessed by its users. Thus, although a Video-on-
Demand solution designed for library archive clips or a video subscriber service might be
used, it may be unnecessarily complicated for the task. These two examples do not share
the users’ near-synchronisation property of the classroom environment. Furthermore, such
large scale Video-on-Demand solutions are very expensive.

The subject of this thesis is the investigation of the feasibility of stream optimised
caching in practice. The aims of this work were to produce a low-cost Video-on-Demand
solution tailored to the classroom environment. In this environment, the learning task was
considered to be generally textual in nature, being reinforced by audio and video material.
The assumption is that such media are embedded within some other learning application,
such as hypertext; the user does not view continuous media all of the time. Thus, given
that (at the time of development) a typical class size is of up to 32 client machines, which
is the largest of the teaching rooms at Kent, a target of 20 simultaneous users of the media
server was set. To minimise system costs, the prototype server was to be built from off-
the-shelf components, and use standard low-cost disks.

From these ideas, the “Server Enabling Retrieval of Video Information in a
Classroom Environment'”, or “SERVICE” project was born. The work carried out on
this project forms the basis of that presented in these pages. The SERVICE project
therefore prescribed the components from which the prototype server would be built.
Namely, it would be constructed from TRAnsputer Modules (TRAMsS), and would use an
ATM network adapter developed in-house at UKC [Tri95]. Transputers were chosen
because of their known and predictable real-time behaviour, and the department’s in-
house development experience with the processor.

1.1 Aims

This thesis will:

e Introduce the concept of stream optimised caching, explain how it works and how it
might be implemented

o Document the construction of a continuous media ATM network file server intended
to be capable of supporting a classroom of 20 simultaneous users, each with
reasonable quality of service and asynchronous independent control

! New Technologies Initiative (NTI) project number NTI-207, run under the Joint Information
Systems Committee (JISC)
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e Show the structure of the server's file format, which was designed not to be specific
to any data type; it will support any kind of audio, video or other continuous media
type. Furthermore, the file format will be shown to have been effective in practice.
e Detail the hardware comprising the video server, which is from low-cost off-the-shelf
components — more specifically, TRAnsputer Modules (TRAMs).
e Show the design options considered during development, and give the software
solutions taken in construction of the server. In particular, it will show the design of:
= the system as an NFS file server, with extensions to allow real-time continuous
media streams

= aflexible continuous media file system, which is capable of efficiently supporting
simultaneous multi-user real-time reads and writes

= ATM Adaptation Layer 5 (AAL5) on the ATM TRAM and other server TRAMs

= Internet Protocol (IP) over AAL5 on the server to enable communication with
other network end-systems

= acustom VCR-style control protocol for the control of the streams

= a cache management structure that enables the implementation of a stream
optimised cache

= asimple stream optimised caching algorithm

e Show that the hardware components are capable of the demands that are made of
them, and additionally that the server software components met these demands as the
media server was constructed

e Demonstrate a stable and reliable continuous media server appropriate for use within
other projects. This stability will be supported by actual usage examples

e Demonstrate the effectiveness of stream optimised caching for the chosen
environment, supported by performance analysis

e Show that stream optimised caching can be a useful technique in Video-on-Demand
systems in general

1.2 Synopsis of Chapters
Chapter 2 introduces the general field of Video-on-Demand. It begins with a discussion
of the nature of both disk devices and continuous media. The fundamental problems
involved with the provision of continuous media from a disk storage medium are then
presented. A range of solutions to Video-on-Demand is examined, with highlights of the
many techniques. The scale of solutions considered range from the small to the very
large. The chapter ends by considering work reported in the literature that is similar to
stream optimised caching, and how it differs.

The idea of stream optimised caching is presented in detail in Chapter 3, including
both the theory and suggestions for implementation. The terminology and abstractions of
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both media streams and streams caching are described, and the main caching techniques
compared in the context of an environment with reuse amongst the users.

The design and implementation of the prototype server are given in Chapter 4. It
begins with an architecture for the prescribed components, and gives a simple feasibility
calculation for this architecture. Each subsequent section then discusses implementation
options and choices, together with a brief post-implementation analysis to show that the
initial calculation is satisfied.

Chapter 5 describes the experimental process used to analyse server performance, and
presents the results. The results are discussed, and the effectiveness of stream optimised
caching for the experiments is determined. Practical results from a client project are also
recorded, showing the actual performance of the server from a user’s viewpoint.

Potential future extensions of the streams caching work are given in Chapter 6, which
considers both options for the prototype server, and for stream optimised caching. The
inclusion of other continuous media provision techniques are considered for addition to
streams caching, together with alternative technologies for the server hardware.

The thesis is concluded in Chapter 7 with a discussion of the degree of success of
both stream optimised caching and its prototype implementation. The exploitation of
temporal locality of access is also discussed in the context of the Video-on-Demand field
in general

1.3 Disclaimer

All of the work presented in this manuscript is that of the author unless explicitly stated
otherwise. In particular, the idea of stream optimised caching was originally proposed by
Peter Linington, together with the initial performance simulation used in Chapter 3.
Linington was also the author of the user-behaviour script-generator used when gathering
the main results of Chapter 5.
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2. Introducing the State of the Art

“Education will come in packets, or personalised doses,
so that we can get the right education, at the right time,
in the right amount”

—  Prof. John M. McCann [McC95]

With the recent arrival of powerful computers into the marketplace, there is now a
proliferation of machines that are capable of high quality video with audio. There has
similarly been an increase in the performance of server class machines, which are now
being considered as the source of various multimedia data for the many workstations
within their domains, most notably video material. Of course, it is not only the offices
and teaching rooms that will be the clients of such data; a huge market has been identified
in the home. Indeed, the largest potential market to be exploited is that of entertainment,
replacing the existing broadcast programmes with those giving freedom of control to the
individual user. According to McCann[McC95], the market for multimedia will be at
least $55 billion per year by the end of the decade, and most of this market involves
entertainment.  Not surprisingly then, many large companies are involved in the
development of large scale ‘Video-on-Demand’ systems, so called because users can play
movies at a time of their choosing, not a time chosen by the broadcaster. McCann also
suggests that the methods by which education is provided will evolve to take advantage of
this new technology, such that the individual can acquire knowledge at the point in time
that it is required. That is, video will soon play an important role in education.

At the time of writing, there has been no complete solution to the provision of Video-
on-Demand to the masses. There have however, been many developments in building
individual media servers to provide video or audio to a large number of users, of between
five and a few thousand users. Each of these systems is at most at a prototype stage, and
field trials of the technology are still at an early stage.

The remainder of this chapter begins with an outline of the properties of continuous
media, such as video and audio, as compared to normal data traffic. It then discusses the
properties of the underlying hardware technology and the reasons why it is itself a
problem in the provision of continuous media. Following this introduction of the basic
issues involved, the chapter examines the current efforts in providing a solution to video-
on-demand. This coverage is by no means exhaustive — the field of Video-on-Demand is
a rapidly expanding one that has the attention of many companies and institutions.
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2.1 Properties of Data versus Continuous Media

Media types such as video and audio are referred to as ‘continuous’ because of their
temporal property that once they begin, they are played in sequence at a fixed rate, if they
are to be usefully understood. It is important that each part of the continuous media be
presented to the user one unit after the next in a predetermined timely fashion. Failure to
do so results in gaps in the presentation which, if the gaps are even slight, produces clicks
and pops in audio, and/or jitter in a video. This contrasts with normal data files, such as
text, where there is no temporal nature involved; normal data does not need to be
presented to a user in discrete pieces with hard real-time constraints. Thus, the first major
property of continuous media is its real-time nature.

The second difference from normal files, is the very size of continuous media files;
they are very large. To put this into perspective, first consider a few pure textual
examples. Firstly, the Bible contains less than 2Mbytes of data. Secondly, the
Encyclopadia Britannica, whose 32 volumes each contain almost 1.4 million words —
approximately 9Mbytes per volume assuming an average word length of 7 characters, or
300Mbytes for all 32 volumes. High quality audio, on the other hand, is typically
192kbps for MPEG audio, which for a mere five-minute clip produces a file of 7Mbytes.
In further contrast, low/medium quality MPEG-1 compressed video is around 1.4Mbps
(0.1 for audio), making a five minute clip a file of approximately 50Mbytes. Thus, while
audio files may be large compared to text, they are small relative to video data, which
requires a significant amount of space for its storage. It is easy to see that video data is
substantially larger than pure textual data.

For broadcast quality MPEG-2, the video stream is around 4 to 9Mbps; taking a
4Mbps stream with a one-hour movie, that produces a file size of around 1.7Gb! Table
2.1 gives some further examples of the size of compressed video clips for various lengths
of clip and some typical bit-rates. This table is a simple multiplication table of file bit-
rate against length, but gives a better feel for the size of variously coded video streams.

Table 2.1: Examples of Continuous Media File Sizes with varying length and bandwidth

Bandwidth of Clip
MPEG-1 MPEG-2
Length 1.5Mbps 4Mbps 6.5Mbps 9Mbps
5 minutes 50Mb 140Mb 230Mb 320Mb
10 minutes 110Mb 290Mb 460Mb 640Mb
30 minutes 320Mb 860Mb 1.4Gb 1.9Gb
1 hour 640Mb 1.7Gb 2.8Gb 3.8Gb
2 hours 1.3Gb 3.4Gb 5.6Gb 7.7Gb
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In a network environment, once a connection has been established with a client, the
connection must not be dropped or otherwise suffer from network congestion, such that
the client’s display becomes jumpy with poor picture quality or disturbed audio. That is,
sufficient bandwidth must be reserved within the video server, the network connection,
and the client’s end system such that quality of service is maintained during the lifetime
of the connection. Alternatively, if the connection cannot be or is not maintained, it must
be renegotiated with the client system, as discussed for instance by Zhang [ZK97]. For
example, the quality of the video is reduced such that it occupies less bandwidth; the user
should not be aware of these negotiations however. Congestion issues are not covered
further here; emphasis is placed on the provision of Video-on-Demand within the server.

Providing for one user is relatively easy, but providing for many is complicated by
the underlying technology used to hold the media, namely disks. Although tape systems
may be used to store thousands of large high quality videos, they do not allow random
access to the media in real-time. Pure memory based storage systems would provide a
solution to the multi-user issues, but are not cost effective — the price per MByte of disk is
far cheaper than random access memory. A solution allowing multiple users to share a
single disk must therefore be dealt with since one user per disk is clearly not
economically viable either.

2.1.1 Compression and Continuous Media

In order to reduce the storage and transmission requirements of media, compression can
be employed. For still images, the JPEG (Joint Picture Experts Group) [PM92]
compression algorithm is often used, which exploits sensitivities of the human eye
system. Namely, the eye is more sensitive to low spatial frequencies, so JPEG will
discard the higher frequencies from the coding in order to concentrate on coding the
lower frequencies. In addition, the eye is more sensitive to changes in light and darkness
levels than to colour, so JPEG uses more effort in encoding light levels (luminance) than
the colour (chrominance) components. Clearly, once compression is applied, the resultant
file size is dependent upon the image resolution, type of scene and the scene’s
complexity. The quality of the compressed image may be varied, such that more
components that the eye is less sensitive to are discarded. However, if compression is
applied too harshly, compression ‘artefacts’ are visible in the result. The most obvious
JPEG artefact is scene ‘blocking’.

To further complicate the problem of continuous media provision, media data flows
can be categorised as either ‘Constant Bit Rate’ (CBR) or ‘Variable Bit Rate’ (VBR).
CBR streams are typically uncompressed streams, for example CD audio data. For video
data however, the data needs to be compressed in order to achieve the necessary retrieval
rate from the disk and reduce demands on the network; the compression effectively
increases the perceived data transfer speed of the disk and the capacity of the network.
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This assumes each client can decompress the data faster than it is transmitted, be it with
its CPU or with hardware assists. Each image in a video has varying complexity and if
each is compressed with JPEG, for example, each frame has a different size, i.e. is VBR.
For Motion JPEG, the size of each frame will be similar except, for example, over a scene
change.

2.1.2 MPEG Compression in Continuous Media

For MPEG [Motion Picture Experts Group] compression, intra-frame coding is used
using essentially the same algorithm as JPEG, that is, per picture compression. These
frames are referred to as I-Frames in MPEG terminology. Being designed for moving
pictures however, MPEG also exploits similarities between successive images. These
inter-frame coded images are called bi-directionally predicted and predicated frames, or
B- and P-Frames. B and P- frames contain only the differences, possibly motion
