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Preface

Deriving entertainment and availing a variety of multimedia services via
home-computers/laptops or mobile devices, have become commonplace for In-
ternet users in this modern era. Growing high-speed networking technology
coupled with the development of ultra-speed multimedia high-end machines
facilitates the notion of rendering such media services at attractive costs. Net-
work based multimedia services attempt to render best effort services at cheaper
prices. For instance, a video rental store allows users to rent video cassettes,
CDs/DVDs at afixed price. In contrast, a networked multimedia service (NMS)
allows a user to surf through a range of collections and obtain the desired con-
tent, without having to satisfy timing, or physical location restrictions. Fur-
thermore, a user need not even be confined to a specific location, but could
be roaming with a mobile device. Modern Video/Movie-on-Demand (V/MoD)
services even allow complete interactivity by supporting functionality that in-
cludes variable-speed playback, fast-forward/backward, etc.

In the published literature there are several papers that present comprehensive
studies of such NMS systems that are based on a wide spectrum of performance
goals and topics. There are several text-books that expose fundamental multi-
media technology at undergraduate to graduate level and even serve as guides
to practitioners. However, the emphasis in this book is purely on the research
perspective of a focused topic in the domain of multimedia. The emphasis in
this book is in exposing a specific state-of-the-art NMS technology that is of
recent vintage. The service infrastructure we are concerned in this book is for
VOD and/or MoD. Although such services have been in place for some time
with a varying degree of success, the manner in which these are deployed leaves
many things to be desired in terms of supporting large client populations with
adaptability, quality of service and low cost. With increasing user demands for
multimedia on-demand services, rendering cost effective and reliable services
becomes an imperative requirement.
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The design of high-fidelity network-based VOD/MoD service infrastructure
must carefully consider issues in optimizing various parameters, ranging from
the data storage level to customer satisfaction, in terms of providing high qual-
ity, reliability and interactivity. To provide an idea of the challenge ahead, since
1997 the Internet traffic has doubled every 6 months, while in the past 5 years
hard disk storage has doubled every year. In particular, the number of large size
(typically >3GB) multimedia documents keeps increasing on the Internet and
experts conjecture that by the year 2005/2006, more than 50% of the informa-
tion available over the Internet will constitute of large multimedia documents.
It is also conjectured that the percentage of requests to such large-volume mul-
timedia document increases in a greater that linear fashion with time. NMSs
are attractive from an economic perspective. For instance, in the case of VOD
services, depending on the popularity of the movie, the cost per user can be
reduced when clever placement of movies on the network is carried out. Thus,
the design of a VOD system employs several technologies, ranging from disk
arrays, to clever scheduling policies that maximize the use of networked re-
sources.

Contemporary technology, more-or-less uses sophisticated high-end machines
to render such NMS. These are typically maintained by the service providers,
taking care of services at various physical network domains. Thus, users in a
particular domain can avail service when subscribed to a local service provider.
However, when a requested movie or a digital media document is not avail-
able with a local service provider, it may be fetched from other domains, when
such a contract exists between parties when they are from different service
providers. In contrast, a recent technology that is introduced in this book, ex-
ploits a distributed approach in rendering NMS to the clients by making use
of time-and-bandwidth multiplexed strategies and data partitioning strategies.
These strategies are shown to be very effective in minimizing large annoying
waiting times for the users and simultaneously maximizing the number of cus-
tomers that a service provider can attract. This technology, during its incipient
stages, has stemmed from a mere theoretical interest and has subsequently been
conceived as a practically viable scheme in addressing several issues that are
akin to NMS elegantly. The key idea is to employ more than one server in
rendering NMS to the clients. This technology can be referred to as a Multiple
Server Retrieval (MSR) strategy, in general. A variety of issues that are germane
to this domain, such as the minimization of access times/waiting times, buffer
management, networking issues, fault-tolerance, etc are studied and thoroughly
presented. A prototype that has been realized as a (working) proof-of-concept
is also presented.

In this book, we expose most of the major research issues and challenges in
this MSR media retrieval technology. As a word of caution, this technology
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specifically suits retrieving long duration media documents, such as complete
movies and Gbytes of both time continuous and discrete media data, over delay
sensitive and unreliable network channels. Thus, this technology constitutes
an alternative solution to existing problems, opening in the process avenues on
how to make use of current Internet-like networks to render such NMSs.

The organization, presentation, and contents of the book are pitched at a research
monograph level. The contents are carefully sorted in tune with the specific
focus of the book and they are being derived from a number of published pa-
pers and articles from the recent literature. As this technology is still in its
infancy, the available material is pooled from research efforts of the past 4 to 5
years and peripheral related material from the past 12 years. The mathematical
background that is expected to go through the material is modest. Fundamental
knowledge of Linear Algebra, Calculus, and Probability theory is expected as
these are used throughout the contents, in a variety of occasions, to make the
treatment more rigorous and complete. Proofs of all the theoretical claims in
the form of Lemmas and Theorems are provided in an emphatic, comprehen-
sive, and step-by-step fashion to render clarity. Several numerical examples
in addition to rigorous simulation studies and implementations were provided
to clarify all the results. Each chapter has been carefully written to have a
continuous flow of contents in a systematic fashion and carries design recom-
mendations for implementation specialists and system level designers. In every
chapter, we provide a summary of source material in the form of bibliographic
notes.

When it comes to the question of who are the potential users of this monograph,
we see a wide spectrum of audience with diversified interests in this multime-
dia domain. This monograph can be used as a reference text for an advanced
undergraduate level course in Multimedia Networking courses and in courses
that use NMS topics. For graduate study, this book serves as a directly useful
reference in introducing the state-of-the-art technology for students wishing to
pursue research in this area. Certain chapters (specifically Chapters 3, 5, 6, and
7) can be a part of advanced graduate level courses. For teachers, additional
material and notes are provided in bibliographic notes section at the end of
each chapter for quick reference to other allied materials in this domain. This
monograph can be used by researchers working directly in this and other related
domains such as multimedia networking (at the applications and the network
layers), multimedia computing & scheduling, distributed system design, digital
document storage and retrieval, to quote a few. Researchers working in the area
of Storage Area Networks (SANs) may find this material useful in terms of
deriving ideas and algorithms for an alternate implementation, while handling
large scale data storage and retrieval. Research organizations and corporate
sectors can use this technology to enhance their existing solutions with the use
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of an appropriately designed MSR wherever required, as distributed infrastruc-
tures and their mastery is what this monograph is all about. For entrepreneurs,
certainly this monograph is challenging and entertaining as it exposes several
new ideas that can be tuned to fit the current day market and technology trends.
For instance, service providers can immensely benefit from this technology in
terms of maximizing the number of customers who can subscribe to their NMS,
as it has the potential to be a cost-effective and welcomed scheme for customers.
Clearly, this technology renders a win-win situation!

In Chapter 1, we first explore a number of different technologies that are related
to multimedia retrieval in general. We examine their characteristics from the
viewpoint of how they relate to MSR, how they could benefit from MSR or
vice-versa, or how they could be superceded by it.

In Chapter 2, we present an introduction to the MSR technology, and the un-
derlying problem setting. We proceed to the design and analysis of a single and
multiple installment servicing policy to minimize the access time. This chapter
serves as a first, gentle exposure to the ideas underlying MSR design.

In Chapter 3, we extend the study of Chapter 2, to handle multiple clients and
discuss a channel partitioning approach. We present a rigorous analytical study

to quantify the performance gains which are validated by extensive realistic
simulation models.

While Chapters 2 & 3 analyze in detail the design and performance of MSR
technology, in Chapter 4, we introduce a modification to the overall approach
taken by MSR, thatreflects on how video playback can be performed in real-life.
Here the client is allowed to initiate the playback soon after a critical portion
is downloaded, as opposed to awaiting the completion of the download of an
entire portion before kick-starting the playback.

In Chapter 5, we address the issue of packet loss and generic network unrelia-
bility that is one of the main issues hampering the deployment of VoD services.
We show that small modifications to our mathematical framework suffice to
make it capable of producing a robust schedule that is impervious to certain
network problems. The trick is to allow the relaxation of the constraints it is
based on.

In Chapter 6, we investigate ways for adapting to network variability, in the
process extending the robustness of the schedules we can produce. In particu-
lar, we compare two competing approaches, one based on a multi-installment
strategy and one based on the repetitive application of a single installment strat-
egy. Rigorous discrete event simulations show that the latter can truly offer a
robust, adaptable approach to handling network variability.
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In Chapter 7 we present fault-tolerance analysis studies pertaining to server
crashes and show how availability can be maximized. We specifically present
analysis on how to retrieve media data that is lost either due to server crashes or
channel failures. Here, we present deterministic and probabilistic approaches
in deriving some significant analytical results. The results of this chapter are
particularly useful in choosing a set of servers from a given pool depending on
reliability/availability criteria.

The results of chapters 5, 6 and 7 indeed demonstrate the fact that MSR is a
viable and useful technology to adopt for deploying multimedia services over
public networks.

In Chapter 8, we present the design and implementation of a working MSR
system based on the Jini platform. We provide a detailed account of the design
and implementation of all system components, including the Client, the Server
and other essential parts of the service infrastructure.

In Chapter 9, we present our view on the future and scope of MSR and discuss
some other dimensions associated with the realization of MSR technologies.
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Chapter 1

DISTRIBUTED TECHNOLOGIES FORMULTIMEDIA
RETRIEVAL OVER NETWORKS

1.1. Video on Demand: The Challenge and Contemporary
Solutions

Video or Movie on Demand (VoD/MoD) has been touted for a long time
as the next best thing to be delivered over the public Internet. The problem is
that the size of the data involved and the strict timing constraints that must be
maintained are overwhelming challenges that have limited VoD to proprictary
networks or niche markets.

The quality of offered services in the VoD domain is usually measured by:

® Access Time : how much time the client has to wait between making the
request and the beginning of the actual playback (also referred to as initiation
latency [39])

s Movie Quality: the number or interruptions, artifacts or distortions present
in the playback due to network errors, packet losses, etc.

Although there is no universally acceptable quality (or distortion) metric
[111], it is natural for a client to expect the highest possible quality, or at least
the quality promised by the Service Provider.

If one considers only the elimination of playback artifacts, storing the movie
before actual playback is an option. However, the delay involved and associ-
ated problems in Digital Rights Management (DRM) make this option a very
unpopular one. Hence, the persistence of the research community in perfecting
streaming in its various shapes and forms. Streaming, which is the popular term
used to refer to concurrent playback and download, is not without problems as
anyone who has actually tried it will attest.
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A few examples can shed light to the problems involved:

= An MPEG-2 coded, DVD quality, feature-length movie has a typical bit
rate of 7.5Mbps. If we assume that the movie is 100 minutes long and the
playback must commence at the most 5 minutes after the client requests the
particular media, then the above characteristics and requirements translate
to the need to communicate a 5.24 GB document at a rate of 872 Kbytes/sec!

= Although the above example is extreme, moving to an advanced codec (e.g.
MPEG-4) coupled with a modest SIF resolution (352x240 pixels), would
enable the use of bit rates in the range of 300 kbps. If we again assume
that the movie is 100 minutes long and the playback must commence 5
minutes after the client makes the request, then the client machine needs to
receive a total of 214.58 MB at a rate of 34.88 Kbytes/sec which is still not
a trivial task while at the same time the quality offered is a far cry even from
TV-broadcast quality.

Past experience has shown that just “buffering" the data, i.e. storing a portion
of the data before playback can start, is only part of the solution in VoD service
deployment. The unpredictability of the communication media and the bulk of
the data involved, require either special conditioning by the underlying network
(e.g. multicasting) or dedicated architectures to be deployed (e.g. simulcast-
ing). Contemporary solutions to these problems try to avoid the creation of
bottlenecks or hot-spots in the network, by employing multiple “entities" in
various stages of the data delivery process. The manifestations of this approach
are:

m Scalable video : a video stream can be split into multiple streams, each
carrying a piece of the information needed to reconstitute the original. Typ-
ically, a base and detail streams are created, where the detail stream can
provide better temporal and/or spatial resolution but it is not required for
decoding the base stream.

» Multicasting : in the case of a real-time video feed that is of interest to a
wide audience, multicasting can provide the “goods" to multiple recipients
with a minimum of network overhead.

» Simulcasting : was conceived as a unicast-based alternative to multicasting
that uses the clients as repeaters and requires no special network support in
the fashion that multicasting does. Several schemes have been proposed for
building and maintaining the tree of participating nodes. It is also known as
overlay or peer-to-peer (P2P) multicast.

= Multiple distributed servers: the content is delivered in disjoint parts by
multiple servers, thus allowing for dynamic adaptation to network conditions
and server loads.
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In tandem with the above methods and depending on the possibility of data
loss and its impact on the provided service quality, error correction and error
concealment techniques can be utilized. In the sections that follow, each of the
above techniques is presented and discussed in greater length.

The focus of this book is on the multi-server approach and what it has to offer
towards realizing VoD over the public Internet. The distributed multi-server
approach provides scalability and fault tolerance at the network connection
level, as parallel video servers offer both at the storage level [66].

1.2. General Multimedia Storage and Retrieval
Architectures

Under a network based service infrastructure, we will now study the follow-
ing:

= Issues and challenges in the design of multimedia storage servers'

» Different types of media delivery architectures and certain important criteria
for jitter free presentation

» Basics principles in the design of admission control algorithms

Specifically, we will study some possible storage server architectures, the nature
of data/objects being stored, and derive admissibility criteria for a jitter-free high
quality service.

1.2.1 Multimedia servers: A resource management
perspective

Future advances in multimedia technology will make it feasible for dis-
tributed systems to support a range of multimedia services onnetworks. Already
there are a host of applications running on the network, however, somewhat re-
stricted in their service abilities. Most of the systems are dedicated to cater a
single service to a subscribed community. However, technology still needs to
be improved in order to make a single server support a range of applications.
As a networked multimedia server is expected to serve a large pool of clients, it
is possible to view this server as a resource. In the following, we shall see how a
single multimedia server manages the storage of media documents and present
an admission control procedure that cleverly adapts to a large client pool.

1.2.1.1 Storage requirements

Multiple data streams: A multimedia object may consist of three types of
components: audio, video, and text. By and large, these three components

I'These are referred to as VoD/MoD servers or just plain multimedia servers in the literature.
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are separate when captured or composed and they could be handled as three
different streams. Of course, conventional movies are exceptional to this case.
Similarly, during the retrieval and delivery, these three streams are routed to
three different output devices. Storing these media may entail additional pro-
cessing for combining them during storage (multiplexing), and for separating
them during retrieval at the time of delivery (demultiplexing). On the other
hand, if the three media are stored separately, what needs to be stored is the
temporal relationships between the media types so as to ensure proper synchro-
nization between them during retrieval.

Continuous recording and retrieval of data streams: Recording and play-
back of motion video and audio are time continuous operations. The file system
must organize the multimedia data on the disks so as to guarantee that their stor-
age and retrieval proceed at their respective real-time rates.

Large size files: In general, the audio and video require very large storage
spaces. If the file system is to act as a basis for supporting media services such
as document editing, mail, distribution of news, VoD, entertainment, etc., it
must provide mechanisms for manipulating and sharing stored data. For these
mechanisms to be efficient on large data, disk access must be stream-lined. The
design of a file system that addresses the above issues is what a multimedia stor-
age server is all about. We will first see some most commonly used terminology
and notations used in this domain,

1.2.1.2  Some most commonly used terminology and notations
Following is a list of commonly encountered terms in video coding:

» Frame: A basic unit of video.
= Sample: A basic unit of audio.

= Strand: is an immutable, sequence of continuously recorded audio samples
or video frames. The immutability of strands is a necessary condition to
simplify the process of garbage collection.

= Block: is the basic unit of disk storage. There are two types of blocks: (i)
Homogeneous and (ii) Heterogeneous. In the case of (i), all the data belong
to only one type of media and in (ii), the data contains multiple media.

= Rope: A collection of multiple strands (of same and different media) tied
together by synchronization information.

Table 1.1 summarizes a list of notations that will be used in subsequent para-
graphs for deriving continuity constraints. Thus, with the above notations, we
can write the expression for
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Table 1.1. List of notations used in continuity constraints derivation

Symbol Explanation Unit

R, Audio recording rate samples/sec
Ry, Video recording rate frames/sec
Ry, Rate of data transfer from the disk  bits/sec

R4 rate of video display bits/sec

Tus Granularity of video storage frames/block
Nas Granularity of audio storage samples/block
Sur Size of the video frame bits/frame

Sas Size of audio sample bits/sample
las Scattering parameter sec

(i) The duration of the playback of a video block as, 1,5/ Ry,
(i) The total delay to read a video block from a disk as, lgs + (755 )/Rar

(iii) The time to display a video block as, (1,5.5y )/ Ryq. Note that this time is
for decompression and Digital-to-Analog conversion.

1.2.1.3 Continuity requirements

For continuous retrieval of media data, it is essential that the media infor-
mation are available at the display device at or before the time of playback.
We refer to this as the continuity requirement or continuity constraint. If this
constraint is violated, then the displaying device will starve for the data and
the presentation continuity will be lost. We now analyze three kinds of service
architectures - sequential, pipelined, and concurrent architectures for continuity
requirements.

Sequential Architectures: These architectures serialize the read and display
(similarly capture and store) operations. Each block is transferred from the disk
to a buffer in the video device, and then displayed before initiating the transfer
of the next block. the continuity requirement is met in this case if the sum of
time to read a block from disk and the time to display it does not exceed the
duration of its playback. That is,

"/vsSvf T/USS’Uf Tvs
Las < = 1.1
( as Rdr ) * Rvd T Ry ( )

Pipelined Architectures: These perform read and display operations in paral-
lel. If there are a minimum of two buffers on the video device, one holding the
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block being displayed, the continuity requirement is met if the time to read a
block does not exceed the duration of its playback. That is,

s Suf Mos
lgs + —= | < 1.2
( ds + R, ) ’ (1.2)

Concurrent Architectures: These architectures perform multiple disk read
operations in parallel. Let p be the degree of concurrency, i.e., the number
of concurrent disk accesses. if there are p buffers in the video device to hold
the p blocks being transferred simultaneously, continuity of playback will be
maintained if the time to read a block does not exceed the duration for playback
of (p — 1) blocks. Hence,

<lds + ——””;:“f> < (p- 1) (1.3)
dr ur

Thus, the performance of the multimedia server system largely depends on the

type of architecture chosen. We will consider the scenario of a single server

single client system (client-server paradigm) in which the server is referred to

as a VoD server.

1.2.2  Client-Server VoD system

Consider a VoD system consisting of a single server and a single client. A
request arrives at the server for a movie of length L Kbytes. Let the movie
playback rate expected by the client to be £, Kbytes/sec and the data retrieval
rate offered by the server, referred to as server bandwidth, to be buw Kbytes/sec.
Usually, in such systems, the server services this request in n rounds(round-
robin schedule) by continuously fetching the blocks of video data. In order to
guarantee a continuous presentation at the client site, the retrieval time of the
current block must be less than the playback of the previous block. Let z; be the
size of the block retrieved in the i-th round. We will determine the individual
sizes required to maintain the continuity relationship as follows.

Clearly, the solution to the above design problem lies in choosing the appropriate
sizes meant for each round. Failure to deliver these will cause a "gap" in the
presentation. The following inequality must hold in each round:

xifbw <z /Ry, i =2,..,n (1.4)

The above recursive equation generates (n — 1) equations involving n variables.

However, with
j=1
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we have n linear inequalities. Solving these equations with equality constraints
yield the appropriate block sizes that have to be fetched in order to have a
continuous presentation. Thus, we obtain,

Lo.i—l
ST LT
k=09

Iy =

o, (1.6)

where o = bw/R,,. x isautomatically decided when you solve these equations.
One can quickly verify (1.6).to determine the value of x;.

1.2.3 Designing an admission control algorithm: Single
Server multiple clients system

In the previous section, we have seen a simple client-server system. As long
as the continuity requirements are satisfied, the system guarantees a jitter free
presentation. However, if the server is to serve multiple requests on a distributed
network, it has to guarantee the continuity for each request. Also, it is impossi-
ble to accommodate a very large (theoretically infinite) number of customers,
as the server has a limited bandwidth to split among the requests. Thus, for a
network based multimedia service to be attractive to the customers, the server
must

(i) guarantee a continuous presentation,

(i) maximize the number of customers it can serve so that it can reduce the
overall cost of the system

While guaranteeing a continuous presentation is restricted by the inherent de-
lays and the rates of the playback and the read operations, maximizing the
number of customers can be achieved by designing efficient strategies. Thus,
our objective is to design a strategy that maximizes the number of customers
that a server can serve and that guarantees the continuity relationships for each
request it has admitted.

As mentioned earlier, a file server has to process requests from several clients
simultaneously. Given a maximum rate of disk transfer, the file system can only
accept a limited number of requests without violating the continuity require-
ments of any of the requests. The problem of administering a single resource’s
bandwidth is referred to as resource allocation problem in the literature.

Consider a scenario in which a multimedia server is servicing n requests. In or-
der to service multiple requests simultaneously, the server proceeds in rounds.
In each round, it multiplexes among the media block transfers of the n re-
quests. Let k;, for ¢ € [1,n], be the number of consecutive blocks retrieved
for the i-th request before switching to the next request. Let nl, 72, ..., 0%,
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and R. ..., R? be the granularities and the recording rates of the strands cor-

responding to the n requests. When the server switches from one request to
another, it may encounter an overhead of up to the maximum disk seek time to
move from a block in the first strand to a block in the second strand. The total
time spent in servicing i-th request in each round can be divided into two parts:

1. 6}: the overhead of switching from the previous request to the i-th request,
and then transferring the first block of the i-th request. That is,

0; = 170% + %o St/ Ray (1.7)

2. 6?: The time to transfer remaining (k; — 1) blocks of this request in this
round. That is,

k,—1
0; = > 157 + 1,5k /Rar (1.8)
j=1

Thus, the total time spent servicing the i-th request in a round is,
0; = 6} + 02 (1.9)

The total time spent servicing one round of all the n requests is,

a=1

n
= nlek + Y (7S /Rar)
=1
n ki.,;—l o
- 3w + 154Sby/ R ) (1.10)

i=1 j=1

The continuity requirement for each of the requests can be satisfied if and only
if the service time per round does not exceed the minimum of the playback
duration of all the requests. That is,

n kiAI

n
nlTse + Y (nisSi¢/Rar) +

d=1 %

(ls; + nfzsséj/Rdr)
15

—

1=
< min(k, /Ry, i € [L,n] (111

Thus, the multimedia server can service all the n requests simultaneously if and
only if k;, for all i in each round can be determined. Determining these &; in
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this most generalized formulation is extremely complex. Thus, we make some
simplifying assumptions trying in the process to provide as much a realistic

scenario as possible.

Let k; = k, for all ;. We assume that,

T

> (hsSis/Rar) = (nSZgS“}fg/Rdr) (1.12)

i=1
and,

ki—1

S0 (12 + Sty Rar) ol = (157 S5 Rar) (113)

i=1 j=1

where, individual values of the granularity, size of the video frames and the
scattering parameter, are replaced by their respective average values in the
summation. With these approximations, we have

no+nlk —1)5 < ky (1.14)
where o = I2%% + 1957 S0 /Ry,
B=19 ¢ avgsavg/Rdr
v = min (n},/R;,) , i € [1,n]
From this relationship, we can determine the value of & > 0 as,

psnla=p)

v —np
Thus, the maximum number of requests that can be serviced by the multimedia
server is given by,

Jify > ng (1.15)

Nmaz = [(7/8 = 1)] (1.16)

There are some interesting implications on the above derived admissibility cri-
teria. If the system is adequately loaded and another request arrives then if the
current population is less than the one given by (1.16) we can admit this re-
quest provided the remaining bandwidth is sufficient to avoid creating any jitter.
Thus, an admission algorithm should consider not only the above equation but
the available bandwidth also. Also, during service rounds, when clients leave
the system, the system can fetch larger chunks of media portions for the existing
clients if there are no further requests and that the buffers at the client side are
adequate to accommodate these portions. Issues pertaining to buffer manage-
ment at the client side are dealt extensively in Chapters 3 and 4, respectively.
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The above analysis stands as a considerable motivation for us to go for data and
channel partitioning approaches using multiple server technology, which is the
primary focus of this book. Thus, if one employs several servers the service
infrastructure becomes obviously attractive owing to the large pool of customer
requests that can be admitted. Of course, related issues in the implementation
must be taken care of duly to make the scheme practically viable. These are
discussed in the subsequent chapters.

As the population of clients served by media servers increases, storage technol-
ogy and management must maintain efficiency and scalability. If the content
retrieval is not fast enough, the service becomes unattractive, commercially
non-viable. While there is a host of literature available for disk scheduling
policies 2 maturing of VoD technology requires leveraging of all available as-
sets to provide the best available service. In Chapter 2 we shall present a very
powerful technique that organizes and retrieves the data in a clever way so as to
support a large pool of clients. This way of retrieval delivers high concurrency
and matches servers and networks bandwidth to yield a higher throughput. The
discussion in Chapter 2 is not a complete one, however the purpose is to intro-
duce the technology and viewpoint associated with Multiple Server Retrieval
(MSR) strategies.

1.2.4 The Fellin: Multimedia storage server: Brief case
study

The Fellini multimedia storage server is a classical architecture designed in
mid-90’s at AT&T Bell Laboratories. Fellini can be also considered as a typical
implementation of a Single Server Retrieval Strategy (SSRS). Fellini subsumes
most of the imperative components such as storage aspects, admission control,
and process control in its design. The architecture completely supports stor-
age and retrieval of time-continuous and non-continuous(discrete) media. The
retrieval process multiplexes several clients concurrently and has an efficient
admission control mechanism. The admission control typically follows our
derivation presented in the previous section. The algorithms for retrieving me-
dia data from disks guarantee high throughput by reducing disk seek latencies.
Fellini has an excellent buffer management process that manages cache data
and implements replacement algorithms. The buffer management operates in
a pre-fetching mode by pre-allocating the buffers for disk pages that will be
written by updating the client or disk pages that will be read by clients. The
process of buffer pre-allocation is crucial to the buffer management mechanism
and it governs the overall efficiency of the scheme.

2Many operating systems and multimedia technology books discuss extensively disk scheduling algorithms.
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The overall Fellini process architecture can be described at two levels: at the
process and at the system level. A server process is made to run on a dedicated
machine while clients can run at remote machines. There exist a buffer cache,
which is a shared memory, bridging the gap between the server(fetching the
data from disks) and the clients. For data storage in the Fellini system, a peer
client process receives the data over the network from a remote client and writes
it to the buffer cache. This data eventually gets transferred to the disk by the
server process. When data are to be read from Fellini, a peer client reads the
data from the buffer cache and sends it to the remote client. Of course, a client
process can also run on the same machine on which the server process runs,
however in this case, there is no need for a peer client to assist the transactions.

Fellini has three additional components: the Admission controller(AC), the
Cache manager(CM), and the Storage manager(SM). The resources in the sys-
tem arc allocated by the AC module such that rate guarantees for all the accepted
clients are always met. This does not preempt the possibilities of a non-real-time
client requesting a service. A balance is sought between allocating resources
between the clients and admissibility test is carried out at this module to avoid
any starvation of resources. The role of CM is to optimize the availability of
the pages in the buffer cache. The SM module coordinates the file and space
management processes. It also stores the file layout information on the disk
and manages the free space on the disk efficiently. In real-life situations the
potential applications of Fellini are several: video-conferencing, co-operative
file editing, etc, are just a few of the possible ones.

1.3. RAID Array Technology: A Useful Insight

Past decades have been characterized by rapid improvements in processor
speed (doubled every 18 months), network speed (doubled every nine months)
and magnetic storage capacity (doubled every twelve months). Alas, secondary
storage interfaces haven’t been able to follow this trend, setting the stage for a
performance bottleneck.

A research group in UC-Berkeley introduced RAID (Redundant Array of In-
expensive Disks) in 1988 as an answer to this problem, by utilizing multiple
physical storage units to build a single logical device. The disks ina RAID array
operate independently offering the potential for substantially higher transfer
speeds. However, the Mean Time Between Failures (MTBF) of an array is
equal to the MTBF of a single device divided by the number of devices. The
increased risk of data-loss is addressed by having RAID configurations, a.k.a.
levels that support data-redundancy and error recovery.

Central to RAID is the concept of striping where the physical storage space is
split into disjoint areas of equal size called stripes. The logical storage space is
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Figure 1.1. Tllustration of the 6 original RAID levels. Levels 2, 3 and 4 differ mainly in the
size of the stripe used (bit, byte and sector accordingly). Levels 2, 3 and 4 have dedicated parity
(P) or error correcting code devices. Level 5 distributes the parity sectors over all participating
devices.

mapped to the stripes in a fashion that suits the particular RAID level. The size
of the stripes is also subject to the RAID level requirements. The six original
RAID levels are (also shown in Fig. 1.1):

m Level 0: data are mapped across multiple drives in a round-robin fashion.
No redundancy is provided.

s Level 1: commonly referred to mirroring as two drives are used, each an
identical copy of the other.

» Level 2: stripes are bit-sized, with some devices dedicated for storing Error
Correcting Codes (ECC). Outclassed by levels 3 and 4.

m Level 3: byte-sized stripes are used, along with parity stored on a dedicated
drive.

m Level 4: sector-sized stripes are used. A parity drive is also used in a fashion
similar to level 3. Offers good read performance but writes require access
to the parity drive.

m Level 5: similar to level 4 but the parity is distributed among all the drives.
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Several manufacturers have introduced variations to the above levels by com-
bining two of them (dual level or nested level arrays). For example, RAID 50
utilizes several RAID 5 arrays as elements in a level 0 array. Any drive failure
will go unnoticed because of the redundancy offered by RAID 5 while RAID
0 offers increased transfer speeds.

The principle behind employing multiple distributed servers to provide disjoint
parts of a video stream to a client, is very similar to the underlying principle of
the RAID technology. Actually, many of the attributes that the RAID technol-
ogy brings to the storage domain can be offered by MSR in the VoD domain.
Independent server operation means that a client can receive data from a MSR
system at rates that could not be offered by a stand-alone server. Additional
benefits include:

m Reduced access times: The client can begin the playback at a much earlier
time without the risk of introducing interrupts.

» Fault-tolerance: In the case of a server or a link failure, data can be retrieved
from other servers.

» Server load-balancing: A client can adapt its download schedule to the
state of the MSR servers and the underlying network, effectively offering a
distributed load-balancing mechanism

The challenges in building a MSR system in the fashion of a RAID array,
stem from the inherent heterogeneity of such a system, particularly the commu-
nication speeds. So while a data break-up in the fashion of stripes is possible,
almost all systems reported in the literature go for ‘mirroring’, i.e. keeping
complete copies of media in multiple servers, similarly to RAID level 0. How-
ever, the choice of which movies to offer and their placement (for example not

all servers need to carry all movies) is another question as illustrated in Fig.
1.2.

1.4. Related Network Technologies

The network is one of the most challenging components of a VoD system,
the reason being the lack of contro! over the corresponding media and the cir-
cumstances involved in their operation. One of the earliest attempts to offer
scalability to VoD services involved multicast [101, 31]. Multicast achieves
scalability by letting a video server/source send a packet only once to all the
clients that should be receiving it, thus reducing the corresponding traffic sub-
stantially (see Figure 1.3). Multicast can be also used to serve the components of
a multimedia presentation if we can make sure that their temporal relationships
are preserved during playback, as it is described in [52] where a presentation
system called Mcast is presented.
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Figure 1.2. (a) A multiple distributed server system where all movies are copied in all servers,
(b) Limiting the number of copies can provide a greater variety of offerings at the cost of reduced
availability.
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Figure 1.3. A multicast based system has two advantaged over a unicast based one: reduced
server load and reduced traffic between routers, The chaining example shown in (¢), uses color
coding to indicate the pipeline/virtual batch of machines: A - B — C' — D — E

Multicast however, does not come free as it requires infrastructure changes like
special routers for supporting operations spanning more that a single LAN. The
routers should be capable of handling the replication and forwarding of packets,
plus the regular traffic for group management according to the IGMP protocol
[101].

A major issue with the use of multicast is that the content must be delivered
simultaneously to all clients, or at least within strict time limits. This effec-
tively narrows the applications of interest to live news/sport feeds or collabora-
tive/workgroup communication applications [33], unless special constraints are
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imposed as discussed below. The timing constraints also dictate the use of UDP
instead of TCP as a transport mechanism. Since UDP is inherently unreliable,
basic IP multicast is also unreliable. The number of additional protocols that
have been proposed to address this issue, can be categorized as belonging to
one of the following categories [33]:

s Forward Error Correction (FEC): The multicast server sends in addition
to the original N message packets, k redundant packets that can facilitate
reconstruction of the original message as long as less that k packets are lost.

» Negative ACK (NACK): The receivers send a negative acknowledgment to
the server when they detect the a missing packet. NACK message consoli-
dation eliminates the problem of ACK implosion at the server.

= Scalable Reliable Multicast: Every receiver keeps a log of the packets re-
ceived. In case a neighboring receiver misses a packet, the retransmission
can be localized, without the need to involve the server.

To overcome the problem of random client request arrival times, a number
of techniques have been proposed. Batching [4] works by delaying all the re-
quests for a particular content that arrive within an interval, called the batching
interval, until they can be serviced simultaneously with a single data stream.
Aggarwal et al. in [5] discuss a scheduling policy for batching that can min-
imize the average access time (a.k.a. as latency time) by sorting the waiting
queues according to the ratio of their length and the square root of the relative
frequency of the incoming arrivals.

Letting clients join the multicast tree in the middle of a transmission can be
achieved by a technique called patching [23]. Patching requires that a separate
stream is send to the client to compensate for the missed content that was com-
municated before the client joined the multicast tree. Thus, the advantages of
multicast can be realized with a minimum overhead.

Minimizing the data that need to be “patched" is discussed in [86], where Qing-
song et al. propose two techniques for managing the media cache at streaming
proxies. This study is limited to one media file and therefore its scalability is
unknown.

Batching, patching and periodic multicast have been combined in the SS-VoD
system by Kong and Lee [59], which has been designed to support Variable
Bit Rate (VBR) content. The peak data rates that could cause disruption of the
playback, are treated by sending the excess data on a separate multicast chan-
nel concurrently with other data. SS-VoD requires however clients capable of
receiving data at least at twice the rate of the video content. This requirement.
which is shared by systems employing patching, severely hinders their capa-
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bility of spanning more than an Intranet, unless very low quality/low bit rate
content is used.

Batching strategies depend on a time interval used to decide when to sched-
ule a new multicast channel for waiting clients. Depending on this interval a
system maybe classified as near VoD (NVoD). Examples of a batching and a
patching system are shown in Figure 1.4. The examples shown assume that the
server schedules a multicast stream every A seconds, at times T,, T}, 1, etc.
Clients requests arrive at times t;, ;4.1, etc. In Fig. 1.4(a), clients that make a
request past the beginning of a multicast transmission have to wait for the next
scheduled multicast channel. In contrast, in Fig. 1.4(b) a dynamic channel is
allocated for allowing the clients to “catch up" by having the data missed since
the beginning of the most recent transmission uploaded to them. At the same
time, the clients download the data from the most recent multicast channel. To
avoid exhausting the server resources, a dynamic channel is allocated only if
the access time of a client would exceed a certain threshold d, hence client C; 4
in the example of Fig. 1.4(b) waits for channel n.

Chaining [96] is a batching technique that while predating P2P multicast proto-
cols discussed below, introduced the concept of client assisted content delivery.
All requests to a particular media are grouped together in a “virtual batch".
The virtual batch is essentially a data pipeline which is formed as long as there
is enough buffer space to accommodate the data communication between the
peers. Chaining improves responsiveness (reduces access time) over classic
batching although in extended chaining a number of clients can be delayed to
maximize the availability of a virtual batch. Despite Sheu et al. claim that
chaining reduces the burden on the network, practically it alleviates only server
load. As can be seen in the example displayed in Fig. 1.3(c) routers will
continue to manage a traffic volume which is substantially higher than what
multicast generates.

Harmonic broadcasting (HB) [81] is a technique that breaks a video into n
equally sized portions that are broadcasted constantly using n different chan-
nels. Each portion S; for 1 <4 < n, is further broken into 4 subsegments such
that the broadcasting of each subsegment lasts exactly time d = —g where D
is the duration of the movie. Hence, if b is the movie bitrate, each segment S;
is transmitted at a rate of % Thus, a client has to spend a total of 7 - d time
in order to get segment .S,. Paris et al. [81] have shown that if the client waits
for w time past the beginning of the first S segment it can download, it
can playback the movie with no interrupts as long as all the other segments are
also downloaded simultaneously. This results in the need to have a total client
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Figure 1.4. Examples of (a) a batching and (b) a patching system. In (b) patch A is used for
client C; and patch B for client C;42. The time threshold d is displayed as a horizontal bar,
following each of the request arrivals. (c) shows a harmonic broadcast arrangement where the
video stream is split in 3 parts and broadcasted in the same number of channels/streams. Please
note that the medium communicated in Fig. (¢)is of much smaller duration than the one assumed
in (a) and (b). In particular, the duration of the movie is 3 times the duration of part .S.
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bandwidth equal to

-=b ~=b-H(n
; : ; - (n)
where H(n) is the harmonic number of n. Several improvements to the ba-
sic harmonic broadcasting have been proposed [81, 82], aiming to reduce the
access time of the client for the given bandwidth spend. However, the main
problem associated with the use of the harmonic broadcast class of techniques
remains the need for excessive client bandwidth. Even for n = 3 as shown in
Figure 1.4(c), this bandwidth is roughly 1.84 times the movie bitrate, for an
access time that for classical HB can be as high as g of the movie’s duration,

The access time can be reduced by using the polyharmonic broadcasting proto-
col (PHB) [82], which has the client start the download immediately following
its request, instead of waiting for the beginning of the next S;. In PHB the
access time is fixed at % where k = % and m > 1 determines the number of
subsegments each .5; is split into: m + ¢ — 1. Each subsegment is broadcasted
over d time, hence each channel requires bandwidth equal to m—ﬁ for a grand
total of b - (H(n +m — 1) — H(m — 1)). The PHB scheme still translates to
an access time of 25%D for a consumed client bandwidth equal to 1.714 times
that of the movie’s bitrate for m = 4 and n = 16. Achieving a 5%0D access
time would require n = 80 streams for m = 4 at the expense of 3.168 - b
bandwidth.

The family of pyramid broadcasting (PB) techniques [72] works in a similar
fashion to harmonic broadcasting, i.e. breaking up the content in disjoint pieces
and broadcasting it along different channels. Each piece is connected with its
previous one by a geometric formula, e.g. S; = 25;_1. The pieces are broad-
casted at twice the bitrate of the movie. The main difference of PB is that the
client has to download at any time only one or two of the available channels.
As Paris and Long have shown [81], harmonic broadcast offers superior access
time for any given consumed bandwidth.

In order to be able to accommodate heterogeneous clients, multiple streams of
varying quality can be broadcasted by the servers. These streams can be, either,
different versions of the same content, or, in a more elaborate and cost-saving
scheme components of a scalable video stream (see Section 1.5). The former
technique has been explored in association with multiple replicated servers by
Hiromori et al. in [46]. Hiromori et al. propose a technique for dynamically
selecting the group a client subscribes to, by keeping a record of packet arrival
ratios at routers and path-to-server lengths.

The dependence of multicast on appropriate network support is a liability also
for another reason. In a study performed by Rajvaidya and Almeroth {87], it
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is shown that spatial and temporal routing instabilities which are a major prob-
lem in the robust deployment of multicast, can be attributed to configuration
inconsistencies. Hence, multicast must be not only supported universally, but
also the policies and configurations used in the individual routers must adhere
to specific rules to assist the elimination of routing inconsistencies.

This dependence has lead to the proposal of many techniques that offer a form of
multicasting by using peer-to-peer (P2P) unicast communications [35, 103, 17]
also known as overlay multicast or simulcast. It should be noted that the term
“simulcast" has been also used in the literature to denote the use of multiple
streams with different rates, targeting heterogeneous clients {70].

In [17, 16] Birrer and Bustamante compare a number of P2P multicast proto-
cols against their P2P multicast protocol named Nemo. Nemo is based on a
hierarchical organization of the peers into clusters. Each cluster has an elected
leader and co-leader that affords fault-tolerance in the case of a node failure and
enhances the scalability of the scheme by offering alternate routes. NACKs are
used for error recovery.

El-Gindy et al. [30] proposed a variation of multicast called “scheduled mul-
ticast", that involves using intermediate network nodes as buffers to hold the
content that could be requested. This technique can be only used if the requests
made for the same content are closely timed. In a different case, the memory
requirements could easily overwhelm the nodes that buffer the content.

A similar approach to simulcast and its variations is being used by the Bit-
Torrent project (http://bitconjurer .org/BitTorrent) and the Kon-
tiki Delivery Management System (http://www.kontiki.com). BitTorrent
uses the clients as content publishers, striving at the same time to satisfy
fairness constraints. Files are split into %MB pieces that are transferred be-
tween the peers. Other P2P file sharing approaches include the ever-popular
KaZaa (http://www.kazaa.com), eDonkey (http://wuw.edonkey.com)
and WinMX (http://wuw.winmx.com) systems. The major difference of
these systems with the VoD P2P technologies is the objective: while the lat-
ter try to minimize latency or access time, the former try to maximize content
availability in the face of even the originating server’s failure.

In summary, all the techniques employing multicasting in one form or the other,
suffer from the need to have all the participating nodes receive data at a rate
matching or far exceeding the video rate. Given that even the best video codecs
require on average around 900kbps for good quality content [45], the deploy-
ment of multicast/broadcast techniques over the public Internet presents severe
problems.
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1.5. Scalable Video

Scalable or layered video is a technology that has been originally intro-
duced to increase the resilience of video coders in video transmission over
packet switched networks [40]. As the name suggests, layered video is de-
composed into two or more layers, each incorporating a different part of the
video stream information. In the simplest form of this technique, there are two
layers, a base-layer carrying a rough approximation of the video signal, plus an
enhancement-layer that carries the remaining information. The decoder needs
only the base-layer for uninterrupted playback, thus reducing the effect of los-
ing the enhancement-layer data.

Of course, the key for deploying a scalable video solution is to determine how
such a separation could be accomplished and in the process, how could the
encoder maintain efficient predictors for the component layers such as to avoid
producing a bloated stream. There are several answers to these questions, each
identified as a different kind of scalability.

Scalability is extensively covered in the context of MPEG-2 in [40](section 7.5)
and in the context of MPEG-4 in [84](section 8.4). MPEG-4 generalizes the
concept of scalability to cover video objects, i.e. arbitrarily shaped sequences
of bitplanes. In the following paragraphs we summarize the main types of
scalability:

n Data partitioning : The two resulting layers carry two totally independent
parts of the original stream. The partitioning is performed by selecting a
priority break point in the 8x8 DCT coefficient scan sequence, and assigning
the two sets to different layers. The low-frequency coefficients end up in
the base layer. The main drawback of this simple technique is that loss of
the enhancement layer causes loss of synchronization between the coder
and decoder (picture drift). An I-frame is required for reestablishing the
synchronization.

= Signal-to-Noise-Ratio (SNR) Scalability : The base layer consists of a
rough approximation (quantized with a large step) of the DCT coeflicients.
The enhancement layer consists of the differences required to better approx-
imate (i.e. enhance the SNR) the input DCT coefficients. Several ways can
be used to calculate the enhancement layer, trading between complexity and
picture drift issues. The block diagram of an SNR-scalable coder is shown
in Figure 1.5.

SNR scalability has been totally revamped in the MPEG-4 standard (where
it is called Fine Granularity Scalability), essentially allowing an adaptation
of the enhancement layer to the network conditions.
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Figure 1.5. Block diagram of a SNR scalable coder.
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Figure 1.6. Block diagram of a temporal scalable coder.

= Temporal Scalability : The video stream is partitioned along the time axis,
i.e. frames are split into two groups providing the corresponding layers. The
difference between the base and enhancement layer lies in the predictors
used for them, i.e. the enhancement layer can use the base layer frames
for motion compensation. Typically, the enhancement layer consists of B-

frames. The block diagram of a spatial scalable coder is shown in Figure
1.6

= Spatial Scalability : In this case the two layers represent different spatial
resolutions of the input stream, e.g. the base layer is % of the original. The
enhancement layer carries the difference of the scaled-up base layer and the
input stream. The block diagram of a spatial scalable coder is shown in
Figure 1.7
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Figure 1.7. Block diagram of a spatial scalable coder.

= Hybrid Scalability : Hybrid scalability combines two or more of the
above techniques, to produce three or more layers. When two scalabili-
ties are used, three layers are produced: base-layer, enhancement-layer-1
and enhancement-layer-2. Such an arrangement is shown in the example of
Figure 1.8, where a spatial-temporal hybrid encoder is displayed.

In conclusion, while scalable video is an answer for using communication
media that do not provide QoS, it presents a number of drawbacks:

m [t cannot handle situations were the available bandwidth is less that the
playback rate of the base-layer.

a Typically, the sum of the resulting layers is larger that the original stream,
possible accentuating network congestion.

s Encoders and decoders can be quite complicated.

In favor of scalability we should mention that it is a very powerful tech-
nique albeit complicated, for quality adaptation. An indication of the flexibility
offered is that it is possible to use this technique to integrate two different
encoders.

1.6. Are SANs an Efficient Solution?

Network and server performance in terms of management and availability
is costing network companies hundreds of thousands of dollars in business
and productivity losses. At the same time, the amount of information to be
managed and stored is prohibitively proliferating. Storage Area Network (SAN)
is a relatively new concept that could offer a solution to large volume data
storage and communication. SANs have no specific topologies but their defining
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Figure 1.8. Block diagram of a hybrid scalable coder, employing a temporal followed by a
spatial decomposition.

characteristic is that they are capable of rendering high-speed authenticated
data access to networked machines. The nodes offering the service are mostly
referred to as servers, although they are typically very different than run-of-the-
mill computational or data servers. The service can be also collectively offered
by a storage site which can be considered as a data repository or data-oriented
service provider. While a typical server can be viewed either as an independent
or as a shared resource, a storage device/site is not owned by any node. Thus
storage devices are shared among all networked servers as peer resources. This
thinking is not novel to SANs as it is similar to a LAN which is used to bridge
clients to servers. The novelty in SANSs lies in the physical and not just logical
separation of the storage service nodes of a LAN. The benefits are platform
independence, very-high speed data access, high availability, fault-tolerance
and scalability. In the previous sections, we had a glimpse of storage techniques
on RAID systems. While the underling networks in which RAID arrays form a
part was considered generic, having them on SANs would make a difference in
performance. In the following, we shall present general discussions on SANs
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Figure 1.9. A typical SAN Architecture showing the interconnection medium with storage and
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and certain key components and present a discussion as to the use of SANs in
our MSR technology context.

1.6.1 SANS: A brief discussion on salient features and
components

SANs by no means can stand alone. They use a mix of technologies just
as our traditional networks like LAN/WAN/MAN use today. These include,
FDDI, ATM and IBM’s Serial Storage Architecture, the emerging iSCSI, and
the Fibre Channel over IP standards like iFCP. SAN architectures also allow for
the use of a number of underlying protocols, including TCP/IP and variants of
SCSI. Current technology is limited and focuses on Fibre Channel implementa-
tion perspective as the advent of SANs is somewhat very recent. A typical SAN
architecture is shown in Figure 1.9. As of now, SANs are mostly recommended
infrastructures for large scale corporate offices and government organizations
due to cost considerations. Small scale SANs can also be deployed in smaller
sectors that are trying to leverage fibre channel’s device sharing capabilities.
However, this possibility is highly discouraged for companies that do not have
fibre channel expertise in house. Thus, the size of the network in terms of
scalability is something questionable at this stage. We bring up the impact of
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this issue in the context of our MSR in the Chapters that follow.

As far as physical storage is concerned, SANs can incorporate any major tech-
nology including mainframe disks, tape drives, and RAID configurations, while
making them available under any OS: Windows NT/XP, Unix, Linux, MacOS
X and OS/390. With this shared capacity, organizations can acquire, deploy
and use storage devices more cost-effectively. SANs do not discriminate the
platforms in use and allow free utilization all of their storage resources without
any affinity. This also means that within a SAN group of users one can backup
or archive data from different servers to the same storage system; allow stored
information to be accessed by all servers; create and store a mirror image of
data as it is created; and share data between different environments. Thus, we
see clearly the use of SANs in off-loading the storage traffic from mainstream
network traffic to yield a significant performance improvement. This is one of
the positive aspects which our MSR should facilitate.

With respect to supportive networking technologies, with a SAN, there is no
need for a physically separate network because the SAN can function as a vir-
tual subnet operating on a shared network infrastructure, provided that different
priorities or classes of service are established. Fibre Channel and ATM allow
for these different classes of service. Early implementations of SANs have
been local or campus-based. But as new WAN technologies such as ATM ma-
ture, and especially as class-of-service capabilities improve, the SAN can be
extended over a much wider area. Despite a prevailing hype about the coming
of unlimited bandwidth, WAN services remain costly today. However, as WAN
technologies improve their quality of service, they will provide the robustness
needed for each application, including networked I/O, even over public WANS.
SANs would play a crucial role then in accommodating profound volume of
storage related traffic for several classes of service.

Finally on storage aspects, hooking a storage device or a site is easy over SAN,
as a SAN is primarily a network and has no affinity to any device. All that is
required is to assign the storage unit a LUN (logical unit number) and connect it
to the SAN. Once storage is added to a SAN, an IT manager can use this newly
added storage to increase the size of a given storage volume. This makes the
newly added storage available to all users and applications without having to
reprogram every workstation or application. This is a key feature that makes
SANSs useful to large enterprises that are experiencing rapid growth. Similar to
the RAID technology discussed in Section 1.3, partitioning is also a key feature
that is allowed by SANs. The partitioning here refers to parts of SANs function-
ing as smaller groups, clusters, specific to certain applications. For example, a
RAID system first pools multiple physical hard drives into a single large virtual
volume. This large virtual volume can then be partitioned into smaller volumes.
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Each of the partitioned volumes on a RAID subsystem can be the same size
as a single hard disk, but the volumes benefit from the redundancies and per-
formance advantages inherent in RAID technology. Partitioning lets operating
system file systems use disk space more efficiently. [t gives system administra-
tors flexibility when planning security and assigning users their storage access.
SANSs can be partitioned just like a RAID system, only the partitioning takes
place over the entire storage network rather than individual storage subsystems.
So, if a SAN is composed of multiple RAID systems of various speeds, plus
tape and optical archives, each partition of the SAN may include portions of
these different storage resources. This is something a MSR strategy may use
when client population grows beyond certain thresholds. Furthermore, each
partition in a SAN can be controlled by its own server or server cluster. Of
course the network and system administrators have the freedom of assigning
storage resources to different partitions in any combination. Each department in
an organization might be allocated its own partition, and can determine its own
file migration, redundancy, and backup requirements. Applications demanding
large volume space for their intermediate computational steps will find the idea
of using small scale partitioned storage networks very useful.

1.6.2 SANs& MSR Technology: a handshake?

We have seen some specific components and technologies underlying the
SANSs in the above section. Below we shall discuss their use and impact in the
context of MSR technology, the subject matter of this book.

Although SANs hold great promise for scalability and efficiency in handling
of huge volumes of data, their prospects of a successful deployment as primary
components of a VoD architecture are dim, at least based on the specifications
and cost of contemporary Fibre-channel based implementations. This is mainly
due to their overwhelming cost, especially when viewed as part of a networked
multimedia (public) service infrastructure. Also, given that VoD services gen-
erate traffic that can be easily anticipated and predicted for the duration of a
client’s session, their needs can be more easily and economically catered for by
strategically placing existing multimedia databases and repositories at vantage
locations to minimize large client access times.

Since MSR strategies operate at the application level there is still room for a
future fusion between the two technologies. SANs will make a difference to
multimedia applications when operated on smaller domains. With MSR, if ser-
vice providers decide to operate in smaller domains with proxy-based control,
the integration of SANs would speed up content retrieval, especially with a mul-
titude of storage devices and vast storage space available for local users. With
SANs, MSR can make a difference in rendering highly customized services
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Figure 1.10. Diagram showing the integration of MSR technology with SANs on a small scale
multimedia service domain

to users, as the domains are now considered smaller with fairly larger storage
space.

One could envisage a typical SAN-MSR architecture as the one shown in Figure
1.10. MSR built-in with SANs will wisely discriminate user data traffic and
media traffic and it is expected to maximize the number of users or user requests
that can be supported from such a smaller domain. This does not preclude the
possibility of services to users outside the domain. Employment of smaller do-
mains will boil down to improved service levels while accommodating a larger
number of user’s requests. Thus with distributed control being exercised in the
implementation of MSR technology, support of SANs will be indefatigable and
unavoidable, especially due to ever surmounting user demands.

One of the welcoming aspects of SANs under MSR technology is the gain
that is achieved by splitting the storage/retrieval traffic from main network-user
traffic. Since in every local domain a huge amount of space could be avail-
able, media data migration that is transparent to the users can be carried out
between domain controllers/schedulers, without much effort or lengthy negoti-
ations. This is particularly useful when, say, movie profiles are used to control
the storage space. This means that as long as the popularity of a movie is
fairly large, a site continues to retain the corresponding data files. However,
when popularity degrades, which means lesser demand traffic, then it is wiser
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to move it to remote sites or slower/cheaper storage sites/devices. Usually in
conventional and existing implementations, negotiations need to be performed
and least-recently-used type algorithms work to provide space for a newly in-
coming movie. With SANs in place, this seldom becomes a primary issue of
concern and movie can be migrated to a remote site. Possibly, an infrequent
broadcast of the capacities available within the domains is what needs to be
implemented. In addition, mirroring/replicating of media data for casual and
sporadic demands can be easily accommodated.

A huge benefit for MSR-based systems from the deployment of SANs in local
domains, would materialize because of the existence of large pervasive storage
space. Inter-net traffic that currently bogs down large-scale VoD systems could
be largely replaced by intranet traffic between the clients and their local SAN.

1.7. Concluding Remarks

In this chapter we have introduced some of the key concepts that undetlie the
design philosophy of the MSR strategies. Also, we have discussed contempo-
rary solutions used in the VoD domain, along with their associated advantages
and shortcomings. We have studied and elaborated on the constraints imposed
on the workings of single-server VoD systems, that are usually employed by
service providers. The Fellini server, a typical architecture representing mid-
1990s works is also presented. We have also discussed a number of enabling
technologies that relate to the storage and the network subsystems respectively.
RAID arrays provide availability and speed improvements, while multicasting,
simulcasting and other network protocols can conserve network resources and
allow for improved scalability. Network scalability and quality adaptation is
also the motivation behind the scalable video technology presented in Section
1.5. With the focus of the book being the design of MSR technologies, we
devoted a significant part of this chapter on Storage Area Networks, as an MSR
system could profusely use SANs technology. The discussion that follows our
introduction of SANs and associated technology, raises many possibilities for
interoperability between SANs and MSR systems. In Chapter 2 we discuss
the theoretical design, analysis and performance evaluation of two MSR strate-
gies. Chapter 8 demonstrates one real-life MSR implementation showing the
feasibility of the technology.



Chapter 2

MULTIPLE SERVERS RETRIEVAL STRATEGY :
DATA PARTITIONING APPROACH

2.1. Introduction to Multiple Server Technology

In Section 1.2.3, we have seen how to retrieve a long duration media docu-
ment form a single-server system. The recommended portions considered the
link bandwidth between the client and the server as well as the playback rate
of the media at the client end. This is a typical service style of a networked
client-server system. We have also seen how a single server serves more than
one client and uses an admission controller to maximize the number of clients
it can serve in Section 1.2.3. However, in this analysis, we have not taken
into account the non-zero network delays. In contrast, the formulation of Sec-
tion 1.2.3 focused on the impact of disk systems and also showed how storage
specifications affect the admission control and service quality. However, sev-
eral real-time applications demand the response of the media servers to be as
quick as possible in order to make the underlying mission successful, hence
network delays cannot be ignored. In this chapter, we will introduce a novel re-
trieval strategy that particularly suits long duration media such as feature-length
movies (typically longer than 60 and usually around 90 minutes in duration)
for Video-on-Demand (VoD) or Movie-on-Demand (MoD) applications'. Be-
low we will see the need for such a multiple server technology for modern day
high-bandwidth applications.

With the increasing popularity of multimedia services on network based en-
vironments, there is a continuous thrust in achieving an optimized design for
multimedia servers and network service providers. The main attraction of these
services is that viewing and presentation control is handed over to the user, in

tHereafter we will use VoD and MoD interchangeably in this book.
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contrast with conventional video broadcast services as cable TV. A particular
movie can not only be made available to a user at his/her convenience (as with
video cassettes), but the user can also have complete control on all aspects of the
different media involved (audio, video), as for example the physical layout of
the screen. Also, with an increase in demand for a particular movie, depending
on the popularity profile, viewing cost per user can also be reduced consider-
ably when clever placement of movies at strategic locations on the network is
carried out. The effort for the development of such systems and services would
be futile without the availability of high performance computers and high speed
fiber optic networks that offer the capability of supporting such demands.

The above mentioned application and other (futuristic) applications like MoD,
collaborative video editing and synthesis of multimedia objects and other net-
work based distributed applications, will be attractive only when the available
network bandwidth and other necessary resources are cleverly utilized. While
using state-of-the-art technology to realize such applications is always a solu-
tion, the established -network mostly- and slowly changing infrastructure leaves
no alternative but to carefully plan and utilize what is currently available. Owing
to the continuous thrust in developing multimedia services on network based en-
vironments, the service providers situated at geographically large distances can
co-operate and share their documents in order to serve their local subscribers.
Once a document is available locally, in turn, each service provider can choose
the appropriate admission control and scheduling algorithms to maximize their
servicing capabilities. We believe that this multi-tier service architecture, pro-
vides an elegant solution for developing such multimedia services, since the
data sizes that are involved are very large. Another motivation underlying this
support is from monetary aspects. It will be prohibitively costly if one tries to
replicate all the media documents across all the sites, to provide efficient ser-
vice. Of course, replication of the documents may take care of the performance
to certain extent, although monetarily such a scheme may not be desirable.

Also, applications like virtual multimedia conferencing or virtual group dis-
cussions, will be attractive and viable, only when the on-line discussions are
captured and presented without any temporal delays. If however, the subject
of discussion is currently not available at the local service provider, then the
corresponding document would have to be downloaded from a remote site in
which it is available. Since the sites are typically geographically apart and
downloading would involve the transmission of large volumes of data, it would
take quite an amount of time before the entire document is downloaded and the
discussion at the local site initiated. This waiting time may be annoying to end
users, especially if the discussion depends on making time critical decisions.

An illustrative example presented in the next section clearly describes the mo-
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tivation for this research. In this chapter we precisely address the problem of
minimizing this waiting time or the access time for similar and allied network
based multimedia services. The key idea is to divide the media document into
several disjoint portions, which are then retrieved from several servers, taking
into account each client-server connection bandwidth. Since we partition the
document, this approach shall be referred to as data partitioning approach,
hereafter. Also, this data partitioning approach, to a large extent presents a
unified theoretical framework that suits most of the existing network-based dis-
tributed multimedia services and also opens a new avenue for the researchers in
this field. The theoretical framework is accompanied by an in-depth analysis of
the behavior of the proposed strategies that leads to the design of more refined
approaches in the chapters that follow. Whenever appropriate, we also make
comparisons with the Single Server Retrieval Strategy (SSRS), that bring out
the true potential of the suggested multiple server strategies.

2.1.1 Network architecture

We envision a network consisting of a set of service providers serving each
locality (see figure 2.1)?. Each service provider has a directory facility, which
registers the available documents at various sites. Whenever a user requests
a movie, this directory service will produce a list of servers that can supply
the requested multimedia document. Thus, if the requested multimedia docu-
ment is not locally available, the service provider will request the other service
providers to upload that document to its local site. Thereafter, whenever a re-
quest for this document arrives, the local server can use the stored document.
This service provider could be the multimedia server itself, if it has adequate
resources for supporting this service. In such a large network, the user re-
quests may originate anywhere, and servicing these requests should incur the
minimum possible delay. If not, such a multimedia service becomes less attrac-
tive. A survey {16] on monetary issues provides a good hope of realizing such
multimedia applications on network based environments and opens avenues to
pursue further research in this domain.

In the case of networks that span a large area wherein the server sites are geo-
graphically distributed, communication from one site to the other will incur a
finite amount of non-zero delay. One of the attractive features of such multime-
dia services on networks lies in keeping up the promise of a smooth presentation
without any audio-visual discontinuities. Unless clever strategies are adopted
in retrieving the video blocks amidst the presence of these communication de-
lays, this objective may not be met. We model the communication delay as
a quantity that is directly proportional to the length of the video data that is

2Figure 4.1 presents a slightly more detailed version,
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Local customers

Figure 2.1. Networked Multimedia Servers Servicing Customers

carried over that established communication path (virtual or circuit switched)
to the service provider. This is unlike the model proposed for pyramid broad-
casting technique®, in which the video blocks in the successive retrievals are
of increasing sizes. In this multiple server technology, the available commu-
nication bandwidth and the display/playback rate of the video clip are the two
major system parameters that are considered, and this chapter focuses in the
design and analysis of retrieval strategies that minimize the access or the wait
time of the users.

2.1.2 Distinct advantages in using Multiple Server Retrieval

We now highlight some of the key inherent advantages in using a multiple
server approach. Since this strategy primarily involves more than one server
for retrieving the document and rendering the VoD/MoD service, this strategy,
and hence the technology associated with this service infrastructure is referred
to as Multiple Server Retrieval(MSR) strategy, hereafter in this book. A MSR
scheme inherently subsumes the following advantages. Firstly, on a network-
based service rendering environment, if a single server system, however sophis-
ticated it may be (in terms of speed and capacity) is used there is a continuous
“work pressure” that is enforced on the system. For instance, when there is

3See the bibliographic notes for pyramid broadcasting.
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a continuous demand for a long duration video retrieval by several clients, a
significant amount of the time is spent in servicing these requests, while some
small number of requests demanding short services may undergo long wait-
ing times. By employing a MSR strategy, the work pressure can be balanced
among the servers. Secondly, by using a MSR strategy, even low-bandwidth or
heavily-loaded servers, that may not be usable on their own, can now be signif-
icantly contributing to a group of several servers that upload a movie. Thirdly,
considering fault-tolerance aspects, which are treated in Chapter 7, even under
server/link failures, the workload imbalance can be gracefully taken care of by
the remaining servers, in a multiple server environment. Since multiple servers
are engaged in the retrieval process, failure of one or more servers, will allow
the service to continue without any interruption so long as there is at least one
server operational. In fact, with a clever design of a retrieval strategy, the clients
will continue to view the presentation while a certain number of servers may
“die" and come back to “life" after some time. In contrast, with a conventional
system, the clients will most probably need to be rescheduled at the expense
of their presentation continuity. Also, as shown in rigorous simulation studies
in the literature [105, 11], scalability of the physical system and heterogeneity
of the system, can be easily accounted in the design, as the size of the portions
retrieved from each of the servers depends on the available bandwidth and play-
back rate of the movie. In effect, a MSR strategy has a natural load balancing
capability built-in its design. Each server participates according to its available
capacity and/or its connection bandwidth to the client, collectively offering a
service far superior than anything it could offer on its own. Finally, from service
provider’s perspective, since each server, on the whole, is engaged only for a
short while in retrieving a portion of the media document, the number of clients
that can be entertained simultaneously can be potentially maximized. Thus
MSR offers a clear win-win situation for both the customers and the service
providers.

2.2. Problem Definition and Preliminary Remarks

In this section, we present the problem more formally, describe the network
architecture that is considered, and introduce the necessary definitions, nota-
tions and terminology.

The network model consists of a pool of N multimedia servers each serving
their respective customers (see figure 2.1). The requests for viewing a movie
of a long duration (typically of 100 to 120 minutes) arrive at these servers from
its local customers. These servers are by and large, powerful workstations with
sufficient amount of bandwidth capacity and memory space to serve a maximum
number of users concurrently by employing efficient admission control algo-
rithms. Upon an arrival of a request, the server seeks the requested multimedia
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document. We interchangeably use the terms service providers and servers as
per the context. If the document is available locally, then usual retrieval and
presentation techniques as described in the so far literature can be employed to
serve the request. However, if the requested document is not available, then the
server with its directory service facility, a kind of look-up table procedure, de-
termines the server sites at which the requested multimedia document is present.
It then obtains a set of server addresses from which the document may be re-
trieved. The requested multimedia document is then retrieved by employing
a MSR strategy demonstrated through the following motivating example. We
introduce the necessary notations and terminology in the example for the ease
of understanding.

2.2.1 Motivating example

Consider a scenario in which a requested multimedia document is not avail-
able locally at a server denoted as, S. Let the requested multimedia document
be present at the sites Sy, S1, and Sa. Let the total size of the movie requested
be L = 1GB. Further, let the channel bandwidths in terms of the time delay
encountered per unit load transfer, measured in seconds per unit load, between
each of these servers to S be denoted as bw; ¢ = 0,1,2. It may be noted
that we are referring to the inverse of the channel bandwidth, however, we will
continue to use the terminology bandwidth while referring to this quantity. Let
these quantities(expressed in seconds per Mbit or in seconds per Mbyte) be
bwy = 1, bwy = 2, and bwy = 3, respectively. Thus, with our definition,
in this example, bwy is the fastest channel, bw; is the next fastest and so on.
Hence, sending a unit load on bwy takes less time to reach S than from oth-
ers. We assume that when the server .S receives the document from another
server, it starts the playback simultaneously at the user terminal. A discussion
on this aspect is presented in 2.5. After locating the respective servers having
the requested multimedia document (in this case servers 0 to 2), server S adopts
the following strategy. From each server a portion of the entire document is
retrieved and the parts are collected by S in a particular order. Upon receiving
a portion from Sy, the playback is started at the user terminal. Let the inverse
of the playback rate(expressed in the same units as the bw;’s), denoted as 2, be
5.3333 units (MPEG I stream). Now, the retrieval strategy is such that before
the playback of this portion comes to an end, the next portion of the requested
multimedia document is collected from S;. This process is repeated for all the
servers participating in the retrieval process.

This example describes one of the possible MSR strategies, namely the sin-
gle installment retrieval strategy. Later, we will see an example for the case
of the multi-installment strategy. This strategy has some inherent advantages.
Firstly, it retrieves disjoint portions from different servers and thus, minimizes
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the retrieval time. Secondly, the strategy inherently takes care of continuity
requirements, which are crucial when implementing such a strategy on net-
work based environments. Thus, the continuity in the presentation is one of
the aspects that a MSR strategy guarantees in the retrieval process apart from
access time minimization. A fundamental assumption of all the analysis that
follows is that the playback of a portion of the document is (or can be) initiated
after this portion is completely received from the corresponding server. For
the reason we also call this approach as a Play-After-Retrieval (PAR) strategy.
In Chapter 4, we relax this assumption and examine the effect on performance
when playback and retrieval are concurrent.

The access time or the wait time is defined as the time between the start of the
downloading and the start of the playback [13]. The access time is directly pro-
portional to the size of the portion retrieved from server Sy, i.e., starting from
the time at which the downloading starts to the time at which the playback starts.
An immediate naive choice would be to make this size as small as possible to
minimize the access time of the entire multimedia document. However, in that
case we will later show that the presentation continuity cannot be guaranteed
by choosing the first retrieved portion arbitrarily as small as we desire. Hence,
using this strategy, the problem now is to decide on the optimal sizes of the
portions of the multimedia document to be retrieved from each of the servers,
satisfying the presentation continuity, using the bandwidth constraints, and the
playback rate constraints to minimize the access time.

In the above example, we see that the following size distribution mg = 85.997
MBytes, m; = 272.3235 MBytes, my = 665.679 MBytes satisfies the con-
straints, where m; is the size of the data retrieved from server S;, ¢ = 0,1, 2,
respectively. For this distribution, the access time (following the definition) is
given by mgbwgy = 85.997 secs.

An elegant representation of this retrieval strategy is by means of directed flow
graphs (DFGs)*. Figure 2.2 shows the directed flow graph for this example.
The communication nodes at the first level are assigned a weight equal to the
total communication time of the portions of the multimedia document they are
transferring to S. The dots on these communication nodes indicate that all these
servers start their downloading simultaneously at time ¢ units. Without loss of
generality, we assume ¢ = 0. If myg is the portion of the multimedia document
communicated by Sy, then the total communication delay (which is the weight
of the node 0 (see figure 2.2) is given by mobwy. The second level nodes are
referred to as playback nodes. The weight of the playback node 0 is propor-

“Directed graphs are usually used to capture any precedence relationships between the nodes in the graph.
The nodes of the graph may represent program modules, events or states in general.
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Figure 2.2. Directed Flow Graph representation for the case of 3 servers.

tional to the total time of playback of that portion of video, given by moR,,
where R, is the inverse of the rate of playback expressed in seconds per unit
load of display. The directed arrows depict the causal precedence relationships
between the node events. Thus, at S, the display of the portion from S, starts
only after the display of the portion from S is completed and also the portion
from S5 must be completely available.

2.2.2 Some definitions
Throughout the chapter we will use the following definitions.
1. Retrieval schedule distribution: This is defined as an N ordered tuple m
given by
m = (mg,my, ..., MN-1) 2.1

where, m; is the portion of the multimedia document downloaded from
server S;, ¢ = 0,1,2,..., N — 1. Further,

N-1
my = L 2.2)
k=0
and
0<m; <L, 1=0,1,..N -1, 2.3)

The set of all such retrieval schedule distributions is denoted as I".

2. The Access Time or the wait time is defined as the time between the instant
at which the servers start uploading their portions to the time at which the
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presentation starts. This is denoted as, AT'(m).

Typically, this is the time to access the first portion of the downloaded data,
given by mobwy, where bwy is the bandwidth of the established communi-
cation path from Sy to S. Hereafter, we shall use the term "access time"
throughout the chapter.

3. Minimum access time is defined as,
AT" = ming,er AT (m) 2.4)

Thus, from the above set of definitions and the strategy illustrated in the above
example, the objective is to minimize the access time by determining the optimal
sizes of the portions of the video to be retrieved from different servers involved
in the retrieval process.

2.3.  Single Installment Retrieval Policy

In this section, following the retrieval strategy mentioned in the previous
section, we shall analytically determine the sizes of the various portions re-
trieved from all the IV servers. We then derive a closed-form solution for the
minimum access time. It will be shown that the continuity and the bandwidth
constraints are implicitly considered, stemming naturally as a property of the
optimal solution in the analysis.

Figure 2.3 shows a generalized version of the example illustrated in the previous
section, with NV servers. From figure 2.3, we can derive a relationship between
the communication nodes ¢ and ¢ + 1 and the playback time of the portion m;
with the use of causal precedence relations and continuity constraint as,

myr1bwi1 < mibw; + miRp, i=0,1,..,N — 2. (2.5)
Let us denote (bw; + Rp)/bwit1 = p;. Using in (2.5), we have,
miy1 < mipiy, 1=0,.., N =2, (2.6)

One can solve these set of recursive relations with equality conditions. Using
equality relations in (2.5) and (2.6) produces the maximum size of all document
portions other than mg. So under the constraint of (2.2), this yields the minimum
g or equivalently the minimum access time. Thus, we have a recursive set of
(N — 1) equations with equality relations from (2.6). Each m; in (2.6) can be
expressed in terms my as,

J-1
m; = mg Hpk:7 j=1.,N-1 2.7
k=0
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Figure2.3. Directed Flow Graph representation using single-installment strategy for multimedia
document retrieval from N servers

In general, the continuity relationship® states that the playback duration of a
portion of a video must be greater than or equal to the total retrieval time of
the immediate successive portion of the video. Otherwise, the continuity of the
presentation will be lost and leads to a considerable performance degradation.
In the above set of recursive equations, it may be noted that we have taken care
of this continuity constraint by using the equality relationships rather than the
inequality relationships. That is, the next playback will start immediately after
the current playback comes to an end. Thus, when these set of linear recursive
equations are solved with equality relationships, we obtain the minimum ac-
cess time, as the solution set (mg to mpy—; through this procedure) gives the
minimum value of mg. Equation (2.7) generates N — 1 equations, but we have
N media portions. However, along with (2.2), we have N equations which can
be solved to obtain the individual disjoint portions of the requested multimedia
document. Substituting each m; from (2.7) into (2.2), we obtain,

mo = N_II - (2.8)
(1 + Zp:l Hk:O pk:)

3See [89] for further reading on continuity constraints.
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Substituting (2.8) in (2.7), we obtain the individual sizes of the portions as,

Hk o Pk
(1+Z Hk opk)

forall j = 1,..., N — 1. Note that the access time (see figure 2.3) is given by,

(2.9)

L bwgy
(1+ 205 T o)

where we have used (2.8) for mg. The retrieval schedule distribution demon-
strated in the motivating example in the previous section is derived through
these set of formulas.

AT(m) = mob’wo =

(2.10)

2.3.1 Homogeneous channels

We consider a network with identical channel bandwidths or a channel that
is shared by several servers. In other words, we have, bw; = bw, for all
i = 0,..., N — 1. The individual sizes of the portions retrieved from the servers
Sp till Sy_ are given by,

_Lip-1)
mjsfﬁiﬂﬂi j=1,..,N~1, (2.12)

pN~1"

where we have used bw; = bw foralli = 0,1,.., N — 1in (2.8) and (2.9) to
obtain these expressions. Hence, the access time is given by,

Lbw(p—1)

AT(m) = mob’w() = N _ 1

(2.13)

We shall later present a detailed discussion on the behavior of this homogeneous
system.

2.3.2 Effect of sequencing on the access time

It is worth noting at this juncture that throughout the above analysis we have
assumed that retrieval follows a particular order, referred to as fixed sequence,
Sp to Sy—1. Given a set of IV servers, we have V! retrieval sequences possible.
However, one may wonder if it could be possible to gain performance by varying
the sequence in which the multimedia document is retrieved from the servers.
The following lemma and theorem prove that such a behavior is not possible
when a single installment strategy is employed.
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Lemma 1. Let the access time of a requested multimedia document by the
server S be denoted as AT (m,o(k,k + 1)), where

U(kz k+ 1) = (S07 sy Sk—h Sk7Sk+17 Sk+27 sy SN~1)7

denotes the sequence in which the requested multimedia document is retrieved
from the servers. Then, for a sequence

U/(k7 k + 1) = (507 "'7Sk~175k:+13 Sk’Sk-f-Q) rey SN*].)

, the access time AT (m/,o'(k, k + 1)) is equal to AT (m, o (k,k + 1)) where,
a'(k, k + 1) denotes a retrieval sequence in which the adjacent channels k and
k +1 are swapped, i.e., portion from server Sy, is retrieved first and then from
server S.

Proof. The denominator of (2.10) can be written as:

denom(m) =1+ po + pop1 + pop1p2 + ... =1+ po(L+ p1(1+ pa(..))))

(2.14)
We can distinguish two cases depending on whether the first server Sy is in-
volved or not. If Sy is not involved, when a switch is made between two
successive servers, the new denominator is different from the original one in
three pterms. This difference can be written as

denom(m') — denom(m) =

Ry + bw;— (1 n Rp + bw; 11 (1 + R, + bw,;))

bwit1 bw; bwi 4o
R, + bw;_ R, + bw; R, + bw;
L lpowen () Bptowi Ty Wi (2.15)
buy; bwi 1 b, 40

With little algebraic manipulation, the above equation returns zero.

In the second case, where the first two servers Sy and S; are switched, the
difference in access time is,

_ Lbuwg B L bwy
~ denom(m)  denom (m')

AT (m) — AT (m/)

_ L(bwodenom {(m") — bwydenom (m))

denom (m) denom (m!) (2.16)

By using (2.14) (denom (m) and denom (m') differ in two p-terms), the nu-
merator of the above fraction becomes equal to

bug <1 N Ry, 4 by <1 N Ry + bwo>>

bwo bws
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R,+b R,+b
by (14 Sz w0 () Dp t O 2.17)
bwy by
which in turn can be easily proven to be equal to zero. O

The significance of the lemma is that the order in which the portions are down-
loaded affects only the respective size distribution, but not the access time when
adjacent servers are swapped. We prove this claim in general for the case of N
servers, as follows.

Theorem 1. Given a pool of N multimedia servers capable of rendering the re-
quested multimedia document, using the single installment strategy, the access
time is independent of the retrieval sequence used.

Proof. Direct application of Lemma 1 proves the theorem. Any valid sequence
of servers can be derived from a single sequence by iteratively switching the
positions between adjacent servers. Lemma 1 guarantees that these operations
do not affect access time. O

2.4. Multi-installment Servicing Policy

In this section, we present a generalized servicing policy, which provides a
tuning control mechanism for the access time. This tuning provides a better
contro! on the retrieval process and allows the system to adapt to the varia-
tions in the bandwidth of the network. This policy constitutes of retrieving the
multimedia data from each of the servers Sp to Sy_1 in more than one install-
ment. This means that every server participates more than once in the process
of uploading disjoint portions of the requested document one after other, in a
particular order. Since this facilitates the accessing of the data by S at a much
earlier time, the access time decreases. As in the case of the single installment
policy, the continuity of the presentation must be guaranteed. The necessary and
sufficient conditions for the multi-installment policy, can be derived by extend-
ing the directed graph representation of the previous section. By assuming that
each server uploads a disjoint portion of the multimedia data in n installments,
we can use the extended graph to derive a set of recursive equations.

2.4.1 Recursive equations and solution methodology

Figure 2.4 shows the directed graph for this policy. Note that we have ex-
tended the communication and playback processes from single installment to
multi-installment using causal precedence relations (time orderliness). Letm,;
represents the part of the L in total multimedia data, that is downloaded from the
S; server during the j-th installment, where 7 = 0, ..., n — 1. Thus, there is a
total of N'n portions of the multimedia document that are retrieved from servers
So to Sy—1 in n installments. These are g0, m1,0,...,MN—10,70,1, -

)
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Figure 2.4. Directed Flow Graph representation using Multi-installment strategy for multimedia
document retrieval from N servers

MN_11,-,M0n-1, --,MN-1n—1. It can be easily deducted from (see fig-
ure 2.4) that the causal precedence relations and the continuity relationships
impose the following inequalities:

Mg obwy < mpg—1 obwi—1 + My 0Ry, (2.18)

forall k =1,2,..., N —1. Fori=1,2,...,n—1, we have,

N—-1 k—1
mk,ibwk S Z m'[},‘i-—‘ + Z mp,'i, Rp (219)
p=k p=1

forallk =0,1,.,N -1,

The m; ; parts are also connected by the normalizing equation:

N-1ln-1

S mig=1L (2.20)

i=0 j=0

The minimum size of mg, which determines the minimum access time, can
be obtained by seeking the maximization of all other m; ;. This goal can be
achieved by using the equality relations in Equations (2.19) and (2.20). Deriving
a closed-form solution from the above set of recursive equations is too tedious.
However, since

bwyg + R,

bw1

2.21)

mio ="Mopo -
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k
bw;_1 + R,
mio = moo - [ ﬂl‘b}% (2.22)
j=1 !
N-1 k—1 R
Mo = | D M1+ maa | (2.23)
j=k §=0 g

we can reach a solution by using the following procedure. If we assume that
mo,o = 1 we can obtain from (2.21) m; o, and from Eq. (2.22) and (2.23)
successively all my, ;. The original assumption is the equivalent of multiplying
mo,0 by a constant K so that it equals unity. Because of the way m; ; are
related through Eq. (2.21), (2.22) and (2.23), this process returns all my, ,; also
multiplied by K. K can in turn be estimated from the normalizing Equation

(2.20), which becomes:
N—-1n-1

> myu=K-L (2.24)
j=0 1=0
and this completes the solution. We denote the access time, using multi-
installment strategy, as AT(N,n), as we have now two parameters N an n
to control the access time. The access time is given by,

AT(N, TL) = mo,obwo, (2.25)

where mg o is obtained by solving the recursive equations a mentioned above.
Following example demonstrates this strategy.

Example 2. Suppose that the client at S requests a 2GB multimedia document
from servers Sy, Sy, S2 and S3, which are linked with S with 128KByte/sec
connections. If we assume a playback rate of 4Mbits/sec, typical of a MPEG
IT document, then a single installment, i.e. 7 = 1, results in an access time of
2841.67 seconds. However, doubling the number of installments results in an
access time of 1362.0 seconds. Thus, we gain a significant decrease (of 52%)
in the access time.

2.4.2 Homogeneous channels

Here too, we shall consider analysis for homogeneous channels, Thus, the
above set of recursive relations ((2.18) and (2.19)) reduces to,

my obw < mg_q obw +my_1 0By, (2.26)

forallk =1,2,.., N — 1. Then, fori = 1,2,...,n — 1, we have,

N k-1
Mibw < | Y mpi1+ Y mpi | Ry (2.27)
p=k p=1
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forall k = 0,1,..., N — L. Denoting, R,/bw as o, we have,
Mo < Me—10(1 +0) (2.28)

forall k =1,2,...,N — 1. Then, fori = 1,2,...,n — 1, we have,

N k-1
My < Zmp,ifl + Zm[;,i o (2.29)
p=k p=1

forall k = 0,1,..., N — 1. Using the equality relationship, we write,
Mio = Mg—1,0(1 + o) (2.30)
forallk =1,2,...,N — 1. Then, fori = 1,2,...,n — 1, we have,

N k-1
7nk¢ = EE:THPJ_1-+ Tan g (231)
p=k p=1
forall kK = 0,1,..., N — 1. Eachof the myo, k = 1,...,N — 1 from (2.30)
can be expressed as a function of my g as,

mgo = mo,op((f, k), (2.32)

where, P(o, k) = (1 + ¢)¥~%. It is worth noting that the polynomial P(c, k)
contains binomial coefficients when expanded. Also, it may be observed from
(2.31) that to obtain my, ; for any 1 > 0, we need to simply add N of its preced-
ing terms and multiply by a o.

We define a transformation k& = i(n — 1) + 7N, and denote the portions of
the multimedia document retrieved from Sy, ..., Sy—1 in n installments as,
Qr, k =0,1,...,Nn — 1, where k is as defined above. For instance, when
N = 4andn = 2, m; ; which is actually the second installment for server S is
denoted by (Js, as k = 1.(1)+1.(4) = 5. Thus, with this notation and transfor-
mation, and with (2.31) and (2.32), we can easily generate the following table.
We have shown the table for N = 4 and n = 2 case. The entries in each row of
the table are the coefficients of the respective powers of o. Thus, the maximum
number of columns will be Nn — 1. As an example, m; ; corresponds to the
row (s, given by (2.31) as 3¢ + 1002 + 100® + 50" + ¢°, and the entries are
precisely these coefficients of the various powers of o.
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j— 01 2 3 4 5 6 7
my 4 k

0,0 0 1 06 6 0 0 O O O
1,0 1 r1 10 0 0 0 O O
20 2 121 0 0 0 00
30 3 1 3 3 1 0 0 O O
0,1 4 0 46 4 1 0 00
1,1 5 0 3 10 10 5 1 0 0
2,1 6 0 2 12 20 15 6 1 0O
3,1 7 0 1 12 31 35 21 7 1

Thus, generalizing this idea, we have the following boundary conditions and a
recursive definition to generate a particular entry E(i,j) in the table for arbitrary
N and n.

The boundary conditions, which generate entries for the first installment n. = 0
are given by,

E(k,0) = 1,Yk=0,1,.,N—1, (2.33)
E(k,0) = O,Yk=N,.. Nn-1, (2.34)
E(k,j) = 0,Y§>k, andk,j=0,1,...Nn—1, (2.35)
Ek,j) = E(k—1,j—1)+E(k—-1,5),Yk=1,2,...,N — 12.36)

Note that the first entry E(0,0) is assumed to be equal to 1. This is just for the
purpose of generating the table entries as a function of g o which is assumed
to be unity. However, when actually solving the recursive equations, we can
express each of the m; ; as a function of mgo. Now, for the remaining rows,
QN; -y @Nn—1, we have,

1
E(k,j)= > E(p,j—1),Vk=N,.,Nn—-1,j=12,.,Nn-1,
p=k—N
(2.37)
Thus, we have for Q5 = m1; = E(5,0) + E(5,1)0 + ... + E(5,4)0* +
E(5,5)0%. This is nothing but the polynomial shown above. Following this
notion, we can write m, ; as,

mij=Qr = FE(i,j)o?,Vi=0,1,.,Nn—1, (2.38)
7=0
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We have a total of Nn unknowns with Nn — 1 equations. As in the previous
section, we use the normalizing equation,

Nn-1 14

S Y EGj)el =L (2.39)

i=0 =0

to have a total of Nn equations to solve for all the unknowns. Note that each

of the m;; ; can be expressed in terms of myg g, by using the recursive definition
of (2.38) and using (2.39), we obtain,

L
mO,U = Nn—1 A . ]
Dm0 20 B(i, )0

where, F (i, ) is generated by using equations (2.34) to (2.37).

(2.40)

Thus, given a set of N multimedia servers having identical channel bandwidth
connections, itis easier to obtain the optimal sizes ofthe portions of the multime-

dia document to be retrieved from each server by immediately using equations
(2.34) to (2.40).

2.5. Discussions on MSR Strategy

The problem tackled in this chapter presents a generalized approach to the
theory of minimizing the access time for network based multimedia document
retrieval/distribution. Researchers in this field have addressed the problem from
different perspective, however, on different application specific requirements.
For instance, the results equally apply to a single server multiple client multi-
media video-On demand system by replacing the bandwidths specified in this
chapter by the disk bandwidths. On a network based environment, one of the
crucial bottlenecks being the available bandwidth, the treatment we presented
suggests an elegant solution to minimize the access time. Future network based
multimedia applications demanding a trade-off between the available network
bandwidth and the service from geographically well separated servers become
the natural candidates of the problem addressed in this chapter. We shall now
present some interesting observations made during the analysis.

We have derived the closed-form solution for the partitioning problem in a
single~-installment strategy. By using the recursive procedure, obtaining the op-
timal sizes of the media portions (solution set) retrieved from the servers, can
be achieved with O(V) time complexity. An attractive and interesting feature
of this strategy is that the optimal solution evolves naturally as we solve the set
of recursive equations (2.7) with equality constraints (capturing the continuity
relationships) together with (2.2). As it is evident from the closed-form solu-
tion, the access time monotonically decreases as we tend to utilize more and
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more servers. Figure 2.5 shows the behavior of the access time with respect
to the number of servers utilized for the case of homogeneous channels, i.e.,
when bw; = bw, for all the channels. As expected, as the requested multimedia
document is available on more servers, the access time decreases, as we tend to
utilize all the probable servers. In the figure, we have shown the plots for typ-
ical MPEG-I and MPEG-II video streams with 1.5MB/s and 4MB/s playback
rates, respectively. Another important contribution in this research is the proof
of access time invariance property on sequencing. The non-triviality lies in
identifying such a behavior of the access time. The result of Lemma 1, though
not astonishing, clears the fact that the access time is independent of the order
in which the multimedia document is retrieved from the server pool, at least as
long as communication costs do not suffer from start-up latencies. If the latter
apply, a different outcome is produced as discussed in Chapter 5.

Alternative to this strategy and as a future extension to the problem considered
in this chapter is the following. It may be possible with the current day tech-
nology that a client may be able to download multiple streams at the same time
depending on its available buffer and the bandwidth. This scheme is attractive
as it is adaptable to varying system loads. However, the implementation of this
scheme involves the design of efficient resource management and scheduling
policies at the client site. In the case of multi-installment strategy, obtain-
ing a closed-form as in single-installment strategy, is tedious as equations are
complex to solve. However, the recursive procedure proposed in Section 2.4.1
generates the optimal sizes of the media portions from the servers in O(Nn)
time complexity. Also, the recursive expressions presented in Section 2.4.2 for
the case of homogeneous channels are easier to implement as the entries of the
table (shown for N = 4 and n = 2 case) can be automatically generated and
can be reused when the number of installments or the servers varies. Another
attractive feature of this methodology is that the speed parameters (channel
bandwidth and the playback rates) do not influence or affect the entries of the
table, and hence these entries (E(3, j), Vi, j can be generated a-priori and can
be stored using the best possible data structure for computation purposes.

As far as the performance of this strategy is concerned, a set of questions that
might arise are the following:

e What is the relationship between the number of servers used and the number
of installments?

e Can we expect that ever-increasing the number of installments will always
result in gains with respect to access time?

Answers to the above questions are attempted by means of an experiment. An
iterative procedure was employed in order to compute the access time under
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Figure2.5. Access Time vs Number of multimedia servers using MPEG-1and MPEG-II Streams

ever-increasing number of installments. The document size was set to 2GBytes
and the playback rate R, to 2sec/MByte, typical of a MPEG II stream. The
number of servers varied from 2 to 30 and their bandwidth from 1sec/MByte
to 32sec/MByte. All connections were considered identical, i.e. bw,; = bw
The iteration stopped, either when increasing the number of installments by 1
resulted in less than 5% gain in access time, or when the access time fell below
1 second. The number of installments at which the process ended is plotted in
figure 2.6(a). Figure 2.6(b) shows the corresponding access times. The y-axis
is labeled as L bw in order to give a measure of the time necessary to download
the multimedia document from a single server. The usage of the L bw prod-
uct is not a way for normalizing things. Actually, using different bandwidths
with Joads that have identical L bw products results in different (quantitative)
behaviors.

A striking observation (see figure 2.6) is that there is a barrier beyond which
increasing the number of installments and/or the number of servers cannot ben-
efit the access time. This barrier is network capacity related and it can result
in very poor performance. Just before this barrier is reached, the number of
installments that are suitable for near optimum performance grows rapidly and
falls the same way after the barrier is exceeded. Before the barrier is reached,
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Figure 2.6. (a) Number of installments where the access time falls below 1 sec, or where an
additional installment would improve the access time less than 5%, against the number of servers
and connection speed. (b) The corresponding access times for the installments shown in (a).

the network connections are fast enough to guarantee that even with a small
g the portions of the document will reach the client prior to their turn for
playback. Increasing the number of installments has just that effect, i.e. keep-
ing mq,o small. After the barrier is exceeded, mg o must be a large portion of
the document in order to guarantee that the continuity constraints hold. As a
result, the access time escalates while increasing the number of installments
does not serve the purpose.

The relationship between the number of servers and number of installments is
more clearly seen in Figures 2.7(a) and (b) which depict an experiment identical
to the one described above, with the exceptions of

1 Adding more servers in the previous case, actually scales the client’s con-
nection bandwidth, which is not the usual case -for Internet at least- con-
nections. So in this case, there is a shared connection whose bandwidth is
divided among all servers.

2 The shared bandwidth ranged from 0.5 sec/MB to 4 sec/MB .



50 DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

(a) 60

Installments40
20

0
24
20

(hr)

20

Servers
10

0.4

Figure 2.7. (a) Number of installments where the access time falls below 1 sec, or where
an additional installment would improve the access time less than 5%, against the number of
servers and connection speed. The difference from Figure 2.6(a) is that the servers share the
same connection to the document requesting party. (b) The corresponding access times for the
installments shown in (a).

The number of servers and installments are perpendicular ways for maximizing
server utilization under the multi-installment strategy. This is clearly seen in
figure 2.7(a), where as the number of servers increases, the near optimum num-
ber of installments decreases. This can work the other way around, i.e. instead
of increasing the number of servers, the number of installments can be modified
to achieve a target access time. Of course, there are limits to this approach espe-
cially if each connection is independent of the others (see figure 2.6). As afinal
remark, the multi-installment strategy has an inherent advantage in managing
the available buffer at the client’s site. If the buffer size available is limited,
then the best possible way to optimize the performance is by the use of multi-
installment strategy, as the sizes of the individual chunks retrieved are smaller
than the individual sizes recommended by the single installment strategy. This
in a way makes the scheme attractive, as the existing limited resources(buffer
capacities) are cleverly utilized without any additional resource investment.
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One may suggest that the multi-installment strategy fails to address the need
to use the available multimedia servers for servicing multiple client requests.
This, however, falls outside the scope of this chapter. Serving multiple clients,
calls for employing other administration policies for allocating the bandwidth of
each server. The strategies presented here are suited for analytical or otherwise
systematical evaluation of such policies, which could very well be the subject
of further research. For example, as Figures 2.6 and 2.7 indicate, MSRSs can be
used to determine the minimum bandwidth that each server should allocate for
a single request while keeping the access time to a minimum. In Chapter 3 we
discuss on strategies that can handle multiple clients using this MSR strategy.

2.6. Concluding Remarks

In this chapter, we have introduced the MSR technology and the key idea
behind it. We presented a generalized approach to the theory of minimizing the
access time of retrieving a multimedia document requested by a client. On a
network based environment, we have shown the impact of non-zero communi-
cation delays on the performance. We have designed and analyzed two different
retrieval strategies that minimize the access time of the multimedia document.
The single and multi-instaliment strategies proposed, can provide a basis for
improved quality services in the emerging markets of VoD or MoD. Given the
limiting technological aspects of the current network -mainly- infrastructure,
these strategies form not just the basis for improved services, but can be the
only way to realize them. In general, these strategics are designed to suit most
of the network based multimedia applications in which a large volume of data
needs to be transferred between sites incurring a considerable amount of com-
munication delays. Approximations to the strategies and the model presented
in this chapter precisely address the problems in the domain of multimedia ap-
plications in which the impact of network delays and bandwidth are significant.

In the case of the single-installment strategy, we have derived closed-form so-
lution for the individual sizes of the portions retrieved from various servers and
the corresponding access time. We have extended the analysis to the case of ho-
mogeneous or shared channels. In the case of the multi-installment strategy, we
have presented a recursive procedure to obtain the individual sizes of the docu-
ment portions from various servers. It has been shown that the multi-installment
strategy has the added advantage of fine tuning the access time, which is cru-
cial to time and delay sensitive applications. Rigorous performance tests were
conducted to study the trade-off relationship between using several servers and
using multiple installments. It was observed that the gain achieved by increas-
ing the number of installments is in effect similar to employing more servers for
the job. Of course, the former approach is far more attractive as a means towards
minimization of the access time. This also means that the available servers can
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be appropriately partitioned to attend to different service requests, while at the
same time keeping the access time as low as possible. This observation is not
only non-trivial, but also allows an increase of the overall servicing capability of
the network and makes such network based multimedia applications viable and
more attractive. In the case of the single installment strategy, we have proved
an important theorem which eliminates the need for seeking a particular server
sequence. Although, the access time is independent of the sequence chosen,
a deployed system may elaborate on the sequence in order to ’release’ some
servers before others. Of course, as the number of installments increases such
actions become pointless.

The analysis presented in the Section 2.5 can be a stimulus for developing more
fine-tuned approaches, that take into account the ever-changing nature of the
network environment parameters. Firstly, an interesting question is to see if
this MSR dogma can support multiple clients! We deal with this in Chapter
3. Secondly, constant bandwidths are rarely the case for the heavily loaded
Internet connections that are shared by thousands of users. The volatility of
the network connections is the key factor for future research. Although, the
multi-installment strategy is the way to go, insuring QoS requires that a de-
ployed system assigns and possibly modifies during a session, the document
downloading responsibilities, subject to server availability and bandwidth irreg-
ularities. We address this in Chapters 5 and 6. Since multiple servers are used,
it is obvious to investigate on fault-tolerance, especially under network and/or
server failures. These are dealt in Chapter 7. Thus the idea of MSR approach
opens up several possibilities to seek best quality of services for high-bandwidth
applications via network based service infrastructure.

Bibliographic Notes

There has been an extensive study on many allied problems related to this MSR
design. A Video on-Demand(VoD) or Movie on-Demand(MoD) service which
is usually offered on hi-speed network based environments is one of the natural
candidates [2,10] for the problem presented in this chapter. There has been a
continuous effort to optimize the performance of multimedia servers designed
for VoD applications [98]. In [19], a multimedia distribution network has been
presented. Here, the authors introduce a three tier network architecture to the
video distribution problem on networks. Applications such as collaborative
video editing and synthesis of multimedia objects and other network based dis-
tributed applications can be found in [24, 37, 21, 108]. These essentially focus
in optimizing the storage and retrieval of video blocks on the disks [11] and
also in the design of servers to maximize the number of customers. Depending
on the popularity of the movies in a networking domain, physical placement of
movies on particular server sites is important in optimizing the monetary cost
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incurred for viewing that movie [18]. In order to optimize the monetary costs,
clever placement of movies at strategic locations on the network is carried out
[19]. Discussions on appropriate admission control and some scheduling algo-
rithms can be found in [89, 108, 79].

A novel technique, referred to as pyramid broadcasting, is proposed in [109],
as a means of serving a large pool of customers in Metropolitan Area Net-
works(MANs). This technique typically supports services like VoD or MoD on
MANS. Another closely related theme can be found in a study by Candan et al.
[24], in which retrieval schedules are generated based on the availability of the
network and other necessary resources with flexible presentation requirements.
The influence of the network service providers and on the buffer resources at
the client site are also addressed in this study. A slight variant of this service
architecture was proposed in the study on multimedia presentation planning in
[53]. The study presented in [105] is one of the first attempts to introduce MSR
to the multimedia literature.



Chapter 3

SUPPORTING MULTIPLE CLIENTS: CHANNEL
PARTITIONING APPROACH

3.1. Tuning MSR Scheme for Multiple Clients: Issues and
Challenges

In the last chapter, we have introduced the importance and advantage of us-
ing multiple server technology. The strategies (single and multi-installment)
clearly offer a win-win situation for both the clients and the service providers
!, While both strategies have been treated with a detailed analysis and a thor-
ough performance study, we have not explored how these technologies could
be adapted to efficiently handle several concurrent clients. This chapter deals
primarily with this question and exposes the complete design of a scheduler
which can support multiple clients. Specifically, we address the underlying
design issues and elicit key points to consider in the design of such a system.
All these issues are captured in an actual design that is described in Chapter 8.

In the previous chapter, we have shown that by partitioning the video and retriev-
ing the parts from several servers, we can dramatically reduce a client’s access
time. While this technique seems promising, a more practical and intrigu-
ing question to ponder over is whether this scheme would work with multiple
clients. The problem becomes overly complex as server bandwidths are finite
and have to be catered among client requests. Further, for supporting multiple
clients, the design of MSR strategy must take into account the individual play-
back rates 2 and available server bandwidth at the servers at the time of requests.
Clearly, this is a duel between these quantities and must be accommodated in

! Clients get an inproved Quality of Service (QoS), while the service providers can maximize the number of
customers they can serve and leverage their IT investment.

2These rates could be time varying quantities depending on a user’s interactive commands such as fast-
forward, rewind, multiple speeds with the forward and rewind operations, pause, etc.
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the scheduler design. Thus a top level synthesis must reflect these estimates
of the server bandwidths to react to the varying playback demands from the
clients, while the low-level implementation issues capture these in retrieval and
timely delivery (transmission). In this chapter, we expose one such design of
a scheduler that generates the schedule of events and prescribes optimal media
portions to be retrieved from a heterogeneous® cluster of servers. The key idea
is to partition the aggregate server bandwidth, referred to as a channel, available
among the servers for handling multiple clients. This approach has yet another
significance - it is naturally built-in with an admission control mechanism that
controls the admission of requests, taking into account the QoS for the pool of
clients currently being serviced. Thus we refer to this approach, in general, as
a Channel Partitioning approach. Note that this approach basically employs
data partitioning on top of a channel partitioning method.

In most of the existing literature and technology, a VoD system is usually con-
ceived as a system having a single video server 4. However, with an increase in
the user access rates, the network bandwidth becomes a natural bottleneck, espe-
cially for anetwork based multimedia service. A decentralized (and distributed)
approach would rather handle this increased access rates more elegantly. This
is typical of a requirement on Internet like networks, where access rates may
be significantly large.

In this chapter, we present a generic version of the problem of using multiple
servers to retrieve multiple movies (serving multiple requests) in a coordinated
fashion with the objective of minimizing the access times of the movies, block
rates and buffer space requirement at the client sites. The analysis presented
in this chapter serves for a number of purposes. Firstly, the analysis derives
individual media portions to be retrieved from each server depending on its
bandwidth. This also reflects in the number of potential clients with their re-
spective playback rates to be supported. This in turn quantifies the amount
of buffers to be in place at the clients to support this retrieval and playback.
We observe the performance of the SSRS and the MSR strategies by means
of a rigorous simulation study employing different access profiles of movies
and important system dependent parameters such as buffer availability, retrieval
bandwidths, movie playback rates, etc.

3These refer to a set of servers with non-identical bandwidths.

“Most of the times these VoD servers are dedicated, sophisticated pieces of equipment. More often than not
they are even realized as clusters of machines that appear as a single virtual entity. We also treat such cases
as single servers since they all share the specific bandwidth of a single outgoing connection, In the text we
simply use the term “server" to refer to any of these cases.
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3.2. System Model

As before, we now present the underlying system mode! we are considering
for the VoD service. We consider a generic VoD architecture consisting of a high
speed network and a set of servers and clients. The network, in general, can be
a LAN or a WAN. The main idea employed in the design of this MSR strategy
is that whenever a client requests a movie, a pool of servers will cooperate
to retrieve the entire movie by employing a strategic schedule. Thus, each
server will supply a portion of the entire movie, which is disjoint from others
in a particular sequence generated by a scheduler, to the client sites. Further,
because of distinct differences in the popularities of various movies, popular
movies usually exist in several servers simultaneously. This fact serves as a
good precondition in employing a MSR scheme.

3.2.1 Retrieval process

Figure 3.1 explains the retrieval process of a possible MSR strategy. Our
approach is a server-push one, however a client-pull could work equally well.
The whole process can be described as follows: When a server receives a
request for a movie, it forwards the request details to the Task Generation and
Scheduling (TGS) server in order to obtain an optimal delivery schedule. The
bandwidth information (e.g. available bandwidth amount) of the servers is also
relayed to the TGS server for the purpose of scheduling. Further, all the servers
will not begin to transmit any media data before they receive the schedule from
the TGS server. We shall now see how the TGS server does the scheduling and
introduce some terminology used throughout this chapter.

3.2.2 About the TGS server

For the design of MSR strategy, the proposed architecture has some special
features. Every server on the network, including the TGS server is the same,
except that the TGS server keeps additionally, a task generator, a scheduler
and a movie directory facility (see Figure 3.2). The task generator allocates
the total available server retrieval bandwidth (resource) in a certain manner
among the requested movies and organizes the requests/movies into groups,
referred to as scheduling tasks. The scheduler makes use of some efficient
scheduling strategies to determine the retrieval order and the amount of ¢very
playback portion for every task, respectively. The movie directory facility has
the information about the available movies stored in various servers, e.g., the
playback rates and the lengths (duration of playback) of the respective movies.
The information is used by the task generator and the scheduler. In effect, the
task generation is the process of allocating the total available server bandwidth
(resource) among the requested movies. Of course, once the movie allocation
among servers changes, the updated movie list information will be transmitted
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Figure 3.1. A motivating example for showing the retrieval process of a MSR strategy. The
process of retrieving the movie A can be described as follows: (1) The client sends the request
for movie A to a neighboring server, e.g., Server 1. (2) Server | forwards the request to the
Task Generation and Scheduling (TGS) server. (3) TGS server carries out task generation and
retrieval scheduling. Subsequently, it multicasts the schedule (i.e., scheduling result) to Server
1 and Server 2. (4) Server | and Server 2 deliver the different parts of movie A to the client
according to schedule, respectively.

Explanation for the components in the diagram:
1. The movie directory provides the information

about movies, e.g., the storage location, playback
rate and length of every movie.

Movle 2. The task generator generates scheduling tasks.

Dircctory Its main function is to aggregate retricval bandwidth
and to partition the channels for every movie.
3. The scheduler generates the retrieval schedule

for every scheduling task.

TGS Server

Figure 3.2. System components in the TGS server

to the TGS server. In order to avoid any resource usage conflicts, the functional-
ity of scheduling cannot be distributed across the servers, as it may incur severe
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overhead in synchronizing the information and then producing a best schedule.
Hence, in the proposed architecture, TGS server predominantly determines the
scheduling scheme.

Our MSR strategy dictates that each portion is retrieved with a certain band-
width within a specific time period. For the sake of description simplicity, we
may consider the retrieval of each portion of a movie as being carried out using
a channel. Here, a channel is defined as a certain amount of server bandwidth
that is used for a single portion retrieval. Thus, the retrieval of a single movie
is carried out with several channels, say, channel 1, channel 2,..., channel V.
Thus, N may be different for different retrievals, however N must be at least
2 for the MSR scheme (V = 1 for SSRS). For retrieving a movie, we need
to choose the required bandwidth to form N channels. After the retrieval of
a portion of a movie in a channel is completed, the bandwidth of this chan-
nel is released. Thus, for the subsequent retrievals, we have more bandwidth
available. In general, the bandwidth in the channels cannot be used until the
completion of the previous retrievals that are making use of relative bandwidth.
Thus, the time instant at which the available bandwidths can be used is referred
to as allowed start time. This is denoted as AST; (AST; > 0), where j is the
channel index,j € {1, N]. If we use an already free (unused) bandwidth to form
a channel, ASTj of that channel is assumed to be zero.

Figure 3.3 shows the typical flow chart of the retrieval process in the TGS
server. Upon receiving the requests, the TGS directs these requests to its task
generator module that will allocate bandwidth from respective servers to form
channels for the retrieval of the movies. The movies sharing the same group
of channels constitute one task. In other words, a scheduling task consists of
some channels and some movies that share these channels. Thus, the result
of partition is the tasks to be scheduled. In next phase, we carry out retrieval
scheduling. The net output of scheduling will be the sizes, c;; of the portions
of the movies to be retrieved and the start times of the transmissions, S7T;
(i=1,.,M,57 =1,...,N, where M is the number of movies and N is the
number of channels in a task) of every playback portion of the movies, at the
respective servers. Finally, server TGS multicasts the resulting schedule to the
respective servers. According to the schedule generated by the scheduler, the
respective servers will then start transmitting the movies to the users.

Thus, the challenge is in designing efficient strategies of task generation and
retrieval scheduling. Good strategies should promise an overall better perfor-
mance of the entire VoD system. We will present the design of these strategies
in more detail in Sections 3.3.1 and 3.3.3.
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Figure 3.3. Flow chart of retrieval process in TGS server

3.2.3 Some terminology and performance metric

For reader’s convenience, we summarize the key notations used in this chap-
ter in Table 3.1.

The design of our VoD system attempts to address the following question.
Without under-utilizing the network and server resources, how to minimize the
access times of the movies and the block rate® while satisfying the available
buffer space limit ?.

While considering a single playback portion, referring to Figure 3.4 (a) and
(b), the buffer space requirement at the client site, m;; is calculated as follows®.

BW, R,
2 ,BWJ_)) 3.1

mi; = Otij(l - mm(

Figure 3.4 (a) shows the case when the playback rate is more than the retrieval
bandwidth. In this case, the playback must be started after retrieving some
portion so that the continuity in the playback is maintained thereafter. Figure

5This is also referred to as block probability by some authors,
6Capital letters arc used for BW to differentiate the channel bandwidth from the connection bandwidth bw
used elsewhere in our text.
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Table 3.1. Some common parameters in the VoD system

[ System Parameters | Symbol | Unit |
Playback rate of movie ¢ R; MB/sec
Retrieval bandwidth of channel j BW, MB/sec
in a single schedule
Number of channels in a single scheduling task N
Number of movies in a single scheduling task M
The length of movie 4 L, min
S, = L;R; GB
Size of the movie 7 retrieved iy GB
from channel j in a single schedule
Buffer space requirement of retrieving single o;; My GB
Start time of retrieving ay; STy sec.
Allowed start time of retrieving o AST; sec.

3.4 (b), on the other hand, shows the case when the playback rate is less than the
retrieval bandwidth. In this case, the playback can start almost simultaneously
with retrieval. The buffer requirement is then computed using (3.1). In (3.1),
less difference between I2; and BW; leads to less buffer space requirements.
Besides, when I; # BWj, less a;; value also leads to less buffer space re-
quirement. In fact, in some cases, because the subsequent portions may arrive
at the client before the previous portions complete their playback, more buffer
space is needed. This problem will be discussed in Section 3.3.3.

Access time, in general, is the time duration between the instant at which a
request is placed and the time instant at which the requested movie/video starts
playing at the client side. Without loss of generality, we shall ignore the over-
heads incurred by the scheduler (or can be considered as a constant) and the
transmission delay. In a scheduling task, if the first playback portion cv;; of
a movie ¢ with playback rate R, is retrieved using a bandwidth of BW; (the
bandwidth of channel 1), then the access time of movie i, as shown in Figure
3.5, is given by,

AT, = AST, +

i—1 1
o +{ oinl(gy — ) forBi>BW

BW, 0 " forR; < BW,
Block rate is defined as the ratio between the number of requests that are not
served successfully (i.e., blocked) and the total number of requests. The strategy
we have used in the design of the scheduler tries to minimize the waiting time in
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Figure 3.4. Calculation of buffer space requirement

the best possible way. However, because of shortage of resources (bandwidth),
some requests may wait for a long time. So, the scheduler defines a bound
on the maximum time that a user can wait until he/she receives his/her service.
This, in a way, serves as an admission control policy, which determines whether
or not the servers will intake all the submitted requests. This is also an issue
to be considered while implementing the actual system, as the waiting time of
the clients may be prohibitively annoying. Thus, the meaning of “success" of
a request in this context is that the access time for that requested movie is less
than or equal to the allowed maximum access time.

Now, we shall present a brief comparison between the SSRS that is commonly
found in the existing literature and the MSR scheme with respect to effective
resource utilization and load balancing.

Resource utilization: In SSRS, suppose if the server has not enough idle time to
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Notation explanation

*  “Channel 1” means the retrieval from channel 1; the retrieval bandwidth is BW,

1 “Movie i” means the playback of movie 1 at the client; the playback rate is R;

T “il” refers to ou (1.e., index i refers to movie index and index 1 refers to channel index)

Figure 3.5. Calculation of a movie’s 4 access time.

support a long length movie retrieval, or if it has inadequate retrieval bandwidth
capacity that leads to a considerable delay in the access time, these server
resources will be discarded. However, in the MSR strategy, such low bandwidth
servers can also participate by carefully considering them during the scheduling
process.

Dynamic load balancing: In SSRS, a single retrieval uses only one server.
Hence, the server that ensures the minimum access time for that retrieval is not
necessarily the server with lighter load. In MSR strategy, since the access time
is only with respect to the first retrieved portion and the first retrieval channel,
we minimize the access time in channel 1 of MSR strategy and also consider
to balance the load in other channels.

Benefiting from the above advantages, our MSR approach can obtain much
smaller access times, block rates and buffer space requirements than the SSRS
scheme. These will be demonstrated in a simulation experiment in Section 3.4.

3.3. Design of the TGS Server

As a first step, we shall now present the design and functionality of the
task generator module in Section 3.3.1. In Section 3.3.3 we shall present the
analysis of scheduling strategies for the cases when single and multiple movies
are retrieved from multiple channels. We assume that the task generation as
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Figure 3.6, Aggregate retrieval bandwidth and concurrent retrieval. Each of n servers renders a
part of the portion ¢ of the movie in 1 installments. The order in which these retrieved portions
are presented is: block 11, block 21, ..., block nl, block 12, block 22, ..., block n2,....block Im,
block 2m,..., block nm. N sub-channels can be equivalently treated as channel £ at every time
instantt = izT,1=1,...,m.

well as generating the retrieval schedules costs little calculation time, and we
do not include it in the overall access time calculations.

3.3.1 Task generation strategy

As we mentioned above, while dealing with the requests, the task generator
obtains all the server bandwidth information from the respective servers and
the information about the movies, such as the length and playback rates from
its movie directory repository. Using these information, a group of scheduling
tasks are generated. In general, we will allocate several (> 2) channels for
every movie. In Section 3.3.1.1 we introduce the usage of aggregate retrieval
bandwidth to form a single channel. This technique will be used in generating
channel 1. Then, we introduce the channel partition algorithm (See Table 2)
for every movie as described in Section 3.3.1.2.

33.1.1  Aggregate retrieval bandwidth

Usually, we choose the bandwidth from a single server for one channel.
However, for fully utilizing the resource available from every server, we aggre-
gate the bandwidth from a pool of servers for retrieving one portion of a movie
requested. Figure 3.6 shows a scenario in which a pool of servers from a server
cluster 51, ..., S, retrieve one portion £ of a movie, in a concurrent fashion.
It may be observed that m blocks of the movie are retrieved from each server
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concurrently, i.e., blocks labeled 11,12, 13, ..., 1m are retrieved from 57, and
11,12, ..., 4m are retrieved from server S;, and so on. Note that each server
renders a part of the portion £ of the movie in m installments. The order in
which these retrieved portions are presented is block 11, block 21, ..., block
nl, block 12, block 22, ..., block n2,...,block 1m, block 2m,..., block nm. It
may be noted that a single installment is of duration T secs, and the amount
of data retrieved from each server in each installment is different. Further, the
value of the parameter 7" is usually kept small, e.g., T' = 1sec and it is related
with the compression scheme of the movies and trade-off benefits between the
available aggregate bandwidth and the computational overheads. This is purely
an implementation issue that is beyond the scope of this chapter to discuss’.
Thus, in the above figure, all the blocks constitute the portion £ of movie, which
is retrieved by a pool of servers. As shown in Figure 3.6, we let the retrieval of
every block in the same installment begin and end at the same time instant. So,
the sum of the bandwidth from every server, i.e., > ,_; bwy (where bwy, is the
retrieval bandwidth of server Si, £ = 1,...,n) can be treated as the retrieval
bandwidth of channel £ (i.e., BW) at every time instant t = 17,7 = 1,...,m.
Once we know the size of the portion £ of movie, e.g., S¢ (it will be calculated
in the Section 3.3.3), we can obtain the m = [S¢/(T x > j_, bwy)] and the
individual size of every block constituting the first portion of the movie, i.e.,
Bij =bwyxTi=1,.,n3=1.,m

Theoretically, the idea of aggregate retrieval bandwidth can be used even for
other channels (i.e., channel 2, channel 3, ...) as well as channel 1. Here, an
aggregate channel bandwidth is formed using a set of channels with identical
start times. However, in general, different channels may have different start
times. To form an aggregate bandwidth using the channels with different start
times, we may need to devise an alternate strategy. This is one possible future
work as an extension to the strategy presented in this chapter. However, in this
approach, similar to the case with channel 1, for channels 2, 3,..., aggregate
bandwidth can be used provided these aggregate bandwidths are formed using
a set of servers whose bandwidths are available at identical start times.

3.3.1.2 Channel partition algorithm

We propose the Channel Partition Algorithm for partitioning channels for
every movie (see Table 3.2). Some important details of the algorithm will be
explained below.

(a) Strategy for forming Channell

"In Chapter 8 we show how this can be taken care of in a practical system.
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Table 3.2. Channel Partition Algorithm

A request for a movie 7 arrives.

Step 1. Choice of channel 1

1. Determine an aggregate (unused) bandwidth BW of servers that
have movie 7;

2. Determine BW™" = R, — BS;/L, of movie 7, where BS; is
maximum usable (or available) buffer space for retrieving the movie 7.
Note that BW ™" is derived from (3.1).

3. Calculate the maxjmum allowed bandwidth BW™** =
R, + BS,; /L, of movie 7.

4. IF(BW > BWmin)
The assigned free bandwidth for movie 7 is min(BW, BWe*),
ELSE

{

5. Among those channels that are currently in use (for these,
AST; # 0) or have been allocated to other movies, choose those channels
with bandwidth greater than R* and decrease it to R*. Note R* is the
maximum playback rate of movies which are using or will use the channel.
The reduction in the bandwidth for these channels can provide more
bandwidth for the current retrieval, and at the same time it does not affect
the continuity constraints. This tuning of the bandwidth is carried out until
the free bandwidth reaches BW™" or there are no channels with extra
bandwidth to be extruded.

}
6. IF(BW < BWmin)

The movie T will share the Channel 1 with other movies. In one
case, the movie 7 attempts to use the channel that is currently in use for
retrieving a movie. In the other case, the movie 7 shares the channel 1
with other movie(s) which have been allocated channels, but not used so
far. Thus, together with movie 7, all the movies will share the allocated
channels. In this latter case, the movie 7, in fact, becomes a member of the
group with the previously channel-allocated movie(s).

Step 2. We use the following rules for choosing other retrieval channels

1. We use servers with lighter loads (for load balancing);

2. When choosing channels from a single server, we choose those
channels with the minimum AST}, for shortening the retrieved portion in
channel 1 as explained before.
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With channel 1, we transmit the first portion of the movie(s) and hence, channel
1 determines the access times of the movie(s). However, it may happen that
the free bandwidth (i.e., AST = 0) from a single server may not guarantee
allowed minimum access times. For minimizing the access times, according to
(3.2) we adopt aggregate retrieval bandwidth available from a pool of servers.
Another strategy for the minimization of access times is by choosing a smaller
AST, for the second channel. From (3.2), smaller size of the first retrieved
portion (i.e., ;1) of movies probably leads to smaller access time. Also, from
equations (3.3)-(3.6) (presented in the Subsection 3.3.2), the smaller difference
between AST, and AST aids to decrease the size of the portion aq1. So, we
should choose as small AST, as possible for the second channel.

(b) Strategy for forming other channels

It may be noted that another objective in this chapter is to minimize the block
rate. Besides efficient utilization of resources, to achieve this goal, we try to
balance the total load among the servers. The basic idea is to choose other
channels (except channel 1) in servers with the lightest load. The total number
of channels in retrieving the movies is not strictly limited. However, two chan-
nels are at least needed. Channel 1 is used to realize the goal of minimizing the
access times and the second channel aids in balancing the server load.

(c) Buffer space requirement

Through the MSR method, we retrieve a portion of a movie (not the whole
movie) in a channel, so, we should use the length of that portion in the calcu-
lation of BW " and BW***, However, before scheduling, we do not know
the length of these portions. Hence, we use the entire length of movie 7 (i.e.,
L,) in the algorithm. Although the calculation of BW/" and BW™%% is ap-
proximate, any available bandwidth between BW " and BW%® can ensure
that the actual buffer space requirement is less than the maximum usable buffer
space. This is proven in Section 3.3.3.2.

(d) Generation of scheduling tasks

Following the channel partitioning, if one movie shares the same set of chan-
nels with other movies, the scheduling task is of type I, referred to as multiple
channels and multiple movies, otherwise it is of type Il, referred to as multiple
channels and single movie. Thus, we are now confronted with the problem of
retrieving the movie(s) belonging to each task in an optimal manner.
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Figure 3.7. Timing diagram of the first playback portion in every channel

3.3.2 Constraints imposed by the allowed start times of
retrieval

We now derive recursive relationships among the playback rate of the first
movie Ry, the bandwidths and the allowed start times, for all j.
1. Ry < BW; and Ry < BWj (Figure 3.7(a))
This is the case when the playback rate is less than the transmission rate.

AST; 4y — AST; < 21 R forj=1,..,N—1 (3.3)

2. Ry > BW; and R, > BW;, (Figure 3.7(b))
This is the case when the playback rate is greater than transmission rate.

Q1(i+1) Qi Mg+
AST; 1 — AST; <
ok TBWL T BW, T m
3. Ry > BWj and Ry < BWj, (Figure 3.7(c))
This is the case when the jth channel has less transmission rate than the playback
rate and the (5 + 1)th channel has greater transmission rate than the playback
rate.

Sforj=1,.,N~1 (3.4)

ASTj.1 — AST; <BWJ forj=1,.,N 1 (3.5)
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4. By < BW; and Ry > BW,; (Figure 3.7(d))
This is the case when the jth channel has greater transmission rate than the

playback rate and the (j + 1)th channel has less transmission rate than the play-
back rate.

o1y _ (o + o) ,
AST; — AST; < f =1.,.N—-136
Jt+l N + BW]'+1 — Rl , 10T 7 3 1 ( )

We observe that the continuity relationships during presentation are inherently
captured in the above set of equations, involving BW;, Ry, and AST}, for all
J values, respectively. Further, to determine a minimum (optimum) amount
of buffer space required at the client sites, we use the equality relationship
in the above set of equations. In other words, we solve the above constraint
recursive relationships using equality relationships to obtain the optimal sizes
of the disjoint portions of the respective movies.

Recursive relationship of o;;

With the causal precedence relationships, the playback continuity constraints
and different combinations of R; and BW);, we derive the following recursive
equations (see Figure 3.8 - 3.11) while minimize the buffer space requirement
and ensure the continuous playback of movies.

I. Ri < BW] and Ri < BW]‘.H (Figure 38)
(@). Riy1 < BWjand Ry < BWj

Qi+1))

Qij + X+1) O

fori=1,. (M—-1),§=1,. (N-1
B T BWn BWj+ 7o ori=1, i ( )7 =1, ( )
(3.7

(b). Riy1 > BWjand Ry < BW; 4

Qs (541) Qg Q(i41)5 .
— = fori=1,.. (M—1 —1
7 T BW,  Bw, T Bw, ot b (M=l =1, (V)
(3.8)

(©). Riy1 < BWjand Riy1 < BW;

O Qug+1) | QG+ Qg i1 | DG+

- = + + . (39
Ri  BWju  BWin  BW; R Rip G2

for i=1,...,(M=1),7=1,..,(N -1).
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Figure 3.8. Timing diagram of adjacent playback portions (when R, < BW; and R; <
BW;i1)

(d). Riy1 2 BWjand Riyy > BW; 4,

Qi %G QEHNGHD | Xy XY | HE+)G+D
Ri  BWjp BW;n BW; = BW; Riyv

for i=1,..,(M—1),j=1,..,(N-1).

(3.10)
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Since R;y1 < BWj and R; 11 > BW; can lead to BW; > BW; 1
while ?; > BW; and R; < BWj4; canlead to BWjy > BWj, the
case is impossible.

IA
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4. R; < BWj and R; > BW;,.1 (Figure 3.11)
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(d). iy = BW;and R, < BW,,, is impossible because of similar reason
with 3(d).

3.3.3 Movie retrieval scheduling strategy

The problem we are precisely attacking at this juncture can be described as
follows. We are given that there are M movies requested by the respective
users and there are )V channels that can be used to retrieve these movies. Every
channel have an AST} (i.c., allowed start time of retrieval). The problem is
to determine the exact (optimal) sizes of the portions to be retrieved from the
respective servers in such a way that the buffer space requirement is a minimum
while ensuring the continuous playback of movies. To achieve this goal, we
propose the Multiple Channels Retrieval Scheduling Algorithm

Multiple Channels Retrieval Scheduling Algorithm

Step A. Sort the channels (except channel 1) in the order of increasing AST)
values. The channels with the least AST; value will be scheduled earlier.

Step B. Sort the movies in the order of importance (e.g., some users have special
requirements for the access times of some movies). If all the requests have the
same importance, the movies with the shorter length will be scheduled earlier
(Shortest movie first (SMF)).

Step C. Derive the schedule constraints. These mainly include, (i) The temporal
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constraints imposed by the availability of channel bandwidths, namely the AST
values; (ii) The temporal constraints between adjacent playback portions; (iii)
The movie length constraints. A detailed description can be found in Subsection
3.3.2 and Section 3.3.3.1, respectively.

Step D. Calculate oy, i = 1,...,M,5 = 1, ..., N using the derived equations
in Step C. We will discuss the analysis in detail in Section 3.3.3.1.

Step E. Once we obtain a;; values, we can calculate the start times S7;; using
(3.22) below.

i1

ST, > AST; + 2:=1 gy =1, M,j=1,..N  (322)

’ .BVV‘7

The start time of transmitting every playback portion obtained from the above
step are then notified to the respective servers. Without under-utilizing the
bandwidth resource, we use the equality relationship in (3.22). Also we can
calculate the access times of the movies by (3.2). If the access time is less than
allowed maximum access time, the movie will be retrieved according to the
schedule, otherwise it will be blocked.

Some important details of the above algorithm are discussed in the following
sections.

3.3.3.1 Derivation of scheduling constraints

Three kinds of scheduling constraints are needed for computing the optimal
sizes of the portions of the movies, i.e., constraints imposed by AST} values,
constraints between adjacent playback portions, and movie length constraints.
The continuity relationships during presentation between adjacent playback
portions are used to derive the first two kinds of constraints mentioned above.
Further, we should also fully utilize the available bandwidth. The details of the
derivation can be found in Subsection 3.3.2. The movie length constraints are
given by,

N
Y oy =5, fori=1,.,M (3.23)
j=1

Thus, on the whole, we have, the number of constraint relationships resulting
from AST}; values is NV — 1, and these are obtained from the combination of
equations (3.3), (3.4), (3.5) and/or (3.6), the constraint relationships between
adjacent playback portions due to equations (3.7)-(3.21) (these are (M — 1) x
(N — 1) in number), and finally, we have M movie length constraints. Thus,
we have a total of M x N equations involving M x IV unknowns (cv;; values),
which can be solved to yield optimal sizes of the portions of the movies.
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Table 3.3. Known parameters (before calculation) in Example 1

| Parameter | Value (M B/sec) || Parameter | Value (min) |

BW, 0.40 AST, 0

BW, 0.35 AST, 10

BW, 0.45 AST; 40
R 0.42 L, 110
R, 0.38 I, 140

Now we shall demonstrate all the above theoretical findings through a numerical
example presented below. Example 1 clarifies all the calculations in detail and
is presented for the ease of understanding.

Example 1. Assume that there are requests for 2 movies and we have 3 channels.
Their parameters are listed in Table 3.3. Then, we can obtain 6(= 2 x 3)
constraint equations as follows.

(1). Since Ry > BW1, R; > BW,, we choose (3.4). Thus, we have,

12 [25%] Q19
ASTy — AST - a1 3.4
2 vt ew, T B, R, (3.24)

(2). Since Ry > BWy, Ry < BW3, we choose (3.5). Thus, we have,

a2
BW,

(3). Since Ry > BWh, Ry > BW,, Rs < BW,, Ry < BW5, we choose
(3.14). Thus, we have,

ASTy — AST, = (3.25)

Qe a2

—el e 3.26

R R (3.26)
(4). Since Ry > BW,, R < BW3, Ry < BW,, Ry < BWs3, we choose
(3.16). Hence, we have,

) 013
- = 3.27
R, _ BW, (3.27)
(5). The length constraint of movie 1 is given by,
an taptaz=>L xR (3.28)

(6). Similarly, the length constraint of movie 2 is given by,

Qo1 + gy + a3 = Lp X Ry (3.29)
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Table 3.4. Optimal sizes of the portions for Example |

I Parameter |Ozu | 0412| 13 |a21' Q99 I 93 I
| Value (MB) [ 309 | 684 [ 1779 | 619 [ 1502 | 1071 |

Table 3.5. Detailed results for Example 1

| Parameter | Value (M B) | Calculation Eq. || Parameter | Value (min) |

mi1 15 (331) STM 0
mio 114 (31) ST12 10
mi3 119 (31) STlg 40
may 31 (3[) STgl 13
mos 119 (31) ST22 43
mos 167 (31) ST23 106
m 119 (3.34) AT 0.6
Mo 167 (3.34) ATy 12.9

Using the above set of equations, we obtain the optimal sizes (see Table 3.4) of
the portions of the movies to be retrieved and other parameters (see Table 3.5).
In Table 3.5, AT; and ST3; (¢ = 1,2 and j = 1,2, 3) are calculated using (3.2)
and (3.22), respectively. Thus, the entire timing diagram is as shown in Figure
3.12.

If we use SSRS, i.e., movie 1 and 2 are retrieved from channel 1 and channel
2 respectively. The results for this case are m; = 132M B, my = 252M B,
ATy = 5.5minand ATy = 22min. Fromthe comparison of results, we see that
the MSR strategy in general, is better than SSRS. The subsequent simulation
experiments will further demonstrate this fact.

3.3.3.2  Analysis of buffer space requirement

In Section 3.2.3, we induct the equation of minimum buffer space require-
ment for a single portion, (3.1). Here, we will induct the equation of minimum
buffer space requirement for two consecutive (adjacent) portions in one movie.
Thus, we can calculate the actual buffer space requirement.

1. Ri < BW] and Ri S BWj_H(Figure 38)
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Figure 3.12. The timing diagram for Example 1

In this case, only after the playback of c; finishes, the retrieval of ;1)
begins. So, the buffer space requirement of a;; has no relationship with that
of cvy(j41)- Thus we can calculate individually the buffer space requirement of
every portion using (3.1).

2. R, > BWj and I?; > BW;((Figure 3.9)

In this case, when the retrieval of «v;(;11) begins before the playback of c;
begins, the buffer space requirement will be larger than the calculated value
from (3.1). The actual buffer space requirement is,

mi; = RHS of equation(3.1) + max(0,|CB| - |CA|)BW;1  (3.30)
where, |CBY, |CA| are time length as shown in Figure 3.9. Hence,
(XZ']‘BW]'
R;

Mij = 05 —

+ Kmaz, 3.3

where K,p. = max(0, F‘é—{/ﬁ% - %l - %)BWJ-H.

3. Ry > BWj and R; < BW,;(Figure 3.10)
Because of the same reason as case 1, the buffer space requirement is given by

3.1).

4, R, < BWJ and Ri Z BW,-+1(Figure 311)

In this case, when the retrieval of a;(;41) begins before the retrieval of av;
finishes, the buffer space requirement will be larger than the calculated value
from (3.1). The actual buffer space requirement is,

mq; = RHS of equation((3.1) + max(0,|CB| - [CA|)BW;41  (3.32)
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where, |C B, |C A| are time length as shown in Figure 3.11. Hence,
R;
Mij = Q5 — Vi =57 + Praa, (3.33)
7N TV BW, *

— Qigtl) Gy oy Oy )
Where, Pmax = maa:(O, m R; ( R; BW; ))BWj+1.

When 7 = N, for the calculation of m,;, we use (3.1). Once we obtain all the
buffer requirements for every portion of a single movie, we use

mi = maxj=1,. N(m ) (3.34)

as the maximum size of the buffer required. In the channel partition algorithm,
we determine the allowed retrieval bandwidth BW™" and BW™** with o
assigned the whole length of movie L. x R, = S; in the buffer space equation
(3.1). Infact, the actual buffer space requirement should be calculated according
to four cases (i.e., refer to Figure 3.8 - 3.11) discussed above with c;;. Although
the calculation of BW™" and BW"%® is approximate, the bandwidth between
BW™™ and BW™%% can ensure that the actual buffer space requirement is less
than the maximum usable buffer space. Following theorems testify these facts.

Theorem 1: In MSR strategy, any available bandwidth between BW /™" and
BW/"% can ensure that the actual buffer space requirement is less than the
maximum usable buffer space BS;.

Proof. Let the retrieval bandwidth be denoted as BW, during a particular re-
trieval phase of a movie . Also, assume that BW,””” < BW; < BWme*
holds. BW/™" and BW/"% are calculated from (3.1), and hence,

BW; R;
L,;XR,,;(I—min( ]I{/V,BR;/V

)) < BS, (3.35)

The actual buffer space requirement is determined by four cases, i.e., (3.31),
(3.33) or (3.1). In the following we prove that (3.31) (Figure 3.9) is less than
BS;.
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Yi(j+1) Yi(j+1) Qij

Firstly, consider the case when W R T -2 > 0. This implies that,
Qg Qi(5+1) Q(j+1) Oy
— (R, — BW; 0, — e f .
Ri ( 2 J) + ma/ff( BWj+1 Rj R1 )BWI+] (3 36)
a731 Qi(5+1) Qj+1)  Ouj
= —(R; - BW; — -~ —2YBW, 3.37
Ri ( 1 J) + (BWJ+1 Ri Ri ) j+1 ( 3 )
BW; BW;
< (1 — ——R?) + ey (1 - 4R?+1) (3.38)
(] 1

’I’HT’I’I(BWJ, BWj+1)
R;
BW;

)

< (s + i) (1 -

) (3.39)

< Ly x Ry(1 -

)< BS; (3.40)

; QiG+1) %Gyl @iy ;
Secondly, consider the case, when BW, 11 7, R < 0. This means
that,

Qi Qii+1)  Ki+l) Qg
“Y(R, — BW.: — _ 4 . )
R, (R, W;) + maz(0, BW, R R )BW,1 (341

BW; BW;

=) < L x Ri(1 - ——=) < BS,  (342)
So, if we use bandwidth BW;, the buffer requirement calculated from (3.31)(see
Figure 3.9) is not more than usable buffer space B.S;. Using similar method,
we can prove that (3.33)(see Figure 3.11) can also be satisfied. Besides, for
Figure 3.8 and 3.10,

BW; R
R, ' BW,

= a(1 -

R, BW,
BW, R,

Q{i]’(l - mm( )) < Ll‘ X R,(l — mm( )) < BSZ

(3.43)
Thus, we prove that only iff BW; satisfies BWZI""""'”' < BW; < BW", the
actual buffer space requirement is less than the maximum usable buffer space
BS;. O

Theorem 2: The buffer space requirement of SSRS is greater than or equal to
that of the MSR strategy.

Proof. In MSR scheme, actual buffer space requirement is determined by the
buffer space requirement equations of two consecutive portions case (one of
(3.31),(3.33)and (3.1)). In SSRS, actual buffer space requirement is determined
by (3.1) while a;; is assigned the whole length of the movie. In Theorem 1,
we have proved that the amount of bandwidth derived from (3.1) must ensure
that the buffer space requirement of two consecutive portions is less than the
maximum usable buffer space. Hence, if we use the same retrieval bandwidth,
the buffer space requirement of SSRS is certainly not less than that of the MSR
strategy. O
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3.3.3.3 Remarks

As far as the time complexity of the entire MSR process is concerned, the
following can be observed. In the channel partition phase, the worst time
complexity is O(A x N) (where A is the total number of requests) and for
generating the retrieval schedule, the time complexity is O(M x N). Thus,
each phase has a polynomial time complexity.

3.4. Performance Study

In this section, we compare the performance of SSRS and MSR strategies
on several system dependent parameters. The SSRS used in our simulation
can be described as follows. We choose the maximum value between available
bandwidth and maximum usable bandwidth calculated from buffer utilization
limit, as retrieval bandwidth. Then we calculate the access time. If the access
time is less than the maximum allowed access time, this request is accepted,
otherwise this request is blocked. Table 3.6 shows the system parameters (con-
stant and varying) and Table 3.7 introduces some common equations used in
the simulation study. In the simulation, we will explore the effect of the fol-
lowing parameters: 6, and Tp,,,. In Table 3.6, Ry can be an arbitrary value,
e.g., 0.42M B/sec (MPEG-II) since the concrete value of Ry will not effect the
performance comparison.

For the purpose of simulation, we restrict the number of movies that can be
stored in a server. Of course, in reality, one must have adequate memory to
store the movies, and without loss of generality, we assume that the servers have
sufficient storage capacity to store the same number of movies. Further, in the
simulation study, the movie length is a parameter that is uniformly distributed.
In the case of dynamic access rates, the access rates for movies changes with
time. In the case of static access rate, the access rate does not change. Ob-
viously, the dynamic access rate is reasonable model for a real situation. We
generate dynamic access rate through the change of the arrival rate during one
day. The arrival rate of the requests is assumed to follow a Gaussian distribution.
The arrival rate varies with respect to the time interval for every minute. Using
the above distribution, we calculate the arrival rate A; for every minute time
interval. In other words, we assume that the arrival rate is non-homogeneous.

The expected access rates of the movies and the relative loads on the servers
are assumed to follow a Zipf-like distribution®. The hot set parameter 6, or 0,
reflects the extent to which the distribution is skewed. The higher the value of
. or 6, are, the greater the difference between the access rates of the movies
or relative loads on the servers are, respectively.

8Reader may refer to details of this distribution and significance of all the parameters in [68].
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Table 3.6. Parameters in the VoD system simulation

I System Parameters | Symbol | Parameter Values |
Number of different movies M3 200
Number of servers N* 20
Per-server disk size B 10
(in number of movies)
The length of movie L uniform in {90 - 150min]
Playback rate R uniform in [0.5 — 2.0| Ry
Total requests in 24 hrs A 2000
Peak time i 240min
Std. dev. of arrival rate o 30
Maximum usable buffer BS; 60 Ry (in MB)
space of retrieving movie i
Maximum access time Toas 0.5,1.0,...,5min
Bandwidth of every server BW 3B Ry
Expected hot-set factor O 30/5(Very Sharp,
of movie access rate value is 0.0355)
20/5(sharp,
value is 0.022),
10/5(moderately
sharp, value is 0.0085),
5/5(Flat, value is 0)
Hot-set factor 0, 30/5(Very Sharp,
of actual server load value is 0.3595),
20/5(sharp,
value is 0.22),
10/5(moderately
sharp, value is 0.085),
5/5(Flat, value is 0)

3.4.1 Simulation experiments

We store M*® movies in N* servers according to an expected access rate of
every movie. The algorithm is as follows:

Movie Copy Placement Algorithm:
count « 1;
FOR i=1 to M*
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Table 3.7. Commonly used equations in VoD system simulation

| Relation | Equation |
Determine the request i = ﬁe_(i_“)z/mﬂ ,i=1,...,1440
arrival rate (per min)
Determine the expected | probability of accessing movie 4, P; = eiﬁel,
access rates of T =2 e=07 (i is the movie index,
movies from 8, T is a normalization constant), Zi\isl P=1
Determine the relative load of accessing server j, a; = e‘,ﬁ” ,
load of servers from 6, T = Z;V:s 1 e~%7 (i is the server index,
T is a normalization constant), Zi\: 105 =1

{
copy[i] « [N® x B x P;/ "M B;]; /*The number of copies of movie i*/
FOR j=1 to copyl[i]
{
Server (mod(count — 1, N®) + 1) is assigned a copy of movie i;
count « count + 1;

}

In the above algorithm, firstly, we calculate the optimal number of copies of
every movie according to the expected access rates. The movies with higher
expected access rates probably have several replications; the movies with less
expected access rates may not be stored in any servers. Thus, the overall
availability of a movie in the system matches the demand profile (though it is an
expected quantity). Secondly, we determine the strategic locations (servers) of
movies. In the above algorithm, it may be noted that we avoid placing the copies
of the same movie in the same server to the maximum possible extent. This is in
view of the fact that dispersed placement of the same movies makes the dynamic
access adjustment much easier. Thus, even if the access rates of movies change
drastically, depending on the access adjustment algorithms such as dancing
algorithm proposed by Wolf et al., in 1995 [112], the load to be accessed from
every server can be balanced to some extent and the available server bandwidth
is utilized fully. Obviously, if we know more about the dynamic relations
between the access rates of different movies, a better placement algorithm
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can be designed. Alternatively, one could attempt to propose an approach
to dynamically reconfigure the VOD system so as to alter the number of copies
of each movie maintained on the server as the access demand for these movies
fluctuates. This approach is also attempted in the literature.

Requests arrive with arrival rate A;, ¢ = 1,...,1440. In general, in a single
day, the parameter A; is a function of time (in minute). For every movie, the
number of accesses is controlled by the actual access rate of every movie.
In the simulation, we will measure the difference between actual access rate
and expected access rate with parameter §,. When 6, = 0, it means that the
expected access rates are the same as the actual access rates. The method of
generating the number of times movie i (i = 1, ..., M%) is actually accessed is
as follows.

(a). From the actual load to be accessed from server j, denoted as a; (j =

1,..., N®), we can determine the actual access rates of movies in the servers
using (3.44).

NS
as . s
qi:Z’l],;jE], 2:1,...,M (344)

J=1

where, 7;; = 1 only if there is movie ¢ copy in server j, otherwise n;; = 0. Note
that (3.44) cannot be used to calculate the actual access rates of movies which
have so small expected access rates that they do not be uploaded to any server.
For these movies, we assume actual access rates are the same as expected access
rates.

(b). After the calculation of actual access rates, we calculate the number of
times the movie 1 is accessed, A; with
Ag
MS
21 i
The effect of VCR control and caching strategy on the performance of single

and multiple movies retrieval strategies are almost identical and hence, we will
not consider them in the simulation experiments.

A; = (3.45)

3.4.2 Performance comparison

We now present some interesting simulation results for comparison between
SSRS and MSR schemes. We compare block rates, access times, buffer space
requirement and bandwidth utilization. Figures 3.13 and 3.14((a), (b) and (c))
show the comparison of average access times, block rates and buffer space
requirements of SSRS and MSR schemes, respectively. Further, Figure 3.13(d)
and Figure 3.14(d) shows the difference in bandwidth utilization of SSRS and
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MSRS. And every point in the curve is calculated using

1440
/ (BWssns(t) — BWssrs(t))dt (3.46)

t=1

where, BWarsrs(t), BWssrs(t) are the amount of bandwidth used with re-
spect to time in the respective strategies. Both Figure 3.13 and Figure 3.14
show the following common features.

From these figures, we see that, the average access time, block rate and buffer
space requirement of the MSR strategy are significantly lower than that of
SSRS. This performance improvement is mainly caused by: the optimal choice
of shorter playback portion derived through the set of equations presented in the
earlier section, an efficient utilization of the available server bandwidths using
the aggregate retrieval bandwidth, and balancing of the total load in a careful
manner among the qualified servers.

A. Performance under a variation of expected access rates with respect to the
actual access rates

" In the simulation, we use T = 5 min. Since we use 6, (i.e., hot-set fac-
tor of actual server loads) to tune the difference between actual access rates
and expected access rates, 8, is our choice of the x-axis parameter in Figure
3.13. From Figure 3.13(a), the average access time of SSRS is threefold the
access time of the MSR scheme. However, for strategies SSRS and MSR, the
difference between the expected access rates and the actual access rates has no
obvious effect on the access time. It may be noted that when the difference be-
tween the expected access rates and the actual access rates increases, the effect
of load balancing is weakened. Thus, the difference of block rate value between
these two strategies decreases. Because of the same reason, the difference in
the utilization of bandwidth between these strategies also decreases, as demon-
strated in Figure 3.13(d). It may be noted that the buffer space requirement, in
general, at a client site is determined by the retrieval bandwidth. The decrease
in the buffer requirements as 6, increase is mainly due to the use of less server
bandwidth resource for retrieval. This effect also manifests in Figure 3.13(b),
as the block rate increases.

When the difference between the expected access rates and the actual access
rates increases, it leads to a situation wherein some servers will be kept busy
while some other servers remain idle. Thus, the bandwidth available from idle
servers is wasted and more requests submitted at the busy servers are blocked.
In such a case, the MSR scheme has less bandwidth “tuning" space. In other
words, the effect of load balancing is “weakened". It may be noted that the load
balancing ability of MSR approach is the key reason behind the improvement
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Figure3.13. Performance comparison of SSRS and MSR strategies under a variation of expected
access rates with respect to the actual access rates

of block rates and not the access times. Hence, the difference in the block
rates between SSRS and MSR strategies becomes smaller when the difference
between the expected access rates and the actual access rates increases. On
the other hand, the performance improvement of the access time in the MSR
strategy is mainly due to a full utilization of the available bandwidth resource.
The requests that lead to larger access times will be blocked (i.c., they will not
be included in the calculation of average access time), and hence, the block rate
does not greatly affect the average access time. Thus, the load balancing func-
tion has no strong relationship with the improvement of average access time.
Hence, with respect to average access time in Figure 3.13(a), the performance
of MSR approach beats the performance of SSRS significantly.

B. Performance under different allowed maximum access times

In the simulation, we use 4, = 0. When allowed maximum access time Th,qz
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Figure 3.14. Performance comparison of SSRS and MSR strategies for different allowed max-
imum access time

increases, the average access time increases for both MSR and SSRS schemes.
However, the rate at which the average access time of MSRS increases is slower
than that of SSRS. As the scope of the parameter Trqz (0.5 min — 5.0 min) is
much smaller than the entire movie length, the increase of T.,,,, has very little
effect on the block rate for both the schemes. When T,,,,.. increases, smaller
retrieval bandwidth can be used, and thus more buffer space is required.

3.5. Concluding Remarks

In this chapter we have extended the idea of employing multiple servers
for long duration multimedia document (mainly non-stream object) retrieval
presented in Chapter 2 to a more realistic multiple client scenario. We have
considered several system dependent parameters such as, server bandwidths,
movie lengths, playback rates and the available buffer spaces at the client sites,
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in the design of MSR approach.

A systematic design of a MSR strategy for retrieving the movies has been carried
out with the goal of minimizing the client access times and the block rates. A
two-step hierarchical approach has been followed to attack the problem. In the
first step (allocate bandwidth), we strategically partition the available server
bandwidths for minimizing the access time and the block rate. In the second
step (scheduling phase), we determined the exact size of the individual disjoint
portions that need to be retrieved from each of the servers, which also decides
the amount of buffer space required at the client site. In each tier, sufficient care
is taken to design the algorithms considering the access rates, movie lengths,
playback rates, retrieval bandwidths, and the available buffer space at the client
site. The solution satisfying the system of equations generated also has the
inherent property of satisfying the continuity relationships while presenting the
movies to the users. The two-tier approach guarantees a timely retrieval of
movies and utilizes the available bandwidth efficiently. This approach provides
a general method of implementing MSR strategies for both static access rate
and dynamic access rate cases.

It may be noted that the TGS server designed in this chapter attempts to group
the requests into tasks for scheduling. There may be two possible cases - static
and dynamic. The static case refers to a predefined a number of movies in
a group, however, the grouping method chapter does not limit the number of
movies (i.e., requests) and hence, it is dynamic. The grouping depends on
current bandwidth resource availability. In other words, whenever the required
amount of bandwidth can be derived from a pool of servers, the allocation of
one movie in one task can always be carried out. Thus, the requests will have
shorter access time.

It may be noted that in the strategy we present in this chapter, a playback is not
triggered until the corresponding movie portion is downloaded completely by
the client. While this guarantees that there are no hiccups during the playback,
one can still initiate the playback as soon as a client is “adequately” filled with
video data to circumvent any data starvation at a later time. In fact, commercial
players use this technique. Thisis studied in the next chapter in which we present
an alternate way of implementing this multiple server scheduling technology
which may even deliver better performance, whenever possible.

Bibliographic Notes

A lot of research has been devoted to design several retrieval scheduling
strategies, e.g., retrieval scheduling for disk (single and arrays of disks) {80, 1 10]
and tape cartridges [62], for minimizing the access time of a requested docu-
ment, while maximizing the number of concurrent streams and minimizing the
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client buffer requirements. In [58], multiple channels retrieval is researched for
minimizing the number of tardy frames in end-to-end delivery of multimedia
data. These scheduling strategies are tightly related with the type of storage
media. In [55] a MOD service (server) architecture consisting of multiple pro-
cessors (nodes) connected by an interconnection network is proposed. The
objective of the study presented in this work is to maximize the throughput (the
number of video streams that this server can supply). The problem is to assign
streams to the interface node (the nodes that actually supplies the requested
video streams) from a set of potential storage nodes in such a way that the
throughput and the resource utilization are maximized. This is done by care-
fully balancing the load on the processors. Five different allocation polices are
designed and analyzed. This paper also considers the file replication problem
(in the view of improving the performance).

In [12, 13], the video streaming problem for a group of users (clusters) is con-
sidered and the optimal solution for achieving a minimum average bandwidth
is discussed. Further, it is argued that for dynamic interactive situations (using
VCR control functions), this problem is isomorphic to the Rectilinear Steiner
Minimal Arborescence (RSMA) problem. Since the latter problem is known
to be NP-complete, heuristic schemes are suggested and their performance is
evaluated. In [13], implementation details are provided. In [60] the authors
consider the interactive functions under a failure and overloading situations
in VOD server systems. The authors proposed an analytical model that takes
into account failure and overload server conditions and performs rigorous re-
coverability analysis. In [28], the authors extend and generalize the treatment
followed in [105] for the case of multiple servers and multiple clients and also
carry out load balancing across the servers.

Also, there are scheduling methods used in broadcasting like the Pyramid
Broadcasting [109], Permutation-Based Pyramid Broadcasting [3] and Skyscraper
Broadcasting [51]. In these schemes, basically, the idea is that each movie is
partitioned into several segments and broadcasted periodically, towards the goal
of achieving a minimum access time. However, broadcasting schemes have in-
herent disadvantages of making the client wait through the entire broadcast
batch to get his/her choice {41], while requiring high-end client capabilities.
An excellent compilation and comparison of various VoD techniques proposed
in the literature untit 1997 appears in [41]. However, all these works are limited
to a single video server.

A recent work in [85] considers employing multiple servers to retrieve MM
documents, however, from a different objective. In this work, the authors de-
sign a scheduling scheme, referred to as application layer broker, at the client’s
site. In this work, buffer utilization is the only performance metric. It presents
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an algorithm (referred to as application-layer broker (ALB)) that postpones
buffer overflow optimally. In other words, the retrieval from a server is de-
layed to prevent buffer overflows at the client end, in advance. In general, the
problem addressed in [25] can be described as follows. A collection of ob-
jects Oq, O, ..., O, should be available in the client buffer before certain time
t. Object O; can be retrieved from server j with retrieval bandwidth r;;(z).
When Z'j'-"zl bj > Bmaa (Where b; is the size of object i and B, is maximum
available buffer size in client end), the authors propose a method to generate an
optimal retrieval schedule that postpones the buffer overflow as much as possi-
ble. Also, this study assumes the retrieval bandwidth of every server is known
beforehand and based on this assumption the design of a scheduling strategy to
maximize client buffer utilization is carried out.

While this work is about retrieval scheduling, the contents of this chapter arc
concerned with the retrieval of various disjoint portions of the movies from sev-
eral servers. Moreover, with the problem formulation presented in this chapter,
knowing the amount of bandwidth required to retrieve a movie and the band-
width currently available with the servers, one can carefully balance the requests
such that the available bandwidth is catered among the requests and the access
times are minimized for the respective movies. We had also shown how to
determine the exact amount of buffer size required at the client end. An inter-
esting merge of this work with the work in [85], would be to invoke the ALB
algorithm after determining the buffer size at the client end with the scheme in
this chapter. As before, we can even consider average access time, block rate
as well as buffer utilization, as performance metrics.



Chapter 4

AN ALTERNATIVE RETRIEVAL STRATEGY: A PLAY-
WHILE-RETRIEVE APPROACH

In this chapter, we consider designing an alternate efficient movie retrieval
strategy that minimizes the access times of movies. The main difference be-
tween the strategy to be introduced in this chapter and the previous ones depends
on when the playback is initiated without suffering any hiccups for data. Most
commercial media players (software) practice this idea to minimize the waiting
time delays of the client. However, with existing VoD service architectures,
whenever the underlying network experiences long delays, the players at the
client end are bound to starve for data and result in presentation discontinuities.
Especially with connectionless oriented services, the effect of waiting times
amidst an ongoing presentation, due to unpredictable delays are significant. In
this chapter, we follow the idea of an “early start" strategy. However, as seen in
the earlier chapters, the underlying network architecture continues to use MSR
technology. While we remain in the MSR domain, we attempt to minimize the
access delays by initiating the playback of the first portion before the entire por-
tion is downloaded. One significant advantage during implementation of this
scheme is that whenever networks delays are sensed, the system can react in
advance by slowing down the retrieval from that channel and allow other faster
channels to transfer more data in the future'. Thus, MSR residing at the back-
bone, continues to play a crucial role in quality control and hence this scheme
is clearly a welcome one! In Chapter 8, we will discuss a practical prototype
that is designed and we specifically follow the strategy to be introduced in this
chapter in the design of that prototype.

In this chapter we investigate the following issues:

! Also, when client buffer spaces are not adequate, this strategy adapts and does the load sharing automatically.
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= We firstattempt to design and analyze a play-while-retrieve (PWR) playback
strategy for a multi-server environment. For this strategy, we use both the
single installment and multi-installment retrieval strategies to analyze the
performance of the system.

m For the above mentioned retrieval strategies, we explicitly derive closed-
form expressions for a minimum access time.

» Forthe case of multi-installment retrieval strategy, since the retrieval follows
several rounds of installments, we derive the ultimate performance bounds
(asymptotic performance analysis) that quantify the limiting performance
of PWR strategy. We demonstrate the presence or impact of a large scale
network as well as the impact of indefinitely increasing the number of in-
stallments with the PWR strategy, thus quantifying the performance of such
a multi-server service architecture.

»  We then address the problem of buffer management at the client site, which
is one of the closely related issues that has a significant influence on the per-
formance of the strategy. We derive relationships that quantify the minimum
amount of buffer expected at the client site to have a smooth presentation
with this multi-server service structure. We do this for both the single in-
stallment and multi-installment retrieval strategies.

= Finally, in order to test all the theoretical findings, we present some inter-
esting simulation experiments. In the experiments, we compare the per-
formance of the PWR strategy with that of the Play-After-Retrieval (PAR)
strategy and discuss certain important points that are crucial for implement-
ing a real-life working multi-server service system.

4.1. Service Model and Preliminary Remarks

As usual, we first present the problem more formally, describe the network ar-
chitecture that is considered, and introduce the necessary definitions, notations
and terminologies. We envisage the underlying network as shown in Figure
4.1. In the network architecture shown, each server serves its respective local
customers along with customers situated at other sites. The request for view-
ing a movie is individually initiated by local customers/clients on each server.
Upon an arrival of a request, the server first seeks the requested movie locally.
If this movie is available locally, then it is retrieved and presented to the user.
However, if the requested movie is not available locally, this original server
can obtain the information about the requested movie from other servers by
employing look up services, such as the directory service. Then the requested
movie can be retrieved from one or more servers employing the PWR proposed
strategy. In the following, we describe the basic retrieval mechanism employed
in this PWR strategy.
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"
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Figure 4.1, Architecture of a multi-server VoD system

4.1.1 Description of the strategy

We now describe the details of the PWR strategy. Consider a scenario in
which a requested movie is not available locally at the original server, denoted
as, S. Without loss of generality, we assume that the requested movie is present
atservers Sp, S1 and S». Let the total size of the requested movie be L, measured
in bits. The connection bandwidths of channels from other servers( in this case
Sp to S) to the local server(in this case server .S) are denoted as bw;, & = 0,1, 2,
measured in bits per second. Let the playback rate at the client site be R,,
measured in bits per second. Please note that in the other chapters both bw
and R denote the inverse of the corresponding parameters and are usually
expressed in s | MB. Once locating the respective servers having the requested
movie, server S starts retrieving the requested movie from these servers. Since
the design of the Service Module supports multiple servers, the movie will be
streamed from all available servers concurrently using separate connections.
This implies that the movie data will be partitioned into multiple portions and
streamed from each of these servers. In this running example, a portion of
the entire movie, denoted as m;, i = 0,1, 2, is retrieved from each server and
is collected by S in a particular order. Upon receiving the first portion of the
movie from Sy, the playback may start at the user terminal, when retrievals from
other servers are underway. As mentioned before, the presentation continuity
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is a major Quality of Service (QoS) requirement for a multimedia presentation.
Thus, in order to start the playback when retrievals from other servers are
underway, the size of the portion retrieved must be such that there should not be
any data starvation for playback. In other words, the size of the portion retrieved
must guarantee the presentation continuity. Now, the retrieval strategy must be
such that before the playback of this portion comes to an end, the next portion
of the requested movie data should be made available from S;. This retrieval
process continues until all the movie is retrieved from the set of servers.

The above example describes the PWR retrieval strategy in which server §
only retrieves one portion of the movie from each server. This strategy can
also be referred to as single installment retrieval strategy. On the other hand,
the retrieval process may be such that server S may retrieve movie portions
from each server in multiple installments. Thus, each server participates in
the retrieval process more than once. In subsequent sections, we will describe
these strategies in detail. In the basic retrieval strategy introduced in Chapter
2, a client is allowed to start the playback only after the client has received
the entire portion from the first server(Sy, in the example above). However,
in PWR retrieval strategy, this mode of operation is relaxed and we design
a strategy which allows an early start of the playback and at the same time
guarantees presentation continuity. Thus, as soon as the critical size, defined
below, of the first portion has been retrieved, the playback can be initiated on
the client site. In other words, the client can start play this portion while the
remaining portion is being retrieved and hence the name of PWR. The critical
size, denoted as cs;, ¢+ = 0,1, 2, is the minimum size of movie that a client
should retrieve before the playback of this portion could be started so as to
avoid data starvation and hiccups during playback. This critical size depends
on the available connection bandwidth of the channels and the playback rate
of the movie at the client site. Hence, this is somewhat a dynamic quantity
and must be recomputed every time before fetching the data. For every portion
that is to be retrieved from a server, PWR strategy recommends a critical size
that should be retrieved in order to avoid data starvation. Figure 4.2 shows the
whole process of the above example.

4.1.1.1 Determination of critical size

We now describe on how this critical size can be computed. This will be used
later in the analysis of PWR strategy. Consider a scenario in which a portion
of the movie of size m is to be retrieved from a server using a connection
bandwidth of bw demanding a playback rate of I, at the client site. The client
can safely start playing the portion after the critical size cs of this portion has
been retrieved. Figure 4.3 shows this concept. From the figure, we observe that
in order to guarantee a continuous playback, the time to retrieve the remaining
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portion (m — ¢s) must be not greater than the entire playback duration of the
portion /. In other words,

m _ m—cs

5 2

R, bw
Thus, by satisfying this condition (4.1), we ensure that the retrieval of the re-
maining portion will not affect the continuity of the playback at any time instant.
Further, when sufficiently large amount of bandwidth is available (high band-
width networks), i.e., whenever bw > R,,, we note that the playback can almost
start instantaneously, which is consistent with the PWR strategy. This means
that we avoid buffering the data. However, in reality, due to numerous reasons,
such as the constrains of the admission control mechanism and the network
bandwidth available between remote servers and this client, most remote VoD

(4.1)
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servers other than S cannot support each client with a connection bandwidth
that is higher than the playback rate, for example, 1.5Mbps for MPEG1. Hence,
without loss of generality, we assume R;, > bw hereafter. We have,

(Rp — bw)m

cs >
= R,

(4.2)
As soon as cs of one portion has been retrieved, we can start playing the portion
safely and the rest of the portion can be retrieved continuously while the play-
back is underway. From (4.2), we can see that the critical size bears a linear
relationship with the movie size for a given bandwidth and playback rate.

4.1.2 Some basic definitions
We will recapture certain definitions stated earlier for the sake of continuity
and introduce few additional definitions used throughout this chapter.

1 .Retrieval schedule distribution: This is defined as an IV ordered tuple m given
by,

m = (mg,m1,...,myN-1) (4.3)
where m; is the portion of the movie retrieved fromserver S;,7 = 0,1,2, ..., N—
1. Further,
N-1
> omp=1L (4.4)
k=0
and
0<m; <L, ¢=012....N-1 (4.5)

The set of all such retrieval schedule distributions is denoted as I".

2.Critical size distribution: This is defined as an N ordered tuple ¢s given by

cs = (¢Sp, €81, ..., CSN_1) (4.6)
where cs; is the critical size of corresponding portion m;, ¢ = 0,1,2,..., N—1.
Using equality relation in (4.2), we have,
R, — bw;)m,
s, = o = bwi)ms @.7)
Ity

3.Access Time: This is defined as the time between the instant at which the
servers start transmitting their portions and the instant at which the presentation
starts. This is denoted as, AT'(m). According to the scheme motioned before,
together with a practical perspective, we have,

max{csg,d}

AT = (4.8)

b’wo
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where bwy is the connection bandwidth of the established communication chan-
nel from Sy to S (supposing the first portion is retrieved from Sp). ¢ is intro-
duced in (4.8) to present the minimum size that a video player needs to initiate
a playback. d depends on the video stream, i.e. the codec used, but it can also
depend on player being used. Because the value of § only affects the access
time, regardless of the retrieval strategy, without loss of generality, wesetd = 0
hereafter.

4 Minimum access time: This is defined as ,
AT*(m*) = minperAT(m) (4.9)

where, m* = (mg,...,mjy_,) € ' denotes an optimal retrieval schedule dis-
tribution of the entire movie.

Thus, from above set of definitions and the strategy, the key objective is to min-
imize the access time by determining the optimal sizes of the portions of the
movie to be retrieved from different servers involved in the retrieval process.

4.2. Design of Movie Retrieval Strategies

In this section, we shall attempt using single installment and multi-installment
retrieval strategies in the design of PWR and determine the optimal sizes of vari-
ous portions retrieved from all the NV servers in order to achieve minimum access
time.

4.2.1 Single installment strategy

The movie portions are retrieved in a specific order from the servers. We
will assume without loss of generality that this order is Sg to Sy—;. Each
server participates in the retrieval process only once for a client and hence the
name single installment strategy. We now derive a closed-form solution for
the minimum access time following this strategy. In Figure 4.4 we show the
retrieval process using a directed flow graph comprising communication nodes
(retrieval) and playback nodes. The arrows capture the precedence relationships
in the retrieval and playback portions. For example, portion ¢ can be played after
portion (i — 1) and after receiving its critical size. Note that the weights of the
nodes are indeed the communication and playback durations of the respective
nodes. From this figure, we can derive a relationship between the retrieval of
portion 4 and (i + 1) and the playback time of the portion i, with the use of
causal precedence relation and continuity constraint as,

CS; my CSj+1

bw; Ry, — bwiyq

(4.10)
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Figure 4.4. Directed flow graph representation using single installment strategy for movie re-
trieval from NN servers

By using (4.7) in (4.10), we can get

(Rp — bwi)mi my (RP - b’LU.H_] )mi+1

mi 411
Rjbw; Ry~ Rjbwin @11

Further Rb
. < pOWi+1770; 4.12
TS R bwie by (4.12)

Let us denote Rpbw;y1/(Ry — bwi1)bw; = p;. Rewriting (4.12),we have,

M1 Smipi> 7‘:01117N_2 (413)

This equation means that the amount of a portion could be determined, given
the information of the previous portion and servers’ bandwidths. Then, the
above equation represents a set of recursive equations that can be solved under
equality conditions. Note that the use of equality relationships in (4.12) and
(4.13) results in the maximum size of all the portions other than mg. Hence,
using (4.4) we obtain a minimum value for my, equivalently the minimum csg.
In other words, we obtain a minimum access time. Thus, we have a recursive
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set of (N — 1) equations with equality relations from (4.13). Each m; can be
expressed in terms of myg as,

i—1
mi =mo [[ e, i=1,2,...,N -1 (4.14)
k=0
Thus, the above set of (N — 1) equations given by (4.14) together with (4.4)
are solved to obtain the individual disjoint portions of the requested movie.
Substituting each m; from (4.14) into (4.4), we obtain,

L
N-1p—1

1+ZHPk

p=1 k=0

mg =

(4.15)

Substituting (4.15) in (4.14), we obtain the individual sizes of the portions as,

i-1
L] e
k=0 .
m; = Nl 1=1,2,...,N -1 (4.16)
14> 1L
p=1 k=0
Thus, the access time is given by,
( 1 1
R, —b bwo R,
AT (mry = 0 - Bp—buo)mo __ bwo Ry (4.17)
b’LU() prw() N-1p-]
(I + Z H Pk)
p=1 k=0

1t may be noted that only when R, > bwy PWR strategy becomes meaningful.
This is because of the fact that in the case of high bandwidth connections (more
than the playback rate would demand), employing a pool of servers has no
tangible effect on the access time.

4.2.1.1 Homogeneous channels

We consider a network with identical connection bandwidths among servers
,l.e., bw;, = bw, foralli =0,1,..., N — 1. Inthis case, using (4.15) and (4.16),
the individual sizes of the portions retrieved from the servers .5; are given by,

L{p~1)
) 4.1
my= M= Dty N (4.19)
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Hence, the access time is given by,

AT*(m*) _Cs L(p - 1)

Tbw o p(pN - Dbw *:20)

Remarks on the effect of sequencing: The strategy described above, assumes
that the retrieval follows a fixed sequence, i.e., from Sy to Sy_;. However,
it may be noted that given a set of N servers, we have N! retrieval sequences
possible. Following the steps described in Chapter 2, even for the PWR single
installment strategy, we can show that the access time remains independent of
the retrieval sequence. Below we present a Lemma and a theorem that proves
this claim.

Lemma 1. Let the access time of a requested movie file by the server S be
denoted as AT (m, o(k,k+1)), where o (k, k+1) (this sequence is given by Sy
to Sy _1 in that order?), denotes the sequence in which the requested movie file
is retrieved from the servers. Then, for a sequence ¢’(k, k + 1) (See the order
below.?), the access time AT (m’, o’ (k, k + 1)) is equal to AT (m, o (k, k + 1))
where, o’ (k, k + 1) denotes a retrieval sequence in which the adjacent channels
k and k 4- 1 are swapped, i.e., portion from server Si1 is retrieved first and
then from server Sy.

Proof. The denominator of (4.17) can be written as :

denom(m) = 1+4pg+popr+pop1pz+... = L+po(l+pi(L4+p2(...))) (4.21)

We can distinguish two cases depending on whether the first server Sy is in-
volved or not. If Sy is not involved, when a switch is made between two
successive servers, the new denominator is different from the original one in
three p terms. This difference can be written as:

—1
denom(m’) — denom(m) = Z P
7=0
pibw; pi—1bwi—y - piribwip
1 1 4.,
bwi—l bwz'+1 ( b/LUi ( + P +-5( ))))

—pi1(L+pi(T+ i (L4 piys(c))))] (422)

With little algebraic manipulation, the above equation returns zero. In the
second case, where the first two servers S and .Sp are switched, the difference

2(‘5'0, S1y e Sk-1, Sk Sk+1, Sk42, SN 1) is the sequence.
j((S(), Sty Sk—1, SkJr], Sk, Sk+2‘ ‘-'SNfl) is the sequence.
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in access time is,
1 1 1 1

L

T
AT(m) — AT(m') = —o0_Fp w1 Ry

denom(m) denom(m’)
(5= = 7 Menom(m') = (- ~ =-)denom(
o Ry m by R, enom(m)
-7 : (4.23)
denom(m)denom(m’)

By using (4.21){denom(m) and denom(m') differ in two p-terms, pg and p1),
the numerator of the above fraction becomes equal to

1 1 R wa R b’w2
A . g 1+ paf...
(bwo Rp)( + (Rp — bwg)bw, + (Rp,bwz)bw()( +p2(-))))
1 ! Rpbuy R,bws
o R 1 p p Y eaa
(bw1 Rp)( * (Rp — bwy)bwy (Rp—bwz)bwl( +p2(..))))
(4.24)
which in turn can be immediately proven to be equal to zero. 0

Therefore, one can easily conclude that the order in which the portions are
downloaded only affects the respective size distribution, but not the access time
when the retrieval order is changed. We prove this claim in general for the case
of N servers, as follows.

Theorem 1.  Given a pool of N video servers capable of rendering the re-
quested movie file, using the PWR single installment strategy, the access time
is independent of the retrieval sequence used.

Proof. One can easily prove the theorem with the aid of Lemma 1. Any valid
sequence of servers can be derived from a single sequence by switching the
positions between adjacent servers. Lemma 1 guarantees that these operations
do not affect access time. a

4.2.2 Multi-installment strategy

In this section, as opposed to the idea of retrieving the movie portions from
each server in one installment, we attempt to design a strategy in which each
server takes part in the retrieval process for more than one installment. This
strategy is referred to as multi-installment strategy.

Thus, starting from server Sy to Sy_1, the individual portions retrieved in
the first installment are, mo g, . .., my—1,9, in the second installment we have,
™Mo, - - ., MN-1,1, and so on, until the n-th installment, given by, mg -1, - ..

il
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MN_1,n-1, Tespectively. Similar to the single installment strategy, the conti-
nuity of the presentation must be guaranteed during playback using this multi-
installment strategy.

4.2.2.1 Recursive equations and solution methodology

Figure 4.5 shows the entire process of this retrieval strategy. Let m, ; rep-
resents a portion of the total movie retrieved from server S; during the j-th
installment, where j = 0,1,...,n — 1. Thus, there are a total of Nn por-
tions of the movie that are retrieved from servers Sy to Sy—1 in n installments.

Further,
N—-1n-1

Y muy =L (4.25)

i=0 =0

Let c¢s; ; denote the critical size of the corresponding portion m; ;. Similar to

(4.7), we have,

(RP - bwi)m,-,j
Ry

It can be deducted from Figure 4.5 that the causal precedence relations and the

continuity relationships impose the following inequalities:

Csij =

(4.26)

CSk.0 Mo CSk+1,0

k=01,..., N -2, 4.27
bwk Rp — bwk+1 ) b ) 3 ( )
Fort=1,2,...,n — 1, we have,
N-1 k-1
Z Mpi—-1 me
p=ktl PO SOk p g1, N1 (4.28)
Rp bwi

The minimum size of ‘mg g, which determines the minimum critical size can
be obtained by seeking the maximization of all other m; ;. This goal can be
achieved by using the equality relationships in (4.27) to (4.28) together with
(4.25). We obtain,

prw'HAl . .
Ty =M — ) i=0,1,...,N -2 4.29
Mi1,0 = Mg <(Rp — b’wiﬂ)bwi) 1 =0 ) ( )

For: =1,2,...,n— 1, we have,

N-1 k—1
by,
Mpi = Z mp,i—l’{*Zm«p’i —R—, k=0,1,...,N — 1.
p=k+1 p=0 P
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Figure 4.5. Directed flow graph representation using multi-installment strategy for movie re-
trieval from N servers
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Since access time is now a function of both the number of servers (N) and the
number of installments (n) used, we denote the access time produced by the
multi-installment strategy, as AT'(N,n). The access time is given by

maxz{esoo,d}

AT(N,n) = (4.31)

buyg
where ¢sg g can be obtained by solving the recursive equations (4.29) to (4.30)

together with (4.25) above. Note that the complexity of this procedure is
O(Nn).

4.2.2.2 Homogeneous channels

Although the generic case posed above is too complex to solve in order to
obtain a closed-form solution, for the case of identical connection bandwidths
we attempt to derive an expression for the access time given by the multi-
installment strategy. Thus, the above set of recursive equations ((4.29) and
(4.30)) can be rewritten as,

R
MEo = mk“l'o—ﬁ—ib——’ k=1,2,...,N —1. (4.32)
» — bw

Then, fori = 1,2,...,n — 1, we have,

N-1
My = Z Mpi— 1+Zmpl R —b’LU kio,l,...,N—*l.
p=k+1
(4.33)
Denoting bw/(R, — bw) as o, we have,
Mmoo =me-10(l+0), k=1,2,...,N-1L (4.34)

Fori=1,2,. — 1, we have,

My = Zmp,qume o, k=0,1,...,N-1. (435)
p=k+1

Now, each of the my o,k = 1,2,..., N — 1 from (4.34) can be expressed as a
function of my g as,

meo = mooP (o, k) (4.36)

where, P(c,k) = (1 + o)¥. We define a transformation k = i(n — 1) +
4N and denote the portions of the movie retrieved from Sp, S, ..., Sy..; inn
installments as Qy, k = 0,1, ..., Nn — 1, where k is as defined above. Thus,
with this transformation and using (4.34) and (4.35), we generate the following
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J
m;; k||O 1 2 3 4 5 6 7
00 0)y1 0 0 0 O 0 0 O
0 1)1 10 0 O O O O
20 291 21 0 O O O O
30 31 3 3 1 0 0 0 O
o1 40 3 6 4 1 0 0 O
Lr sy4y0 2 8 10 5 1 0 0
21 630 1 8 17 15 6 1 O
30 70 0 6 22 31 21 7 1

Table 4.1. Coeflicients table for multi-installment strategy

Table 4.1. We have shown the table for N = 4 and n = 2 case. The entries in
each row of the table are the coefficients of the respective powers of o. Thus,
the maximum number of columns and rows will be 7, i.e.,, (Nn — 1). As an
example, my 1 corresponds to the row (s, given by (4.35) as mg (20 + 802 +
1003 4 504 4+ %), and the entries in the table are precisely these coefficients
of the various powers of o. Thus, generalizing this idea, we have the following
(boundary) conditions and a recursive definition to generate a particular entry
E(i, j) in the table for arbitrary N and n. The boundary conditions that generate
entries for the first installment n = O are given by,

E(k,0)=1, Yk=0,1,... N1, (4.37)
E(k,0)=0, Vk=N,... Nn—1, (4.38)
E(k,7) =0, Vi>k, andk,j=0,1,...,Nn -1, (4.39)

E(k,j) =E(k—1,j — 1)+ E(k—1,5), Vk=1,2,...,N—1 (4.40)

Note that the first entry £(0,0) is always assumed to be equal to 1, for nor-
malization purposes. Now, for the remaining rows, Qn, @1, @Nn--1,
Vek=N,N+1,...,.Nn—-1, j=1,2,...,Nn — 1,we have,

k-1

Ek,j)= Y, E(pi-1), (4.41)
p=k—N-+1

Thus, in the example, we have for Qs = m; ; = mgo(E(5,0) + E(5,1)0 +
...+ E(5,4)0* + E(5,5)¢®). This is the polynomial shown above. Following
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this notion, we can write m, ; as,

k
my; = Qr = Moy ZE(k:,'i)(ri, Vk=1,2,...,Nn—1, (4.42)
=0

We have a total of Nn unknowns with (Nn — 1) equations. As in the previous
section, together with the normalizing equation,

Nn—-1 i

moo Y, Y E(i,j)o’ =L (4.43)

i=0 ;=0

we have a total of Nn equations to solve for all the unknowns. Note that each
of the m; ; can be expressed in terms of myg o, by using (4.43), we obtain,

L
m =
00 = Nno1 4 ’

> > B, )0’

i=0 j=0

(4.44)

where, E(i,7) is generated by using (4.37) to (4.41). Thus, given a set of N
video servers having identical connection bandwidths, we obtain the optimal

sizes of the movie portions to be retrieved from each server by using (4.37) to
(4.44).

4.2.2.3 Asymptotic analysis

It is of natural interest to examine the impact of using a large number of
servers and large number of installments, as both these parameters influence
the performance. It may be noted that the parameter n is software-tunable, and
hence the system designers can use this parameter to improve the performance
by increasing the number of installments whenever there are fewer servers
available for servicing. At the same time, when the system is large, the number
of installments that can be used may be small. Thus, the flexibility of tuning the
parameters (/V and n) of the system serves as a QoS assurance to the client by
the service provider. Finally, we will attempt to derive asymptotic performance
bounds when the number of installments tends to be large (infinity) and the
number of servers in the system is large (theoretically tending to infinity). These
bounds serve as invaluable measures in quantifying the performance of the
system. That is, we want to obtain:

AT(N,00) = 1LI§OAT(N, n) (4.45)
AT(co,n) = lim AT(N,n) (4.46)

N-—o0
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Using (4.37) through (4.41), we can rewrite (4.43) as,

mo ol = L (4.47)
where I is given by,
Nn—1 Nn-1 Nn—-1
F=|Y E@,0+0 > E@1+...+c"" > E(i,Nn-1)
=0 =0 i=0

Equation (4.47) can be written as

Nn—1

moo | > R()o? | =1L (4.48)
§=0
where,
Nn—1
R(G) = Y E(,9) (4.49)
i=0

and is defined as the coefficient of o7 in (4.48). In order to evaluate (4.45), we
need to compute,

L

lim moo = hm m__—]"—— (450)
> o7R(j)
j=0
From (4.41),
lim R(j) = > EG-1,j-1)+Y E(i-2j-1)
2=0 1=0
o0
+ ..+ E(i-N+1,j-1) (4.51)
=0

which, upon using (4.37) through (4.40), reduces to:
lim R(j) = (N —1) lim R(j — 1) (4.52)

n—oo n—oo

However, from (4.37) we know that,

R(0) = N (4.53)
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Hence,

i(ﬂ(hm]? ) = N+ N(N 1o+ N(N - 1)%s*

0 n—o0
=
+ N(N-13%+. .. (4.54)

The above equation can be further simplified depending on the condition we
impose on the factor (N —1)o. The following are the two different cases which
may arise.

Casel: (N - 1llo <1
For this case, it can be readily seen that (4.54) can be written as

Eac N
J i Ne Y .
Z" A RO = TN T (4:33)
J=0
Thus,
lim mg o = u%ﬂL (4.56)

Case2: (N-1)c>1
For this case, it is obvious that (4.54) will not converge to a finite value. Thus,
it can be seen that

lim mgg =0 (4.57)

n—o0

Now, we shall evaluate (4.46). From (4.37) through (4.41), we observe that as
N — o,
Zf\;%_l ‘oo E(i,j)o7 — oo. This means that,

lim mopo = 0 (458)
N0

Summarizing the results, we have,

AT(N, ) %ﬁ‘f if (N=Do<1 (459
= 0, otherwise (4.60)
AT(co,n) = 0, (4.61)

Further, (4.59) can be rewritten as,

AT(N, 00) = <

Ry — Now bw) (4.62)

NbhwR,

Now, when the number of installments is chosen to be sufficiently large and
for a given bw, in order to obtain a specified (user defined or guaranteed by the
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service provider) access time, we can derive the minimum number of servers
required as:

R,L
Nopiny = | o2 .
[(R,,AT + L)bw] (4.63)

On the other hand, when N is fixed, the minimum bandwidth needed to achieve
a desired access time is given by,

R,L
b min = —— P .
Hhmin [(R,,AT T L)N] (464)

We shall testify the above theoretical findings through simulation tests later in
this chapter.

4.3. Buffer Management at Client Sites

The client’s system requirements have always been considered as one of the

most important concerns during the design and implementation of the system.
The main reason for the concern lies in the fact that any successful commercial
application should always assume minimum requirements at the client site for
the service to be attractive.
By and large, one of the most important requirements at the client site refers to
the minimum amount of buffer size expected. The buffer space requirements
include the space to store the incoming stream under normal conditions, the
buffer space needed to prevent overflow situations under abnormal conditions,
and the buffer space that the local media-player? requires for implementing its
VCR-like control functions such as rewind, fast-forward, pause, stop, etc.

4.3.1 Analysis on buffer occupancy

The client buffer size demanded by the PWR single installment strategy,
Biingle, can be derived as follows. Since the buffer occupancy is different at

“Different media-players may impose different requirements for a smooth playback
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different intervals of retrieval durations, we have:

B.H"i,‘f),_l}’,(i =

(4.65)

=
o

bw;t, if Condition Al

0]

=z
L

bw;t — aR,(t — ATgng), if Condition Bl

I
=)

N-1
mo + Y bwit — aRpy(t — ATyingie), if Condition C1
=1
7—1 N-1
D mi+ Y bwit — aRp(t — ATyingie), if Condition D1
i=0 i=j
N-2
Z m; +bwy_1t -~ aRp(t — ATgingie), if Condition E1
i=0
o

[

m; — aRp(t — ATyingle), if Condition Fl

i

i

where, the conditions Al to F'1 are as follows.

Condition Al:

Condition B1:

Condition C1:

Condition D1:

Condition E1:

Condition F1:

Condition Al: 0 <t < ATjngie

ATS'/',nglﬁ <t < LR

bwo
mo mi
bwo - bw1
Tl << U
b’LUj_l - bwj
mN-2 < mMN-1

t
bwy_o — bwy 1

my-1
bwn 1

<t< (RLP + ATS'L'ngle)

In the above equations AT;, 4. denotes the access time achieved by the PWR
single-installment strategy. « is a parameter controlling the buffer occupancy,
either, by flushing the buffer that is currently consumed (o = 1), or, by retaining
the retrieved data without flushing until the end of the presentation (a = 0).
The former case is typical of an application such as pay-per-view kind of movie
services and the latter is typical of an application such as interactive movie
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viewing services on networks. Thus, any value of 0 < o < 1, is a measure
of the extent to which interactivity is provided by the service provider. Hence,
depending on the current network and server loading conditions, the service
provider may vary the value of « for clients, thus exercising different levels of
interactivity with the server systems. This may also be a measure of QoS and
hence the pricing for users may be varied as per a client’s interactive require-
ments.

N—1 ‘
When Z bw; < aRRy, the minimum buffer size’ expected of single installment

i=

retrieval strategy would be,

; bw
;%Tglze = 7;080 (4.66)

N-1
However, when Z bw; > aRyp, Bsngle willincrease until portion m j has been
i=0
N—1 N-1
totally retrieved from server S;, where Z bw, > aR, and Z bw, < aR,.
i=j =

Then, BJ2", would be

J

g N-1
in bw,,; ms
:megle = Zm' + Z ( m/> . O‘Rp(bw] - ATsingle) (467)

- N bw,-
i=0 i=j+1 :

SWe denote this as B,
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Similarly, the size of buffer space demanded by the PWR multi-installment

strategy B, 1S given by,

Bmulti =
N1
= ) bwt, if Condition A2
=0

(4.68)

= Z M) + Z bwit — aRy(t — AT ), if Condition C2

= Z bw;t — — AT uni), if Condition B2
=0
n—1 N-1
=0 i=1
k—1n— N-1
=0 i= i=k
—-2n—1
m
i=0
N-1n-1
=D >m
§=0 =0

where, the conditions A2 to F'2 are as follows.

Condition A2: 0 <1t < AT uui

. S Mo
Condition B2: AT, <t < %
wo

n—1 n—1
i i m ; L m .
Condition C2: Z—“O—O’Z <t< h__li

wo - bun
n—1 n—1
" . ML .14 o me -
Condition D2: 2izo M1 <t< 20 M
bwk—l bwk
n—1 n—1
Condition E2: Lizg N2 <t < 2ig MN-Li
WN-2 b’LUN~ 1
n—1
. . m _ . L
Condition F2: _Z_Z—_O_’L_li <t < (= + AT i)
b R
WN -1 D

5i — Ry (t — AT ,), if Condition F2

n—1
> myi+ Y bwit — aRp(t — ATpy), if Condition D2
0

1
0
N
= > > myi+bwy it — aRy(t — ATpuu), if Condition E2
5=0

In the above equations AT,,,;;; denotes the access time achieved by the PWR
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N-1
multi-installment strategy. Now, in the case of Z bw; < aR,, the minimum
=0
of buffer size demanded by multi-installment retrieval strategy® would be

; bw;
Tlti = Z b - 090 0 (4.69)
1=0
N=1
In the case of Z bw; > aRy, By will increase until portion m 1, the
i=0
N-1

last portion from server .S}, has been totally retrieved, where Z bw; > aR,

=3
N-1
and ) bw; < aRp. Then, B, would be,
i=j+1

j n-—1 n—1
raniTllti sz:k + Z (bw, Z ;,',k;)

=0 k=0 =g 41 Wi k=0
n—1
> mik
R, | &2 AT, 4.70
- Qiyy | —/—/ — maulti ( . )
bw;
j

4.3.2  Buffer size availability constraints

As the buffer size is of fixed-size in any commercially available client ma-
chine, it will be wiser if the pre-allocated space during system initialization for
this VoD application can be reused without further invoking a memory alloca-
tion service from the operating system. Clearly, if the OS renders a smaller than
appropriate buffer space an overflow will be caused resulting in jitters during
presentation. On the other hand, a larger than required buffer will not improve
system performance. As far as the performance of this strategy is concerned,
an important question to address is as follows: Given a buffer size of B bits
at the client site, can we expect a continuous presentation by using the PWR
multi-installment strategy? To answer this question, we need to consider both
the buffer occupancy and the access time. For the ease of analysis, we only
consider the case of homogeneous channels and set « = 1. Note that @ = 1

We denote this as BTV™, .



116 DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

implies that the system is of pay-per-view kind of service framework.

In order to compute the minimum buffer size expected at the client site, we need

to determine exactly the time instants at which these servers finish transferring
N-1

their last installments to the client. When Z bw; < ali,, from (4.62) and
i=0

win Ry~ Nb
lim B, = (717 “’) L (4.71)

n—a Rp

(4.69), we deduce

N—-1

However, when g bw; > aRy, it is complex to determine the time instants
=0
at which these servers finish transferring their last movie portion except from

the last server. To clarify this aspect, we now consider an example that allows
us to explicitly derive the equations that govern the time instants at which these
servers finish transferring their last installments.

Example 1. Consider a scenario in which the requested movie is supplied by

3 servers, Sy, Sy and S by using multi-installment strategy. From (4.35) we
have,

mo; = o(my;+mg,)
mi; = o(mo; +mai-1)

O'(mg‘i_l +1’I’L1’i~1), 1=0,1,...,n—1 (4.72)

g
I

Further, (4.72) can be rewritten as,

n-—1 n—1 n—1

E ma; = of E mi + E moy)

i=0 i=0 i=0

1 n—1 n—2

E my; = of g mo,; + E ma.i)

i=0 i=0 i=0

n—1 n—2 n—2

Y mo; = o) maa+ Y may) (4.73)
=0 1=0 i=0

Note that when we divide the left sides of each of the above expressions by the
connection bandwidth bw, we can compute the time instants at which the last
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installment will be completed. Now, we have,

n—1 n—2
_5_ mas E ma,
i=0

=0

— =(140)—0 — (4.74)
Z mi; Z mig
=0 i=0
Further,
n—1 n—2
Z migs Z mis
=0 _ =0

)
E ™Mo, g M2

=0 =0

When the number of installments tends to be large (infinity), n — oo, werealize
that

n—1 n—2
E Mk E Mk
=0 1=0

— == (4.76)
Z 'm,j,i Z 'm,j,i
=0 =0

This means that the ratio of the sizes of the loads between different servers
remains more-or-less identical when a very large number of installments is
considered. Thus, by using (4.75) and (4.76) in (4.74), we have,

00 -1

o]
E mas E M4

20— (lqo)- | 1401+ (4.77)

o0 x>
E mi E ma.q
=0 i=0

Similarly we have,

(e 0] [o.@]
E mi E maq
1=0 =0

= —(l+40)- |1+ =

x> 0
E mo g mis
i=0

i=0

(4.78)
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From (4.77) and (4.78) we conclude,
oo 0
Domai Y M
=0 =0
00 -
> mai Y mas
i=0 i=0

Equation (4.79) means that the loads on these 3 servers, from S to S;, form a
geometric progression. In fact, this holds true for using any number of servers.
Now denoting the ratio between the loads on the adjacent servers as -, we can

(4.79)

express,
o0 ) o0
ij,i = ’)’J }:mo’i (4.80)
i=0 i=0
Further,
ad = bwl
> =Ny mei = (4.81)
i=0 i=0 P

Thus solving equation (4.81) we obtain the value of y. Together with (4.70),
we have:

N—-—M-1
lim Bpin, = > bw i) M’Y_M ML (4.82)
00 multe Rp Rp .

i=()

where,

bw
The minimum buffer size required by the PWR multi-installment strategy is
derived under the assumption that the number of installments is very large
(n — 00). Thus, in reality when the number of installments is finite, the client
needs at least a buffer size equal to B, obtained from either (4.71) or (4.82).
Otherwise, when the available amount of buffer at the client site is less than the
required amount, the client will not be able to handle the incoming data. In this
case, the client is not qualified to request the servers to transmit movie data.
This problem could be considered as a part of the admission control mechanism.

M = [R"J (4.83)

4.4. Performance Evaluation of PWR: Single and
Multi-installment Strategies

In this section, we evaluate the performance of the PWR single installment
and multi-installment retrieval strategies through a number of simulation stud-
ies. In the simulation experiments to be presented later in this chapter, we
consider the case when the connection bandwidths are identical, i.e., bw; = bw
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Figure 4.6. Access time vs. number of servers using PWR and PAR: single installment strategy

for all the channels. The movie size L is assumed to be 2Gbits, and the playback
rate R, is 1.5Mbps.

4.4.1 Behavior of access time

We first see the performance of the single installment strategy. As it is ev-
ident from the closed-form solution, the access time decreases monotonically
as we tend to utilize more and more number of servers. Figure 4.6 shows this
behavior of the access time with respect to the number of servers utilized. The
connection bandwidth bw is IMbps. In the figure, we have shown the plots
using both PWR single installment strategy and PAR single installment strat-
egy, respectively. As expected, the access time decreases because the requested
movie is available on more servers. From these plots we observe that the PWR
single installment strategy remarkably outperforms the PAR single installment
strategy on minimizing the access time. Typically, when using 3 servers, the
access time of PAR single installment strategy is 376.16 seconds. However,
the access time of PWR single installment strategy is 52.51 seconds. Thus, we
gain a significant decrease of 86.04% in this case.

In the case of the multi-installment strategy, we have two parameters, the num-
ber of servers and the number of installments, to control the retrieval procedure,
First, we see the influence of the number of servers on the access time. Fig-
ure 4.7 shows the behavior of the access time with respect to the number of



120 DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

500 T T T T

4504 -0~ play-while-retrieve strategy
- @ play-after-refrieval sirategy

400 i
3s0f 4

300} i
Access B

Time
(s) 250

200} i
1501 .
100} :
sof T .

‘a.

0 . B
A 3

>

4 5
Number of Servers

Figure 4.7. Access time vs. number of servers with n = 2 using PWR and PAR: multi-
installment strategy

servers, while in the simulation experiments the number of servers is varied
from 2 onwards. The connection bandwidth bw is 1Mbps. In this figure, we
have shown the plots using both PWR and PAR multi-installment strategies
corresponding access times when n = 2. From these plots we observe that the
PWR multi-installment strategy also outperforms the PAR multi-installment
strategy. For example, when using 3 servers, the access time of PAR multi-
installment strategy is 122.19 seconds. However, the access time of PWR
multi-installment strategy is 2.42 seconds. Thus, we gain a striking reduction
0f 98.02%. Comparing the performance shown in Figure 4.7 with Figure 4.6,
we observe that there is a significant reduction on the access time between
PWR multi-installment and single installment strategies. Typically, in the case
of using 3 servers, we gain a reduction of 95.39%.

The effect of the number of installments on the access time is shown in Figure
4.8. Thenumber of servers considered in this experiment is 3 while the number
of installments is varied from 2 onwards. Further, in order to evaluate the effect
of the connection bandwidth on the access time, we use two different connec-
tion bandwidths, 0.45Mbps and 0.6Mbps, respectively. From the results, we
observe that when the number of installments is increased the access time using
both PWR and PAR multi-installment strategies tend to decrease at first. Then
the access time using either strategy tends to quickly saturate to a value when
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the number of installments is increased indefinitely. Also, it may be observed
that the saturation of the access time is quick in the case of the PAR strategy
when compared with the PWR strategy. The plots also reveal the fact that even
with smaller connection bandwidths the PWR strategy has a clear advantage of
yielding a minimum access time when compared with the PAR strategy with
higher connection bandwidths. Further, using the PWR strategy, in the case of
Nbw > R, the saturation value of the access time is 0, otherwise, this value
is given by (4.62).

4.4.2 Quantifying client buffer requirements

We now evaluate the buffer requirements at the client site. We set o = 1.
First, we consider the single installment retrieval strategy employing 5 servers
Sp to Sy with connection bandwidths of 1Mbps. Figure 4.9 shows the behavior
of buffer occupancies at the client site with respect to time ¢, using both the
PWR and the PAR single installment strategies.

As expected, the buffer requirement using the PWR single installment strategy
is much less than that of the PAR single installment strategy. In simulation
experiments, the maximum buffer space expected by the former strategy is
457Mbits and for the latter it is 1.041Gbits. Thus, we have a reduction of
57.13% on bufferrequirement. The influence of « on buffer requirements can be
seen by varying « in the range [0,1], as shown in Figure 4.10. Thus we observe
that regardless of the « value, the buffer requirement imposed by the PWR single
installment strategy is smaller than that of the PAR single installment strategy.
Typically, when o = 1, we gain a significant reduction of 57.13% on the buffer
requirement. Even at « = 0.5, we also gain a reduction of 30.35% on the
buffer requirements. Now we consider the multi-installment retrieval strategy
employing 5 servers Sy to Sy using connection bandwidths of 0.3Mbps and the
number of installments of 4. The behavior of buffer requirement using multi-
installment retrieval strategy is demonstrated by Figure 4.11. In this figure,
we show the buffer occupancies at the client site with respect to time ¢ using
both the PWR and the PAR multi-installment strategies. From the results, the
maximum buffer needed by PWR strategy is 215.6Mbits, while the maximum
buffer needed by the PAR strategy is 317.8Mbits. Thus, we have a decrease of
32.16% on the buffer requirement. While this behavior is somewhat identical
to the single installment strategy, the behavior becomes interesting if we take
the effect of connection bandwidth into consideration. We show the effect of
the connection bandwidth on the buffer requirement in Figure 4.12.  In this
experiment, the connection bandwidth is varied from 0.1Mbps onwards. We
observe that the buffer requirement reaches a minimum value at a point where
the cumulative connection bandwidth becomes equal to the playback rate of
the movie. Afterwards, the buffer requirement trend seems to increase for
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both the strategies although the PWR strategy clearly wins the race. Another
observable effect is that for large connection bandwidth magnitudes, the buffer
requirement tends to decrease faster for PWR while the requirement continues
to increase in the case of the other strategy. This is due to the fact that in the
PWR multi-installment strategy, as the connection bandwidth approaches the
playback rate, the access time approaches zero and the video stream storage
requirements diminish.

The effect of the number of installments on the buffer requirements is shown
on Figure 4.13 for the PWR strategy. The number of servers considered is 5
with connection bandwidths of 0.3Mbps. Clearly, using a larger number of
installments minimizes the buffer requirements at the client site. Typically,
we obtain a reduction of 58.82% in buffer requirement between 3-installment
strategy (292.6Mbits) and 7-installment strategy (120.5Mbits) are used.

4.4.3 Effect of load balancing

From our earlier experiments, we observed that the server loads (uploading
duties) are not identical and hence it would be interesting to quantify the ratios
of the amount of loads rendered by adjacent servers with respect to different
connection bandwidths. First, we consider the PWR single installment strategy.
We define the ratios as R, = m;/m;_1, ¢« = 1,...,4. The connection band-
width in this experiment is varied from 0.3Mbps onwards. Figure 4.14 shows
the ratios of loads on adjacent servers using PWR single installment strategy.
From the results, we observe that R; = R;, Vi # 3, for a given bandwidth.
Also, the sizes of the portions rendered by different servers, Sy to Sy _1, form
a geometric progression.

Now, we consider the PWR multi-installment strategy. Figure 4.15 shows the
ratios of loads on adjacent servers using PWR multi-installment strategy with
connection bandwidths of 0.5Mbps. As in the previous experiment, we define
the ratios as R; = Z;’;g mi;/ Z;’;& Mi—1,5,

i = 1,...,4. As the number of installments increases, the ratios of loads ren-
dered by adjacent servers become identical, i.e., ; = R;, Vi # §, and even
in this case, as testified by the theoretical findings earlier, we observed that the
sizes of the portions rendered by different servers, Sy to Sy—1, form a geomet-
ric progression.

From the above experiment, we know that the ratios of loads rendered by adja-
cent servers become identical by using a relative large number of installments.
Our next experiment aims to examine the impact of connection bandwidths
on the load ratios, by varying the connection bandwidths starting at 0.1Mbps
onwards. Figure 4.16 shows the ratios of loads on adjacent servers using the
PWR multi-installment strategy. We observe that the ratio remains at 1 when
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Nbw < R;,. Afterwards, the ratio increases when the connection bandwidth is
increased. Further, comparing Figure 4.14 with Figure 4.16, we observe that
the ratio of the PWR multi-installment strategy is slightly smaller than the PWR
single installment strategy one, at a given connection bandwidth.

4.5. Concluding Remarks

In this chapter, we have presented a generalized approach to the theory of
retrieving a long-duration movie requested by a client using a network based
multimedia service infrastructure. For a network based environment, we have
designed and analyzed an efficient PWR playback strategy to minimize the ac-
cess time of the movie. The analysis clearly highlights the advantages of the
strategy when compared to a PAR approach. Further, with the novel design, we
have shown that both the playback strategies (PWR and play after retrieve(PAR))
can in turn choose to retrieve the movie portions using either single installment
or multi-installment retrieval strategies. Thus playback strategies are basically
concerned about sow and when to initiate the playback while retrieval strate-
gies are concerned about sow to retrieve the movie data from the servers. The
use of PWR or PAR depends on the application requirements. For instance,
for a pay-per-view kind of multimedia service, PWR is suitable as it is also
shown to expect a minimum buffer requirement, given by (4.71) or (4.82), at
the client site. However, when an interactive service is to be provided, PAR
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is the natural choice, although the client is expected to have a bigger buffer
size compared to the PWR strategy, as shown in the simulation experiments.
Furthermore, for the pay-per-view service with the PWR strategy, depending
on server availabilities, one may tune the number of installments to suit client
buffer availability. This is clearly evident from the results shown in Figure
4.13. Of course, when the availability of servers is somewhat constrained in
the system, using the multi-installment strategy may not be possible. In such
situations, the single installment strategy may be meaningful, despite the larger
buffer space consumption and the longer access time.

For the PWR strategy, we have derived closed-form solutions for the access
time using both single installment and multi-installment retrieval strategies.
Further, we have derived a closed-form expression for the critical size that must
be retrieved prior to kick-starting the movie presentation. Also, for the PWR
playback strategy employing the multi-installment retrieval strategy, we have
conducted an asymptotic performance analysis. Such an asymptotic analysis
elicits performance bounds on the strategies and serves as a valuable measure
for tuning the system performance. For instance, together with simulation ex-
periments, the choice on the minimum number of installments can be made
depending on the saturation level of the access time. Also, the choice on the
number of servers to be utilized for a given number of installments can also be
quantified. The analysis presented in this chapter, followed by experimental
support, clearly renders clues on client buffer management and also on tuning
the servers to meet the buffer availability at the client site. Thus, the service
can be attractive even to clients with low buffer space, by tuning the number of
installments.

4.5.1 Some open-ended issues

There are some important issues that need careful consideration if a real-life
system is to be developed on the basis of the PWR strategy. First, the trans-
mission rates between the servers and the client should be known a-priori if
the delivery schedule is to be calculated. This translates to the need to perform
transmission tests in order to accurately estimate these bandwidths before any
strategy is decided upon. Of course, this will consume additional time and
generate more network traffic. An alternative approach might be to use the data
of the requested movie in the tests, so as to compensate for such extra work.
But this definitely complicates the retrieval strategy and requires some sort of
schedule adaptation while the actual delivery is happening. Such techniques
are discussed in Chapter 6. Chapter 6 also addresses the second concern, which
is that the bandwidths must remain constant throughout the uploading proce-
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dure. Otherwise, the presentation continuity could be compromised. A third
concern relates to the use of other techniques such as batching, patching, and
caching, with the PWR strategy. Such a merge can lead to the conservation of
the server and network resources, possibly allowing for higher system avail-
ability. Further, taking into account the available bandwidth and buffer sizes at
both the server and client sides, it would become more meaningful to combine
the problem of admission control and retrieval strategy. This is a very critical
problem when handling multiple client requests.

In practice, most of the commercial players exercise software control for in-
teractivity. While the interactions of Play/Stop, /Pause/Resume can be easily
incorporated in our PAR/PWR schemes, other interactions, such as Fast For-
ward/Rewind, Fast Search/Reverse Search and Slow motion, are major chal-
lenges to be considered.

Bibliographic Notes

Following are the published papers somewhat closer to the context of this
chapter. Most of the contributions in this chapter appear in [71]. In the design
of parallel server architectures, the concepts of using a concurrent push [67] or
a pull-based [65] scheme have been proposed. In the pull-based design shown
in [65], the need for inter-server synchronization is completely eliminated and
also by a careful design of admission control algorithm the loads across the
serves are carefully balanced. There is also a third approach that incorporates
a proxy at the client site [66]. With this scheme, a proxy located at the client
machine is responsible for requesting and processing data, thus avoiding fur-
ther network communications. There are some differences between the service
model employed in [66, 67, 65] and the model adopted in this chapter. In the
former model, the video data is basically partitioned and stored (striped) across
many servers, and hence, each server can render only the portions that are
stored with it. Also, the data that is stored across these servers are of uniform
sized stripes. However, the model adopted in the design of MSR strategies,
in general, assumes that the entire movie is available at some servers (just as
in conventional video rental stores) and each server is scheduled to retrieve
only a portion of the movie. Also, the MSR strategies allow non-uniform sized
portions to be retrieved from the servers in view of minimizing the access time
on a highly delay-sensitive networked environment. Thus, the model in the
latter study explicitly accounts for any non-zero communication delays in the
process of minimizing the access time, while the studies in [66, 67, 65] are
more suited when communication delays are negligible’. In fact, [28] extends

"Distributing the data across the servers/disks is very similar to the striping employed by RAID (see section
13
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and generalizes the treatment followed in [105] for the case of multiple servers
and multiple clients and also carries out load balancing across the servers.

Apart from the recent attempts employing multiple servers in the literature men-
tioned in Chapters 2 and 3, there are a lot of studies in the literature focused on
the design methodologies for different aspects of a VoD system. Techniques
such as batching [2, 27], chaining [94, 95] patching [22, 50] and piggybacking
[42, 43] have been investigated. Some of these techniques can be also com-
bined to improve the efficiency further [38, 64, 77]. The effects of different
techniques to reduce the aggregate bandwidth requirements are evaluated in
[76], while providing interactivity for a VoD system. These techniques include
server replication, program caching in intermediate nodes and user sharing of
video streams and caches. Further, an excellent compilation and comparison
of various multicast VoD techniques and implementations proposed in the lit-
erature until 2001 appears in [73].

There is also a lot of research devoted in designing retrieval scheduling strategies
for broadcasting. These include, pyramid broadcasting [109], permutation-
based pyramid broadcasting [3] and skyscraper broadcasting [51]. In these
schemes, basically, the idea is to partition each movie into several segments
and broadcast them periodically, towards a goal of achieving a minimum ac-
cess time. However, broadcasting schemes have the inherent disadvantage of
making the client wait through the entire broadcast batch to get his/her choice
{41] and they usually require high-end client capabilities.

Furthermore, the problem of data organization and storage is well studied in the
literature [78, 88, 113]. Some studies also focus on the design of movie buffer
caching strategies for effectively utilizing the memory and reducing disk 1/O
overheads [26] and dynamic network resource allocation for improving trans-
mission rates with low jitter variation in media streams [32]. The work in [85]
considers employing multiple servers to retrieve multimedia objects, but from
a different objective. In this work, the authors design a scheduling scheme,
referred to as an application layer broker(ALB), at the client site. Typically, a
client negotiates with a group of servers and identifies the best server to retrieve
an object. This scheme attempts to minimize the buffer space requirements at
the client site.



Chapter 5

SCHEDULING OVER UNRELIABLE CHANNELS

5.1. Nothing Is Certain But Death And Taxes!

The main problem associated with the deployment of the methods described
in the previous chapters is their dependence on fixed, a-priori-known parame-
ters about the state of the network, that do not change for the duration of the
data upload process. While this can be relatively safely assumed about the
availability of the servers, it cannot be assumed, at least given the current state
of affairs on the public Internet, about the bandwidth parameters bw;.

In this chapter we explore ways of relaxing the scheduling constraints that stem
from the constant system parameters. We still assume that bandwidths bw; are
constant in order to be able to derive a closed-form solution to the partition-
ing, scheduling and playback problems, but our model incorporates the features
necessary to statistically address this deficiency in a systematic manner.

This chapter presents the modified system model and associated derivations,
while Chapter 6 addresses the issue of how to use the new model capabilities
towards adapting to network variability.

5.2. A Refined Model

The changes made to the system model aim at providing not only an even
more realistic approach at describing the target process, but also at facilitating
the flexibility to adjust the schedule in response to network problems such as
packet losses.

The communication cost for each server S; is assumed to be equal to bw; - m; -
L + o;, where o; is a constant overhead, bw; is the (inverse of the) bandwidth
and m; the percentage of the L-sized data that .S; needs to upload. A number
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of factors can contribute to a server’s o constant, such as the communication
round-trip-time (RTT), setup costs, the cost of establishing a connection or any
other fixed cost activities. The overhead o, can also be utilized to indicate when
server S; becomes available for contributing to the delivery of a document. This
feature is used in Chapter 6 to accommodate network variability in the derived
schedules.

This model has been shown to provide adequate accuracy in many cases [7)
while at the same time being more true-to-life than the simpler linear one used
in the previous chapters. In the sections that follow, a server’s communication
characteristics are noted as the pair S; (bw;, 0;).

Any communication over the Internet (TCP or UDP based) involves the breakup
of the message into packets. Each packet contains additional routing and other
information resulting in an increase of the actual transmitted data. The analysis
that follows is based on the assumption that each server’s bandwidth relates to
how fast the “bare" document can be communicated, effectively allowing us to
ignore the overhead associated with packaging.

In order to cater for the unreliable nature of the communication media, the
upload schedule that is computed for each server is extended so that it allows
the transmission of additional data. In particular, each server is “clocked" for
the transmission of ¢ m; L, where ¢ is the relaxation parameter satisfying ¢ > 1.
Effectively, each server is allowed to utilize its connection for ¢ — 1 percent
more time (see Fig. 5.1(a)). The implications of this policy are the following:

» If packet losses or other causes, delay the delivery of the m; portion of the
document, more download time is available without any disturbance to the
playback schedule.

= The additional data could overlap with the ones delivered by another server,
e.g. S;+1, a technique that has been suggested in [92] for parallel FTP
access. For example, the (¢ — 1) m; L portion of the data could be identical
with the last portion of the data delivered by server S;,. If traffic prevents
the timely delivery of part m;1, the data delivered by .5; could prevent the
appearance of interruptions in the playback. This possibility is well worth
investigating, but it is not studied further in this book.

Obtaining the packet loss probability can be accomplished by monitoring
previous transfers, while prediction can also be performed via Markov-chain
models [63]. It should be noted that although, we assume fixed values for all
the problem parameters, the proposed partitioning and delivery scheme can
be used in a completely adaptive fashion, regularly modifying the delivery
schedule in response to network/server state changes. Dynamic schedule
adaptation is explicitly treated in Chapter 6.
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Figure 5.1. Example of delivering a document to a client C by 3 servers, using (a) a single in-
stallment strategy, (b) two-installments with a single overhead per server and (c) two-installments
with multiple overheads. Figure (a) features a breakdown of the time costs involved, includ-
ing the extra time provided for transmission (e.g. (¢ — 1) bwgmgL for Sp). Colour indexing
associates the downloaded parts with portions of the play-back operation.

The playback can start while the data are being downloaded (same as the
PWR strategy of Chapter 4). The only constraint is that playback has to
finish -at least- § time units after the download ends. ¢ is a consequence
of the fact that current video encoding standards organize the data stream
into Groups Of Pictures (GOP) that have to be decoded in a certain order.
For a video stream that consists only of intra-coded (I) and predicted (P)
frames 4 is equal to the time needed to download one frame. If bidirectional
(B) frames are utilized, the delay has to be extended to the time needed
to download a GOP. In practice, we can, either, use a fixed delay of a few
seconds (e.g. 1-10), or, use the time that would be required by the slowest
link to download a GOP.

Thus, for a single server, the continuity constraints under the model used in
this chapter, would be expressed as follows if AT is the access time (a.k.a.
initiation latency [39]) and R is the playback rate of the document (expressed
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for convenience in sec/MB as bw):
AT+ RL>cbw+o+4 (5.1)

In a direct analogy to the use of parameters o; for scheduling currently busy
servers (see discussion in Sections 6.3 and 5.3.2.1), we can manipulate § to
accommodate interrupt-free scheduling of Variable-Bit-Rate (VBR) docu-
ments as shown in section 5.4.

The conditions and relationships that should be satisfied for this approach to
work for a Constant-Bit-Rate (CBR) document, are presented in the follow-
ing section. The model used in this chapter can be considered a refinement
of the one used in Chapter 4, although no critical size is identified for each
server. Instead, parameter 0 and the continuity inequalities discussed in the
next section, guarantee interrupt free playback.

An overview of the cases examined in the following sections is presented in
Fig. 5.1 in the form of simple examples. Both single and multi-installment
strategies are examined for CBR content, while section 5.4 extends these
for Variable Bit Rate (VBR) content.

For convenience, we summarize the notations used in this Chapter in Table
5.1

5.3. CBR Case
5.3.1 Single-Installment Case

Although a single installment approach has been shown to yield inferior
results [105], we present the associated analysis here for completeness.
Additionally, as it is shown in Chapter 6, the single-installment strategy can
be the basis of a robust dynamic scheduling scheme that adapts to changing
system conditions effectively.

An example of a single-installment strategy is shown in Fig. 5.1(a). Based
on this and the discussion on ¢ of the previous section, we can deduce that
the following inequalities should hold for each of the NV servers:

AT +mg RL>cmg Lbwy+og+0 (5.2)

AT+(m,0+m1)RL >cmy Lbwy4+01+46 (5.3)
AT+ (mog+m1+mo) RL>cmg Lbwy + 02+ 46 (5.4)
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Tuble 5.1. Notations
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bw;| the inverse of the bandwidth of || mp,| percent of movie downloaded
the connection between server by server S; that has been
S; and client C played back

bwcf the inverse of the bandwidth || N | number of servers
of the client’s connection
(sec/MB)

¢ | schedule relaxation parameter || o; | overhead associated with start-

ing a download from S

C P| percent confidence on the de- || p; | packet loss probability for
livery schedule server S; connection

D; | equaltocbw; — R R | the inverse of the playback

rate of the requested movie
(sec/MB)

G| equalto T;;LL sz | payload of each packet

L | size of requested document || v | upper limit of fraction —}{l;‘f:—’i
(MB)

m; | percent of document to be de- || X, ;| random variable describing
livered by server .S; for a single how many packets from server
installment schedule S; are dropped during install-

ment j

my,q percent of document, sched- || 6 | time delay introduced in the
uled to be delivered by server schedule to accommodate out-
S; during installment j of-order frame decoding

md, percent of movie downloaded || 1 | mean of normal distribution
by server .5; followed by X ;

M | number of instaliments o2 | variance of normal distribution

followed by X ;

AT+ (mo+my+---+my-1)RL > ecmy_y Lbwy_1-+on_1+6 (5.5)

It is obvious that in order to obtain the minimum AT, inequalities (5.2) to
(5.5) must be solved by using the equal sign. The result is the following
formula that connects the portions assigned to successive pairs of servers:

C b’wifl

0j—1 — 04

m; = m.

“Yebwi— R L{cbw; — R)

(5.6)
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wherei = 1,..., N — 1. Eq. (5.6) opens the road to expressing each m,

Vi:0,...,N —1as afunction of mg:
K2
b
m, = ct Hk Wy
Hk 1(cbwy, — R)

1 § A1k (op — op41) H;;}Hl bw;
L k=0 H;:k:+1(c bw; — R)

where it is assumed that H’“ -.=1and Zﬁf o= 01ifny > no.

(5.7)

Thus, finding mg becomes only a matter of using the normalization equation,
Le.

z

m; = 1 (5.8)

ﬁ.
o

which yields:

n—1 € oirr—0) TT7o ) buy
1+ T Zn 1 Z H’;:H](c bwjj R;
mo = on nn 1 bw =
__n__J__O__J_
1+ Zn 1 [[i2,(c bw;—R)
1 pw 1 (0i41—0:) [T52q (c bwy—R)
b+ LZn—~1 _Wl—] (Z;Lo T )

i=1 (c bw;—R) ctt+l H;:o bw;

ann lbwl
1+Zn 1 T (e bw,—R)

g =

(5.9)

Access time can then be computed from Eq.(5.2):

AT = § + 0g + (cbwy — R)L my (5.10)

The above equations provide for an O(V) time complexity solution of the
partitioning problem, given a fixed, pre-determined server order. The or-
der here refers to the fact that the downloading of the individual portions
from the servers follow a specific sequence. A typical sequence could be,
S4, 50, 52,51, 53, assuming that there are 5 servers in the system. This
means that the first portion is downloaded from server Sy, the second por-
tion from Sp, and so on. The problem of optimally ordering the servers is
addressed in Section 5.5.

A similar derivation to the above can yield the solution when a different ‘re-
laxation’ constant ¢ is used for each server, i.e. ¢;. This would be desirable
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when each server connection exhibits different loss characteristics. In this
case, Eq. 5.9 becomes:

14 Z — bu)] n 1 (0i+1— oI)H;:](c bw;—R)
L Zun= 1 21 (e bw] H;:o cj bw;

cl bw;

L+ Y n NCEE)

mp =

(5.11)

In order for an equivalent server to offer the same AT, the following equation
should hold:

AT +LR=c bw(:qu’i,vL + Ocquiv +96 (512)

Substituting (5.10) into (5.12) and by using Eq. (5.9), it can be shown that
the N servers behave like a single equivalent server with attributes:

b’u)o R B
b equiv — - 5.13
Wewiv =TT B T C1+ B (5.13)
and
chbwy — R
Ocquiv = 00 + — J°r z F (5.14)

< IT7 g b -1 (0i41=0:) [T}, (c bw;—R)
where F = Y71 —L—__HJ NG JR) (Z?:U = HJ}:O e >
The buffering requirements of the proposed method, if we assume that the
data are discarded once viewed (like using & = 1 in Section 4.3), can be
computed as follows: At any given time ¢ > AT, the data that have been
displayed and thus removed from the buffers are equal to =2+ A’ . At time

t = AT the maximum volume of data that have been recelved by the client
is:

N-1 .
3" maz <0, min (AT, oi + mabwil) - 0) (5.15)

bwi

where the max function caters for the possibility of AT < o,, while the
man function covers the case of AT > o; + m;bw; L, guarding against
calculating the part uploaded by server S; in excess of m; L.

After playback has started, the rate that data are buffered, changes only when
a server completes its part of the transmission. The buffer requirements are
maximized when the links do not suffer any losses, which translates to the
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following buffer requirements at the end of each .S; server transmission:

J N-1
L Zmi + mjbw; Z bw;1 +
i=0 i=j+1
o — o 0; +bw;m;L — AT
+ Yy 2 ’—maa:<0, J Al ) (5.16)
=71 bwqj R
for V5 : 0,..., N — 1, where maz (0, 222%™~ AT) 4o the data that

R
have been already “consumed”. The maximum of the N + 1 quantities
given by Eq. (5.15) and (5.16) produces the maximum buffer requirements
for the multi-server distribution. It should be noted that when all servers are
identical, Eq. (5.16) reduces to:

Ditt 1 D-1 _.
L DI(N—j-1)) -
(DN—1+DN~1 (V= )>

0+ bw B-DIL — AT
maz <0, D”}% ) (5.17)

— _cbw — D=1
where D = —e; and mg = V-

The following lemma shows exactly how much packet loss can be tolerated
by our approach without the introduction of playback interrupts.

Lemma 1. The maximum packet loss percentage any server connection can
endure without disturbing the playback is equal to <=L.

Proof. 1f S;’s connection suffers a P L percent packet loss, then its effective
bandwidth reduces to %UJP].T. Without loss of generality, lets assume that
while the client is playing the document part delivered by .S;, it has displayed
the mg + my + ... mp; portion of the document, where mp; < m;. If at

the same time S; has uploaded md; L data, i.e.

AT—5—0i+(m0—|—m1+~-~+mi_1)RL+mpiRL:
bwi
1-PL
then ensuring the continuity of the document presentation means that the

following should hold:

= md; L (5.18)

bw; bw;
< md; L
1-pL ="M PL

mp; < md; = mp; L
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which through Eq. (5.18) becomes

bwi
1-PL ™
AT-5—OZ-+L(m0+m1+--~+miﬁ1)R+mpiLR (519)

myp; L

By using Eq. (5.5) (substitute ¢ for N — 1), Equation (5.19) becomes:

"
mpiLl_;DL <em; Lbw, —m; RL+mp; L R =
b1 4
mp; L (1 »wPL - R) <m; L{cbw; — R) (5.20)

Since it is obvious that mp; < m;, inequality (5.20) becomes

c—1
c

(1-PLY'<c¢= PL<
O

The equations presented above can be simplified further under special cir-
cumstances. In the case of identical servers (i.e. bw; = bw and o; = o) Eq.

(5.9) is reduced to:
chbw 1
cbw—-R

N
b
(cliwg)h’) -1

If only the constant communication overheads are the same, 0; = o, Eq.
(5.9) and (5.10) become:

mo = (5.21)

mo = (1 + B)7! (5.22)

and
cbwg — R

AT =6 L
+ 0g + 1+ B

(5.23)

— V-1 e [Ty bu i ie 0. = 0) i :
where B = ') T, b=y In this case (i.e. 0; = o), if we denote

by AT(V) the access time offered by a group of N servers and by AT(®)
the one achieved by Sy only, then

B
ATO® — AT - [ (cbwy — R) —— 5.24
(cbwo = R) - (524
which is also an indication of the improvement a multi-server distribution
can offer in the general case (i.e. when o; # 0).
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5.3.2 Multi-Installment Case

In the single-installment case, it is assumed that each server incurs a start-up
overhead before actual data transmission. When a multi-installment strategy
is employed, there are two possibilities related to the start-up overhead: (a)
one start-up per server and (b) one start-up for each installment. In the
following subsections we examine both possibilities:

5.3.2.1 Single Overhead

The overhead in this case can be associated with setup costs, or even denotes
aserver’s release time, i.¢., the time instant some of its resources are released,
allowing the server to service the specific request. An example is shown
in Fig. 5.1(b). If for example a server X is expected to become available
for uploading data after a time instance t}"?l, by setting ox = t;f", we can
incorporate server X in the delivery schedule.

In order to guarantee the playback’s continuity , the following inequalities
should hold for the first installment, where m; ; denotes the j-th installment
of the i-th server:

AT +mpp RL > cmpp L bwo+ 00+ 9 (5.25)

AT + (mgyo + mo)l) RL>c mo,1 Lbuy +o0,+6 (5.26)
N-1

AT +RL Z mog > cmoN-1 Lbwn_y +oy_1+4§ (5.27)
k=0

For the second installment we have:
N-1
AT+ RLmig+RL Y moy >
k=0
c (m070 + ’ml,o) Lbwy+og+46 (528)

N-1
AT+RL (myo+my1)+RL Z Mok >
k=0
¢ (mo1+mia) Lbwo+o1+6 (529)

In general, for M installmentsandV j = 0... M — 1, the i-th server during
the j-th installment should satisfy:
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i j—1N=1
AT+ RL (Z mgk + m/n)k> >

k=0 n=0 k=0

J
c L bw; ka,i +o0;+3 (5.30)
k=0
Minimizing AT suggests solving inequalities (5.25) to (5.30) by using the
equality sign. Subtracting the equation governing the j-th installment of \S;

server, from the equation governing the j-th installment of S, 1, we obtain
Vi=0,...,.N—2andVj=0,...,M—1:

J J
RLmjir1 =041 —0;+cLbwyy E My i1 — ¢ L bwy E Mk =
k=0 k=0

Mji+l =
j i1
05 — 041+ Lbw; Y] _gmyi — e Lbwig1 1o Mk i1
L (C ble_l - R)

(5.31)

Similarly, subtracting the equation governing the j-th installment of Sy _1
server, from the equation governing the (j + 1)-th installment of .Sy, we get
Vi=0,....,M—2:

j+1 q
RL Mj+1,0 = 00 —ON-1 + ¢ L bwy Z mME,o—C Lbwy_1 Z Mg, N~1 =
k=0 k=0

Mj+1,0 =

on—1 —0g+cLbuwy_; Zi:o mg, N—1 — ¢ L bwyg Zi:o Mg
L(cbhwy — R)

(5.32)

Equations (5.31), (5.32) are complemented by the normalization equation,

M-1N-1

o> myi=1 (5.33)

j=0 =0

to form a set of N - M linear equations. The coefficients of the equations
form a band-triangular matrix. A fast method for solving this system of
equations is described in the next subsection.



142 DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

5.3.2.2 Multiple Overheads

Each server S; incurs a constant overhead o; at the beginning of each install-
ment. An example is shown in Fig. 5.1(c). A scenario that would fit this
profile is when each server re-evaluates the strategy of what data to transmit
during the excess (¢ — 1) time. Tracing the same steps as in the previous
case, we can show that for the i-th server during the j-th installment:

J-1N-1
AT +RL (Z’m/k‘i' me) >

n=0 k=0
J
cLbwy mpi+ (G+1) o +6 (534)
k=0
Similarly, the equation governing the j-th installment of S;;1 is Vi =
N ~2andVj=0,...,M -1

(G +1) (0 = 0u1) +c Lbw; oy
L (C bwi“ - R)

cL bwi.H Zi;é Mk i+1
L{cbwiy — R)

Mjitl =

(5.35)

and the equation governing the j+1-th installmentof SqisVj =0,..., M —
2:

(7 +1) (on-1 — 00) — 00+

Mi+L0 = L(cbwy — R) -
cLbuwy_1 Zi:o mg,N—1 — ¢ L bwg Zi:o M0 5.36)
L (cbwy — R) ©:

Again, the normalization equation (5.33) completes the set of N - M linear
equations which form a band-triangular matrix.

Unfortunately, the above sets of equations are too difficult to handle in
order to produce a closed-form solution to the problem, as in the case of
a single installment. Even under the assumption of homogeneity (bw; =
bw and o, = o Vi) seeking a closed-form is difficult.

However, the solution can still be computed very quickly, as the equations
arerecursive in nature. Moreover, equations (5.31), (5.32), (5.35) and (5.36)
can all be shown to produce an affine connection between individual m; ;
parts and mg o:

Mjs = Ajﬂ"rno‘o + Bjﬂ' (537)
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The constants A;; and B, ; can only be determined after the calculation of
the constants A; , and By, Vk < 1if j = [, or V Kk if | < j. For both the
single and multiple overhead cases, Ago = 1, Ao,1 = (¢ bwo — R)‘1 and
Boo = Bo,1 = 0.

Calculating the constants A;; and B;; for all j, pairs, requires approxi-
mately N steps for the first installment and 2 j N steps for each of the other
j=1,...,M — 1installments. Thus, given O(N - M) memory, we need

M-1
N+2N > j=N+2NM
j=1

M-1

=0 (N-M?) (5.38)

computations for computing all A;; and B;;. An additional O(N - M)
operations are required for calculating mg o from Equation (5.33):

M-1N-1 M-1N-1

mg,0 Z Z Ay + Bji=1 (5.39)

=0 i=0 3=0 =0

followed by O(N - M) more operations to complete the calculation of all
m; ;s via Eq.(5.37).

A natural question that needs to be addressed at this juncture is on the number
of installments to be used. This matter is treated extensively in Section 5.7.

It should be noted that if the above set of equations return negative values
for the parts m; ;, then this means that the document can be delivered faster
than it can be played-back, i.e. fewer servers can be used.

5.4. VBR Case

Equations (5.9),(5.7) are based on the assumption that the download rate
will be able to keep pace with the playback rate. This may very well not be
the case for VBR movies that can have wildly varying rates depending on
the scene content. An example is shown in Figure 5.2. Even CBR content
is in reality VBR if you consider intra-GOP frame size. Average GOP sizes
remain constant though, allowing us to treat this case differently.

As reported in the literature [25], the statistical distribution of the frame
sizes is a heavy-tailed one. This presents a difficulty for modeling VBR
traffic, but under the problem settings as outlined in this paper, we need
only to determine whether the playback time of any movie frame exceeds
its expected delivery time.

In such a case, the AT has to be increased by adding a delay d,,, i.c.
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Figure 5.2. Frame sizes over time for the 78sec MPEG-4 coded trailer of the movie Matrix
Revolutions. The 640x256 movie was coded with the Xvid codec (http://www.xvid.org). The
size of the PCM-coded audio is incorporated in the frame sizes.

replacing § in the Equations of the previous Section with § + d,4,. Since
Equations (5.9), (5.7) do not contain a reference to &, parts o, ...,y
remain unchanged by this modification.

dybr Needs to satisty the following:
AT + Sypr + — > deliver(i) (5.40)
fps
where deliver(i) is the expected delivery time of frame s : 0,...,n—1, for
a movie with n frames and a rate of fps frames per second. deliver(i) can
be computed once the delivery schedule is known. Then we can proceed to

estimate deliver(z), for Vi:0...n — 1 as follows:

deliver(i) = p oj+

i k-1 j-1
chwj [ Y fr) =L Y mup+ > mey (5.41)
1=0 I=0 Y p#j 1=0

where S is the server delivering the last bytes of frame 4, during installment
k. where fr(i) is the size of the i-th frame (including audio data). p is,
either, 1 for the single-, or k for the multiple-overhead case. Please note that
Equation (5.41) is based on the assumption that the frames are stored within
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the movie stream in the same order they are played back, which is of course
false for B-frames. This is though, a small discrepancy that is in-any-case
rectified by the original § parameter of our model.

The minimum 4, that satisfies Equation (5.40) is:

Oybr = MATyY ; <deliver(i) — AT — ——Z—> (5.42)
fps
and it has to be computed on-line for each instance of the movie uploading
problem.

To avoid having to compute J,,, on-line, we can calculate a worst-case
alternative based on R, i.e. we have to find a value for §,,, that keeps the
running average of the playback rate always below R:

i :
ffline _ : i
Oopr = mazy ; (R Zfr(k) - m) (5.43)
k=0
5%2‘“”6 yields a pessimistic schedule but since it depends solely on the
movie characteristics, it needs to be computed only once.
For the example shown in Figure 5.2, 53{3”"6 is found to be equal to 6.16sec
for R = 2.363s/MB, L = 32.95MB, fps = 24 and n = 1872. The
value of the delay 6,4, for the delivery of the movie through two servers
So(10sec/MB, 1sec) and S (10sec/MB, 1sec) with p = 0.1, sz = 1500
and a confidence of 95% (see Section 5.6 for more on this issue) is equal to
5.46sec.

To these numbers we should add an extra delay to cater for the download of
all the information needed for the decoding of a frame, as has been discussed
earlier for §. For this particular example where the video stream consists
only of I and P frames, this additional delay is zero.

5.5. Optimum Server Ordering

In the case of heterogeneous servers, e.g. different o and/or bw attributes,
the order that servers are assigned a portion of the movie, influences the
access time. This does not contradict the results reported in Chapter 2 and
in [1057, where it is assumed that o; = 0. Solving the ordering problem for
the simplest possible case of having just two servers, offers valuable insight
for solving the general problem. For two servers and a single installment,
the two possible configurations are shown in Fig. 5.3.

In the following paragraphs, we focus on the single-overhead case but it
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Figure 5.3. The two possible configurations that two servers can be arranged to deliver a doc-
ument, Inverted patterns depict extra time provided for recovering from network errors.

should be noted that the same results can be shown to apply in the multiple-
overheads case as well.

There are only two possible configurations: in configuration #1 S delivers
the very first part of the document, while in configuration #2 S; does so.
For one installment, we can use Equations (5.9) and (5.10) to compute
the difference between ATl(') and ATZ( 1), where the subscript indicates the
configuration and the superscript indicates the number of installments:

AT 4 = %00V

= 44
cbwy+cbuwy — R (5:44)

For two installments, mq o and ATI(Z) can be computed from Equations
(5.25)-(5.30), by subtracting the formula for m;; from m;o ({ = 0,1) and
the formula for mjo from m;_11 (j = 1). A similar procedure can be

applied for ATZSQ). Then, it can be shown that:

AT® — AT =
(()0 - 01)R3
c bwoR? + c?bwi(c bwy — R) + (c bwo — R)(c bwy — R)? -
(0g — 01)R?

= 5.45
cbwoR2 + Dy [D()D] + c2bwg] (5:45)

where Dy = (¢ bwo — R) and Dy = (¢ bwy — R). In both Eq. (5.44) and
(5.45) the difference of AT's has the same sign as the (og — 01) difference,
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as the denominator is positive.

If we apply the same procedure for a three-installment situation, it can be
proven that:

ATS) — AT =

(00 — o)) > (5.46)
¢ bwgR* 4+ Dy [D(ZJDI2 + 2 bwi [Do Dy + R '
Similarly, for four installments:
ATH — AT =
(00 — o) B (5.47)
¢ bwoRS + Dy [DED} + ¢ bw [DZD? + R*DyDy + RY)| '
and for five installments we have:
_ 9
AT _ A = (0 Z )R (5.48)
H
where
H = ¢ bwoR3+

Dy [DDY + & bw [D§D? + R2D}D? + R*DoD; + R°|]

It is now straightforward from Equations (5.44) -(5.48) that the difference
for M installments, in general, is given by:

(O() - OI)R2M—1

ATM) — ATM) = ;

(5.49)
where
J = cbwoRAM-1) 4

M-2
Dy | DYDY 4 b S (RHM20 Dy )
=0

The importance of Equation (5.49) is that it shows that the sign of the
difference depends only on the (09 — 01) difference as the denominator is
always positive. This translates to the following:
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Lemma 2. When two servers are used to deliver a document, the minimum
access time is achieved if the servers are in non-decreasing ovder of their
respective overheads o;.

Proof The proof is evident from Equation (5.49). O

The above relates to the general case of N servers if we consider two con-
secutive servers S; and S;1 fori = 0,..., N — 2 in the given server order.
We can assume without loss of generality, that o, < 0,1. Lets also assume
that the part of the document that these two servers deliver is a fraction f of
the original, i.e. f < 1. Then, we can derive the following from Equation
(5.30) for installment j = 1,..., M — 1:

j-1
AT +RL (mj,i + Z(mk,i + mk,z‘ﬂ)) +1; =
k=0

J
cLbw; Y mpi+o;+35 (5.50)

n=0

J
AT +RL Y (myi+mpi) +Tij =
k=0

J
cLbwity Y i1 +0i1+6 (5.51)
n=0

where T; ; is the duration of the playback of parts delivered by the other

SCrvers: i i1 L N1
g J- -
T;=RL <Z Doty Y mn,k> (5:52)

n=0 k=0 n=0k=1+2

Lets also assume that swapping the order of servers .5; and S;41 does not
cause a change in the document parts that are assigned to the rest of the
servers. That means that the fraction f that is collectively assigned to S;
and S;..1 remains the same, i.e.:

M-1
> M+ Mas = f (5.53)
n=0

Equations (5.50),(5.51), and (5.53) allow the computation of AT as a func-
tion of f and the parts assigned to the rest of the servers. For example, the
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access time for configuration #1 (i.e. .S, precedes S,;1) and 2 installments
is:

AT1(2) =0; + 0 — Tp;+
cbwiDi1(f L Digy — 0; + 041 — AT)
" cbwR? + Diy1 [DiDjq + c2bw?|
n.c bwiyi(cbwiy1 —2R)(f LR - AT)
Y cbwiR? + Dty [DiDjy1 + c2bw?]
R%(0; — 0i41 + f L R+ AT)
e bw; R? + Dj11 [DiDiH + czb'w?]

(5.54)

where Dz' = C bwi — R and Di+1 = C bwl'+1 —~ Rand AT = Tl,z' - Tg}i.
) )

Similarly we can compute AT2(2 which yields the same results for ATI(2

ATéQ) as Equation (5.45):

e 3
AT AT — (0i — oix1)R (5.55)
¢ bw;R? + Diy1 [D;Diy1 + c?bw?]

In general, it can be shown that given a fixed part assignment to the rest of
the servers, the rearrangement of S; and S;; produces the same change in
access time as predicted by Equation (5.49).

The above means that Lemma 2 is also applicable to any pair of consecutive
servers:

Lemma 3. Given any pair of consecutive servers used to deliver a document,
the minimum access time is achieved if the servers are in non-decreasing
order of their overheads o;.

Proof. Lets assume without loss of generality that o; < 0;41. Swapping
the order of S; and S;.+; can have two possible outcomes:

— The remaining servers get the exact same assignments. Then the lemma
is correct.

— The change in server order causes a global redistribution of document
delivery parts. Then, the only way that the access time for configuration
#2 could be smaller, would be if the rest of the servers were assigned
more load, in effect increasing AT, which proves the lemma.

O

With the above we can formulate the Optimum Server Ordering Theorem,
as follows:
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Theorem 1 (Optimum Server Ordering Theorem). In order to mini-
mize the access time required for delivering a document via N servers
S0, 51, ..., Sn—1 and M installments, the portions of the document should
be assigned so that the servers are sorted in non-decreasing order of their
constant communication overheads o;.

Proof. The theorem is a direct consequence of Lemma 3. An optimum
server ordering has to satisfy the property that any pair 5;, S;+1 of consec-
utive servers must be ordered so as 0; < 0;41. The only way this could be
achieved is by sorting the servers in non-decreasing order of their constant
communication overheads. o

If we include the sorting of the servers, the complexity of computing a
delivery schedule becomes O(N-M + N logN ). Also, a direct consequence
of the above theorem is that in the case where all o; are the same, the order
of the servers does not influence the access time. This matches the result
reported in [105] and Chapter 2, where it is assumed that o; = 0 Vi. The
above by no means implies that the servers’ communication speed does not
influence access time. It just states that their optimum order does not depend
on it.

5.6. Determining the Optimum Relaxation Parameter c

The anticipated packet loss percentage ij—l, has a significant influence on
the determination of when the playback will commence. As this percentage
cannot be effectively predicted and is not even constant for the duration of a
document transmission, setting the value for ¢ is a problem. If a small value
is used, there is a danger of introducing playback interruptions. On the other
hand if a large value is used, access time can be needlessly increased. The
following example is illustrative:

Example: Lets suppose that three servers So(15s/MB,1s), 51 (20s/MB,25)
and S2(12s/MB,1s) are to deliver a 1 GB document with R = 8s/MB to a
client with an available bandwidth of bwe = 5s/MB. If we assume that no
packet loss occurs, then ¢ = 1, while if we assume a 10% probability loss,
we have to use ¢ = 1.1111. For each of these values and for M = 1,2,3
the AT will be:

[ M | AT forc =1 AT forc = 1.1111 | % increase |
1 845.4 sec 1260.0 sec 49
2 114.6 sec 250.7 sec 118
3 20.1 sec 64.5 sec 221
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The above example is indicative of how important the choice of ¢ is. In this
section we explore how the optimum ¢ can be found given the number of
installments M. It is clear that there is a strong relationship between M and
¢ but in this chapter we will assume M to be constant. The algorithm for
finding the optimum c¢ is the basis of finding the optimum A in an attempt
to adapt to network variability as explained in Chapter 6.

If m;; is the document portion to be delivered by server S; during install-
ment § and sz is the packet payload, then the multi-server schedule allows
for a total of LMJ attempted packet deliveries. The packets that can be

(= 1)37:]1 LJ‘

dropped without playback “hick-ups” are |

In the analysis that follows, we assume that the packet-loss probability fol-
lows a Bernoulli distribution with a mean of p; for the path used by server
S;. Packet-loss is usually being modeled by k-order Markov chain models
[63]. The Bernoulli is the simplest of these models (k = 0), with more
sophisticated ones (e.g. Gilbert for £ = 1 and Extended Gilbert for £ > 1)
providing better prediction accuracy. The sine model, a variation of the
Bernoulli model, where the loss probability oscillates with a 24-hour long
period between a minimum and maximum value, has been also described
by Arai et al. to provide better accuracy than the Gilbert model [6].

Given that we focus not on the duration or length of the loss bursts, but
on the total number of lost packets during an installment, the assumption
of a Bernoulli distribution is sufficient, Given all the above, the Central
Limit Theorem [75] predicts that the random variable X ; that describes
how many packets get dropped, follows a normal distribution with mean

H = (—]—C n:;’ini) and variance 02 = (———L—C ms; Lp,b- (1 — p,L-)), Since the ran-

. Xii—n\ . o
dom variable —i;—ﬁ) is standard normal, we can use cumulative distribu-

tion tables for obtaining an upper limit of X ; that would yield a specific
percentage of confidence on the robustness of the schedule.

For example, if we require that the probability of not breaching the delivery
schedule during uploading m;; L, to be 95%, then,

P (Xj,i < (c—1) mj)iL) _p (Xj,z'—/l < V) —0.95 =

Sz a

V =165 (5.56)

(‘m” 1—~p7 m ——
=4/ 1/ 5.57
Di \/(Pz — i) ( )

where
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Similarly, given a confidence that the schedule should provide, we can obtain

the corresponding upper limit v for &;;“ (1.65 in the above example). The
desired value for ¢ can then be computed by,

02 + 2Gj,i + v /02 + 4 Gj’i

c= 5.58
2G;(1 - pi) (:58)
where G;; = %L;f Equation (5.58) is derived directly from (5.56) and

is the positive-sign solution to a quadratic equation involving /¢ as the
unknown. The other solution is invalid as the maximum usable v is below
3.5, while ESZLL can be in the order of tens of thousands for a long duration
movie, which would result in a negative value for c.

It can also be shown that

e v(2Lmj,i+pi szv(v+ 'u2+4GN-)>
- (5.59)

Im;, 2L mii(l - )/ + 4Gy

which means that ¢ decreases as m; ; increases. As the number of packets
increases, the probability of packet losses deviating from the mean p; be-
comes smaller and smaller, thus allowing for a ¢ that is closer to 1 + p,.

If we assume that each of the IV servers uses a different route to the client,
thus allowing us to consider the X; ;s random variables as independent, then
the formula describing the probability of an interrupt-free playback becomes

equal to:
M-1N-1
r— 1) m;,; L
1T IIP <Xj,,; < (—(——)—”L—) (5.60)
=0 =0 52

Determining ¢ by putting a lower bound C P on Eq. (5.60) requires a prior
decision on the individual values of the cumulative probabilities:

P (Xj,i < ——(C — 1izmj’i L>

The simplest solution is to assume that they are all equal. This assumption
allows us to compute c as:

242G + v /2 +4 Gy,
c = magx;; (v Rt AV St (5.61)

2G(1 - )

where 7 : 0,...,M —1,4:0,...,N — 1 and v is the upper bound for a
standard normal variable so that its cumulative probability equals C' pla),
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The particular choice for ¢ guarantees that

¥4

N-1

—1) my, L
1> (Xjﬂ- ezl mii b > > CP
i=0

If all packet-loss probabilities are identical, i.e., p; = p Vi, ¢ can be deter-
mined by the minimum m;;. Since p;s cannot be easily determined or are
not even constant over time for each of the communication routes used, a
constant p representing worst-case behavior could be used instead to sim-
plify our calculations.

The procedure depicted above stumbles on the fact that m; ;s and ¢ are in-
terdependent. This means that the latter needs the former to compute and
vice-versa! Given a value for c, from (5.58) and by solving for m;;, we can
compute the minimum portion of the document that can be scheduled as,

c(1 — pi)pi sz v?

M= T el - o)

(5.62)

Thus, determining an optimum value of ¢ would require the solution of a
N - M equations of the form:

mj, = méc (5.63)
for ¢ and selecting the largest of the NV - M outcomes.

Each of the Eq. (5.63), fori =0,...,N—-landj =0,...,M —1can
have multiple solutions. The one we are interested in, is the smallest one
which is also greater than 1.

If we were to plot the curves ¢ = f(m,p) as given by Eq. (5.58) and the
ones for parts m; ;, then the intersections between the ¢ family of curves
(for each of the p;) and the corresponding m;; curves would provide the
candidates for choosing the appropriate ¢, i.e. the minimum for a single
m;; curve and the maximum over all m; ;s.

An example of this procedure is shown in Figure 5.4, where the delivery
of a 100min MPEG-4 [1] MP@ML video stream by five servers using a
single installment, is simulated. It is assumed that R = 9.31sec/MDB and
L = 645 MB (see Section 5.8 for the reasoning behind these choices).

The server bandwidths were chosen as 10 times the corresponding Fibonacci
number (bwy = 10, bw; = 10,bwy = 20sec/MB, etc.) for each server.
0;s and § were considered to be equal to 1sec, while the payload sz was
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Figure 5.4. A plot showing how the individual parts m; depend on the value of ¢. Also shown
is a curve for ¢ as computed from Eq. 5.58. The arrow points to the crossing which represents
the optimum value for ¢ in this particular setup.

assumed to be close to the maximum allowed by TCP/IP, i.e. 65000 bytes.
The confidence on the resulting delivery schedule was set to 95% and packet
loss probability was assumed to be 40%.

If packet loss probability is consistent across all channels (p; = p), then we
only need to seek where the ¢ curve intersects the minimum of all the parts,
as indicated by the arrow in Fig.5.4.

Seeking the coordinates of this intersection can be accomplished by an it-
erative approach where successive mn;; V 1, j and c values are computed in
series. The details are presented in the form of a flowchart in Fig. 5.5. The
algorithm shown is based on the assumption that the set of servers to be used
has been already fixed.

In the algorithm of Figure 5.5, an initial guess for ¢ is used to compute the
minimum m,,;,s. This guess, which is generated from Eq. (5.58) by max-
imizing the number of data packets (i.e. by using m4c = 1), is the smallest
possible for the given problem settings. The steps that follow are thenused to
reach our target by updating our ¢ estimate through continuously halving the
gap between m i, and m4e. It should be noted that although the algorithm
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Compute ¢ using méc
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Compute all parts and
also the minimum Mmin
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mdd = Mpyin

Compute ¢ using mdc’
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Compute all parts and
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mie = micd

Figure 5.5. Flowchart describing an iterative approach for determining the optimum parameter
C.
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seems to go to unnecessary lengths for what is essentially a form of binary
search, what is really attempted is a restriction on how the intersection is
approximated. This restriction ensures that the algorithm converges, which
is not the case if m4c is allowed to oscillate back and forth the m-coordinate
of the intersection (as has been actually observed under certain conditions,
like very small document parts). Also, the right to left approach attempts
(but cannot guarantee) to find the crossing with the smallest m-coordinate
in the -unlikely- event that the instance of the partitioning problem exhibits
the property of multiple crossings.

The probability p used in Figure 5.5 is the highest one among the servers
employed. A simple modification to the algorithm of Fig. 5.5 can accom-
modate different packet loss probabilities.

5.7. Coupling the Relaxation Parameter c and the
Number of Installments M

The problem with a multi-installment strategy is that as the number of install-
ments increases, the magnitude of m, ;s gets smaller and smaller, resulting
in increased ¢ values and schedule overheads. The above hints to the fact
that the number of installments has to be carefully selected and should not be
arbitrarily large. Another important conjecture from the above discussion
is that the ¢ and M parameters have to be evaluated in tandem unless the
number of installments is a fixed system parameter. The example displayed
in Figure 5.6 illustrates vividly this problem.

In order to compute c and M we resort to an iterative procedure that is de-
picted in Fig. 5.7.

The algorithm in Fig. 5.7 can be broken down to two nested searches : an
outer one where increasing values for M are evaluated and an inner one
used to obtain an optimum value for ¢, given the number of installments and
schedule confidence required. For the inner loop, a binary search procedure
is used to find the value of ¢ that produces a close match to the required C'P
(within a threshold CON F'_E'RR). The initial search range is delimited by
the ¢ values for the largest (= 1) and smallest (= %) possible parts corre-
spondingly (., ¢, = XA 4 gy i 2%; W
2p; (1-p) s p; (17Pi)
). The outer loop terminates when, either AT is no longer decreased, or the
parts m; ; become so small (e.g. < sz) thatno cin [¢; ¢,] can yield a match
for CP.

Another issue with our treatment of packet loss, is that although ¢ is calcu-
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Figure 5.6. (a) AT offered by two identical servers, with bw ranging from 10 to 20 sec/MB
and o = lsec, for a | GB movie with R = 8sec/MB to a client with an available bandwidth
of bwe = 5sec/MB. The number of installments is one of M € {1,2,4,8,16}. (b) The
optimum value of ¢ is determined via the algorithm in Fig. 5.5, by assuming that sz = 1500,
the confidence interval is 95% and the packet loss probability is 10%.

lated on the assumption of a linear retransmission cost (i.e. 10% loss requires
an extra time cost of 10% for the retransmission of dropped data), TCP er-
ror control does not adhere to this assumption. TCP detects losses based on
timeout and/or feedback. Successive losses could also cause a doubling of
the time-out threshold (exponential backoff) with an upper limit of 64 sec,
until an eventual connection reset after roughly 9 minutes [101]. Although
precise modeling of TCP behavior is not incorporated in our model, the §
parameter can be used to provide an extra time delay “cushion". Calculating
the appropriate § for this purpose could be the target of future research.

5.8. Simulation Study

In order to evaluate the effectiveness of the multi-installment strategy, a
number of simulations were conducted. The results reported here are based
on the assumption that the transmitted documents are coded in MPEG-4 [1]
format (MP@ML). MPEG4 can offer exceptional quality at low data rates.
Although, MPEG-4 features a non-constant bit-rate, the following constant
rate is assumed R = 9.31sec/MB, conforming to figures reported by DVD
video transcoding experiments (880kbits/sec), where MPEG-4 codecs like
the popular DivX codec (http://www.divx.com) were tested [45].
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ICompute AT and cfor M =1

'Compute AT’ and mys for given ¢

Compute conf

satis fied = ((conf < CP) OR (|conf — CP| < CONF_ERR))

+
i

AND |conf — CP]
< CONF_ERR

[Compute AT’ and mys for given ¢y,

AT = AT’

c=cCp

satisfied = |conf — CP|
< CONF_ERR

Figure 5.7. Algorithm for estimating the optimum c and M parameters given the confidence
level C P that the delivery schedule should provide. conf denotes the confidence provided by
¢ = Cm.
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All the tests reported in this section are based on the assumption of a single
overhead per server and the optimum M and ¢ are computed for a confidence
of 95% and a packet size sz = 1500 bytes. Also the following values are
used:

- bwe = 5.592sec/MB (1500 kbps ADSL line)
- 0=1sec

- § = lsec which is longer than a typical GOP.

The first set of tests aimed at quantifying the improvement our scheme can
offer even under unfavorable circumstances when a ‘slower’ server joins
a ‘faster’ one, speed in this case referring to their corresponding bw. By
letting the slower server have 10 times the bw of the faster one, we get the
results shown in Fig. 5.8. The remaining parameters used in this simulation
were:

- L: 774MB, equivalent to a 120 minute feature-length movie.

- bw ranged from 10 to 20sec/MB in steps of 0.5sec/MB. This is equiv-
alent to the range [51.2,102.4] K B/sec

As can be clearly observed in Fig. 5.8(b), the improvement in AT offered
by our scheme, even with only a slight (10%) improvement in the consumed
bandwidth, can be quite significant. This is even more so when the AT that
can be achieved is smaller or at least close to the duration 2 L of the movie.
This effect is more evident for small values of p that lend to better access
times. Also Fig. 5.8(c) and 5.8(d) show that as would be expected, more
installments call for higher values of ¢, effectively limiting the maximum
number of installment that would be beneficial to the streamlining of the
delivery schedule.

A closer look into Fig. 5.8(b),(d) reveals that there is a coupling between
the number of installments and the improvement in AT. As long as more
than one installment can be used, the improvement in AT is superlinear as
both servers are utilized for a longer period of time. The above simulation
clearly shows that a multi-server multi-installment approach can greatly
benefit situations when a single server cannot adequately service a request.

Actually, a very exciting feature of the multi-server approach is that a super-
linear access time speedup is observed. If we denote as AT (N, bw) the
access time offered by N servers, each devoting bandwidth bw, then we can
define the speedup as:

AT(1, bw
speedup(N, bw) = Z—T—((N—bwl) (5.64)
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Figure 5.8. Simulation results for a pair of servers, one having one tenth the speed of the other
one. Graph (a) shows the access-times for using the pair or just the faster of the two. (b) displays
the improvement achieved by utilizing both servers VS only the fast one. Graphs (c) and (d) show
the corresponding ¢ and M values as computed from the algorithm in Fig.5.7. The horizontal
lines in (c) correspond to the single fast server scenario.

In Fig. 5.9, the AT speedup curves show extraordinary improvements over
the single server approach. The decline to the left of Fig.5.9(a) and (b) is
due to the fact that AT cannot go any lower than § + og = 2sec. Although
the numbers shown in Fig. 5.9 seem unrealistically high, the fact is that
they are a little bit lower than what could be achieved if the same client
bandwidth was consumed by a single server (see also Fig. 5.11, explained
below). For example, for R = 9.31sec/MB, L = 77T4MB and p = 10% a
single server with bw = 22sec/MB offers an AT of 11729sec, while 2 such
servers achieve 2372sec and a single server with bw = 11sec/MB exhibits
an AT of 2262sec.

As has been shown in [10], the use of fewer, faster servers provides a better
utilization of a client’s bandwidth, at least when the number of installments
is 1 or 2. Increasing the number of installments has the effect of making
many slow servers as efficient as fewer faster ones as far as the client’s band-
width is concerned. However, the results reported in [10] did not account
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Figure 5.9. AT “speedup" for different packet loss probabilities p and number of servers N.

The z axes display the individual server bw, which means that the consumed client bandwidth

o bw
ISN.

for any schedule confidence or take into consideration the derivation of op-
timum M and ¢ values. By computing the AT versus the consumed client
bandwidth for a varying number of identical servers, Fig. 5.10 is derived.
The strange behavior shown in the left side of Fig. 5.10(a) is due to the fact
that AT levels off at around 2secs. The main point revealed in Fig. 5.10 is
that more servers have to consume more client bandwidth in order to achieve
the same level of service as fewer faster ones, although, the difference is not
that significant.

The second set of simulations aimed at investigating the complex connection
between the number of servers, packet loss probability and optimum install-
ments, especially when guarantees are imposed on the delivery schedule.
For this purpose, we estimated the bw that a varying number of identical
servers would have to dedicate for delivering movies of different duration,
given a modest target access time of 1 minute. The results were visualized
with the aid of IBM’s OpenDX! software and are shown in Fig. 5.11.

'OpenDX is freely available from IBM at www.opendx.org
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Figure 5.10. AT versus consumed client bandwidth for different packet loss probabilities p and
number of servers.

A number of interesting observations can be made on Figure 5.11:

— Longer duration movies require more resources for achieving an access
time on par with shorter ones. The difference can be quite substantial (a
1000MB movie could require as much as 15-23% faster servers than a
50MB one) and it is quite significant if we also consider that an optimum
¢ for small movies was found to be 1-8% bigger than for longer ones.
This can be attributed to several factors:

%  Servers are released much earlier than the end of the delivery for
long duration movies, inhibiting good server utilization.

*  Also, a sufficient increase in M is not possible to counter-act the
above effect, as it would lead to an increase in c.

*x  The most dominant influence though, is the selection of AT used
in the simulation (60sec), relative to the total duration of a movie.
While for L = 50MB, AT represents 13% of the duration, for
L = 1000MB it represents a mere 0.65%. Running the simulation
with AT = 5%R L, i.e. 5% of the movie duration, shows a totally
different picture, with short movies requiring from 4%-21% faster
servers than long ones.
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Figure 5.11. Bandwidth that has to be devoted by each of a number of identical servers for
achieving an access time of 1 minute. The surfaces are pseudo-colored to reflect the correspond-
ing number of required installments.
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— Packet-loss probability has the greatest influence on M, greater than N
or L do. Probability p is effectively dictating the region of optimum
values for M.

Finally, Figure 5.12 shows how AT's relate to buffer requirements for dif-
ferent sets of identical servers. The buffer requirements are expressed as a
percentage of L. As can be observed in both L = 33MB and L = 774MB
cases, using more servers translates to higher buffer requirements for a given
AT as long as packet loss stays low. This trend is reversed in the last row
of graphs for p = 40%, and partly in the middle row too (for very high
AT). The reason is that when ¢ and/or AT are high, the use of more servers
translates to a higher ratio of server utilization, i.e. servers are active for a
larger percentage of the total download time.

Figure 5.12 reports the buffer requirements for M = 1. Multiple install-
ments are not examined in conjunction with the buffering requirements in
this chapter because of the intricate timing assumptions that need to be es-
tablished. A treatment of this aspect of the problem is presented in Chapter
6.

5.9. Concluding Remarks

In this chapter we extend the idea of employing an MSR strategy three-fold:
(a) by using a more realistic system mode! to describe the server-client trans-
actions and movie playback, (b) by catering for network losses that plague
user-experience and (c) by providing algorithms for optimizing the delivery
schedule parameters, including the number of instaliments.

The introduction of the ¢ parameter in our model, allows addressing both the
minimization of the access time, and the elimination of playback artifacts,
by giving enough time for all movie material to download correctly.

The simulations presented clearly show the potential of a real system based
on the proposed approach in bringing a step closer the commercial exploita-
tion of the Internet medium for movie distribution. The key to all these,
is that the expectations and demands from the delivery mechanisms (both
server and communications-wise) are relaxed. It should be stressed that
even two combined servers can slash in less than half the access time a
single one of them can offer. This superlinear access time speedup is on
its own a tremendous advantage of the proposed method. Even if a single
server is able to deliver the document in real time, i.e. ¢ bw < R, using the
proposed multi-server approach poses substantial benefits as it allows for:
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— The development and deployment of fine-grained server “load” balanc-
ing algorithms
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— The introduction of fault-tolerance characteristics to the delivery sched-
ule.

— A multi-vendor service provided under a unified umbrella. Multiple
ISPs could jointly offer VoD services, adapting their policies according
to client location and speed.

The main shortcomings towards the application of the presented framework
in real-life are:

— How to determine the packet loss probabilities that are typically not
constant over the duration of a download.

— How to adjust the delivery schedule in anticipation of the dynamic net-
work characteristics.

These issues are addressed in Chapter 6.

Bibliographic Notes

The distributed multi-server approach presented in this chapter, can offer a
universal solution for deploying VoD services that adapt to the client loca-
tion and the available resources of each server. The result is that the best
possible service can be offered to each client while at the same time maxi-
mizing both the server and the client bandwidth utilization. Thus, scalability
and fault tolerance can be offered at the network connection level, similarly
to how parallel video servers offer both at the storage level [66]. It should
be noted that the framework presented in this chapter does not conflict with
the parallel server or server array paradigm [36], as it is not concerned with
server storage management. Various aspects of the multi-server approach
have been studied in [11, 8, 9]

The main assumption on which our framework is based is that the document
can be arbitrarily divisible, i.e. broken-up in independent parts as seen fit.
Current state-of-the-art formats like the latest MPEG-4 standard [1], support
this simplification to a large extent. Even if the delivery schedule computed
by the proposed approach calls for intra-frame or intra-macroblock break-
ups, during playback all necessary information for the decoding process will
be present at the client side.

Multicasting [31] is the major network technology currently being used to
maximize network utilization and alleviate server bottlenecks. A technique
called patching -in various forms- has been also explored in order to ac-
commodate clients having different playback starting times, with minimum
communication overhead [23]. In [48], Horn et al. summarize a number
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of the techniques that have been proposed for addressing AT control, scal-
ability and reliability issues in a multicasting environment. However, mul-
ticasting does not come free: it requires infrastructure changes like special
routers, etc.. An alternative has been suggested in the form of the Simul-
cast protocol, which uses the clients as repeaters [35]. Requests directed
to the server are used to build a binary transmission tree which does not
require any network modification, as the extra functionality is embedded in
the client software. A more advanced attempt at building a multicast tree
using a P2P architecture, is reported in [103]. Tran et al. suggest a so-
lution called Zigzag for live media streaming, that addresses the problems
associated with the dynamic nature of the multicast trees, catering for fast,
bounded tree updates. However, both simulcasting and Zigzag cannot fully
utilize asymmetrical connections like ADSL, thus being suitable mainly for
low bit-rate content.

In [70] the term simulcast is used to reflect the use of multiple streams
with different rates targeting clients with different capabilities. A similar
approach to Simulcast is being used by the BitTorrent? project and the Kon-
tiki Delivery Management System® . BitTorrent uses the clients as content
publishers, striving at the same time to satisfy fairness constraints. Files
are split into %MB pieces that are transferred between the peers. Other
P2P file sharing approaches include the ever-popular KaZaa®, eDonkey’
and WinMX?® systems.

The major difference of these systems with the presented approach is the
scheduling of operations. Our framework allows a robust, non-heuristic
calculation of the parts that are going to be uploaded by each server so that
the playback can commence with a minimum amount of delay.

The idea of combining multiple geographically distributed servers for MM
document delivery has been coined in [105]. Subsequently, client buffer
space requirement has been studied by Dong, et al. [28]. An immediate
extension to this work presented in [105], appears in [28] which attempted
to use multiple server technique to service more than one client in the sys-
tem. Also, in this study certain bounds on client buffer requirements are
derived and rigorous simulation is presented. However, the system did not
consider servicing the clients under real-life network conditions, especially

’http://bitconjurer .org/BitTorrent
*http://www. kontiki. com
‘http://wwu.kazaa.com

Shttp://wuw. edonkey. com
Snttp://wuw. winmx . com
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under unreliable communication media. In [28] the retrieval strategy derives
the recommended bandwidth using a channel partition algorithm which es-
sentially schedules each client data to be retrieved from each server. The
challenge lies in deriving the schedule by taking into account the availability
of the bandwidth so as to minimize the access times. The paper also consid-
ers a movie placement procedure to simulate a geographically distributed
network.

Currently, possible communication errors like packet loss [20] or bit errors
have to be dealt with concealment methods or by adopting error localization
(e.g. video packets) or error correction methods, both of which increase
the communication cost (e.g. in [44, 61], MPEG-4 [1] specific resilience
methods, increase the data stream by 4%-11%). A side-effect of pursuing
correct delivery of the data-stream is that the above mentioned overhead can
be eliminated while at the same time maximizing the client bandwidth [56].

Jung et al. in {56] proposed a data partitioning scheme among servers
that resembles data-interleaving in disk arrays. The video stream is bro-
ken in Groups Of Pictures (GOPs) and distributed in a round-robin fashion.
This approach cannot in any way be considered a load balancing, network-
characteristics-aware approach as the one presented in this paper. The idea
of using multiple connections to geographically distributed mirror sités has
been also suggested by Rodriguez et al. for minimizing large document
transfer times [92]. Subsequently, in [34] Funasaka et al. suggest and
evaluate a method for parallel downloads that computes the download as-
signments according to the servers’ bandwidth.

Also, in an attempt to dynamically modify the quality of service according
to network congestion, Rejaie et al. [90] proposed a layered video format
and associated mechanism for tuning data volume to network capacity. A
similar technique adapted to existing standards, was proposed by Pejhan
et al. in [83], where it is shown that storing a single video along with the
motion vectors needed for encoding it at smaller fps rates can be efficiently
used for quality adaptation. A number of techniques have been suggested for
offering video of varying quality and/or size [69]. Scalable video provides
this capability by encoding the video in two or more layers using Hierarchi-
cal Layer Encoding Video (HLEV) or Multiple Description Coding (MDC)
[115]. The base layer provides the elementary video stream in its most basic
quality. Each additional layer, adds spatial and/or temporal details to the
base layer, enhancing its quality and adding to the overall stream sizc. In
[46] scalable video is discussed in association with multicasting by multiple
replicated servers to multiple clients. Still, these methods cannot promise
artifact-free playback while at the same time compromise quality.



Chapter 6

ADAPTING TO NETWORK VARIABILITY

6.1. Relaxing the constraints is not enough

In Chapter 5 we introduced a refined system model incorporating a “relax-
ation" parameter c¢ that allows the computation of a delivery schedule that
anticipates packet losses and provides room for their treatment.

The main problem associated with this approach is that it depends on fixed,
a-priori known packet-loss probabilities and server connections speeds, both
of which are typically constantly under change. Using just mean values for
these parameters has the potential to create the following problems:

— If packet losses decrease and/or connection speeds increase over time,
the computed AT would be overestimated, forcing the client to wait
unnecessarily. Additionally, it would prevent a recalculation of the
schedule that would “shift" responsibilities to faster servers yielding a
smaller AT.

— If packet losses increase and/or connection speeds decrease due to con-
gestion, interrupts would be introduced in the playback.

In this chapter we discuss methods for treating these deficiencies, by em-
ploying multiple installments. The notations and symbols used, adhere to
the guidelines set in Chapter 5 (see Table 5.1).

6.2. Dynamic Schedule Adaptation

During the long time it takes to deliver a several-hundred-MB movie over
slow links, many ofthe network parameters assumed constant in the previous
chapters, change. In order to ensure the integrity of the playback, or in the
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worst case to minimize the number and duration of the interruptions, the
delivery schedule has to be re-evaluated. The introduction of the multi-
installment strategy in Chapter 5 is fertile ground for such techniques. Re-
computing the delivery schedule can be done:

— Periodically. A multitude of approaches can be used to establish a
periodic “calibration" of the delivery, including both time and data based
ones. Examples:

* Regular intervals (e.g. every 5 minutes)
* At the end of an installment
* At regular data intervals (e.g. after downloading each MB)

—  Whenever such changes are detected (e.g. whenever a server connection
stays inactive for more than 30 secs)

Of course, the problem of estimating the system parameters (in particular
bw and p for each server connection) persists whatever the approach chosen.
In this chapter we choose to deal with the network variability, whenever an
installment is completed, thus any changes affect only the part of the re-
quested movie that has not been scheduled yet.

This is not an optimum choice, especially if the movie part that has been
already requested will not arrive in time (e.g. due to a server connection
failure). The scenario of complete server connection failure is examined in
Chapter 7.

After we use the algorithm in Fig. 5.7 to derive the optimum ¢ and M
parameters, we can start the delivery. At the beginning of each of the subse-
quent M — 1 installments that are to be performed, we can use the algorithm
shown in Fig. 5.5 to adjust to any detected changes. The details are shown
in Fig. 6.1.

Using the algorithm of Fig. 5.5 instead of the one in Fig. 5.7 is dictated by
purely cost considerations (it is just too expensive to be performed for each
and every installment). Hybrid techniques that change M every so often,
could be also considered in future work.

Central to our capability to adjust the schedule 6.1, is the use of the o param-
eter for encoding the -expected- release time of a server, effectively shifting
responsibilities to servers that can fulfill the duties faster. However, this pre-
vents the use of the multi-overhead (MO) model presented in Section 5.3.2.2.

We will refer to the technique outlined in this section as Multiple Installments
Single Part (MISP).
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Figure 6.1. A pull-based scheme that a client can use to adjust the delivery schedule to system
changes.
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6.3. Single Installment Revisited

Similarly to a multi-installment strategy, we can use the single installment
as a building block to an adaptive scheme.

The principle is to divide the delivery of the movie into M equal disjoint
parts, thus having each server make M deliveries. This is conceptually
equivalent to a multi-installment strategy [105] with the difference that no
constraints tie together the delivery of successive installments. Each in-
stallment delivers ﬁ data to the client. m; ; will be used in the following
paragraphs to denote the i-th part delivered by the j-th server. The difference
with the multi-installment notation is that m; ; is expressed as a percentage

L M1
of 17, hence > .7 Zj o Mi; =M.

In the following sections, we will refer to the aiternative technique as Single
Installment Multiple Parts (SIMP).

The benefits of the single-installment based approach over the pure multi-
installment one of Section 6.2 are:

—  The closed-form solutions of Section 5.3.1 significantly reduce the cost
of schedule calculations. This is important if M is large.

— A multiple-overhead model can be easily incorporated (see Section
5.3.2.2). Actually, the overheads can even vary from one installment to
the next.

The flowchart in Fig. 6.2 presents the sequence of operations for estimating
the AT at the very beginning of the downloading process. If we denote the
access time needed for installment k, &k : 0,..., M — 1, as AT}, then the
overall AT should be set so that the following condition is satisfied V k:

L
AT > AT, ~ kR o 6.1)

The computation of each AT} is accomplished via Eq. (5.9), (5.7) and
(5.10) for ﬁ data and by setting the overheads o, to reflect the delivery cost
of all the previous installments up to k. Thus, when calculating how the
j-th L/M part is going to be partitioned among the servers, we set:

0 = { flmt +cbwif Zk 0 my; for single overhead
R

i+1)o; (init) 4 ¢ b, L L S~ my, for multiple overheads

(6.2)

where ogimt) 1s the actual overhead associated with S;.
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Sort all servers in ascending order
according to their o attribute. Let AT=0

!

for k:0,...,.M—1

!

Compute ¢ for uploading L/M
given the state of the servers

¢

Compute ATy and my; Vj=0,...,N -1

VS, j=0,...,N—1

= 0. , L
Let 0j = 0; + ¢ bw; My 537

End

Figure 6.2. Algorithm for determining the AT and parts my ; for M successive deliveries of
L /M movie parts (a single overhead is assumed).

The process in Fig. 6.2 can yield parts mo_j, but in order to accommodate
changes in the network, we should recompute the delivery schedule at the
beginning of each subsequent installment £ : 1,..., M — 1. For example,
when Sy completes (or is close to completing) sending its & — 1 part, the
measured bw; and p; figures can be used to update: (i) the expected com-
pletion of installment k — 1 for each server S;, j # 0, and (ii) the AT}
estimate and the parts my, ; to be used for installment k. Thus the client has
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C:
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Figure 6.3. A 3-installment schedule for delivering the “Matrix Revolutions" trailer via 3 iden-
tical servers S(10sec/MB, Osec). It is assumed that p = 10% and sz = 1500 bytes. The
corresponding ¢ value is shown above each installment. Also displayed are the m; ; values.

to execute the loop body of Fig. 6.2, w times in total.

If condition (6.1) is no longer valid, an interruption equal to ATy, —k R A—Ll -
AT will have to be introduced into the playback. Alternatively, more servers
could be employed for avoiding this.

An example of a 3-installment schedule as produced by the algorithm in
Fig. 6.2, for the “Matrix Revolutions" movie trailer mentioned in Section
5.4, is shown in Figure 6.3.

Although the issue of a server failure is not explicitly treated above, it is
possible that one or more new servers are introduced in the delivery schedule
at the beginning of each installment.

One might suggest that an alternative to the above method might be to send
requests for small, fixed portions to the available servers in a round-robin
fashion, or whenever they become available. This approach can be consid-
ered a special case of the suggested method for very large M. However,
Section 6.5 shows that this can yield inferior results, even without any regard
to the additional network overhead.

A key point in the algorithm of Fig. 6.2 is that the value for ¢ is computed for
each installment and for every schedule update. Deciding on the optimum
value of M for dividing up the movie L can be accomplished by using as a
building block the algorithm of Fig. 6.2. However, the optimum M found
this way may not necessarily be the best one under working conditions.
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6.4. Simulation Study

In order to explore the potential of the proposed document delivery ap-
proaches and associated algorithms, two types of tests were conducted:
analytical ones based on the models presented in the previous sections and
discrete event simulations. In doing so, we tried to answer the following
questions:

—  Which is the best performing technique access-time-wise and by what
margin?

—  What is the best M for movie delivery?
—  What are the buffer requirements of the suggested schemes?

— Given the unpredictable nature of the communication media, what can
be expected in real-life in terms of playback interrupts?

For the analytical tests and in order to satisfy both simplicity and diver-
sity, we focused on identical servers delivering a 100min duration CBR
movie coded in MPEG-4 format (MP@ML), through identical communi-
cation links. MPEG-4 [1] is an emerging standard offering high quality at
low data rates. MPEG-4 aims to solve the "global media" problem cover-
ing the coding, delivery, communication and synchronization of multiple
media including among others natural video and audio, 2D and 3D mesh
representations [14]. Given an MPEG-4 data rate of 880kbits/sec (reported
as a mean data rate value in DVD transcoding applications [45]), we have
R = 9.31sec/MB and a document size of roughly L = 645MDB accord-
ingly. For our tests, we also used a 5 min duration movie clip, representing
short media, which for the same R noted above, translates to L = 33MB.

The number of servers ranged from | to 5 and the consumed client band-
width ranged from 100% to 50%, evenly split among the servers. All servers
were assumed of having o = 1sec. The client was assumed of having an
ADSL-class connection at 1.5Mbit/sec, or bwe = 5.592sec/MB. It should
be noted that throughout this section a confidence of 95% is used for c esti-
mation. In the case of the SIMP strategy, M parts translate to a confidence

of 0.95% for each part delivery, as per the discussion in Section 5.6.

Initially, we focus on SIMP and later in this section we provide figures com-
paring SIMP and MISP.

As can be seen in Fig. 6.4, the more servers we use, the less efficiently
the client bandwidth is used. Also, the optimum number of installments as
determined in conjunction with ¢ can be quite large in order to achieve a
small AT. For p = 0.01 the very high number of installments essentially
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translates to a round-robin assignment of packets to servers. Very high Ms
equate to high upstream communication traffic (i.e. sending commands to
servers) and a high cost for computing the delivery schedule. The former
is not taken into account in this study and it is a parameter that deserves
additional research. In practice though, gains in AT are insignificant after
a few hundred (at the most) installments.

Similar results for the 33MB case movie are reported in Fig. 6.5. Similar
to the case of the 100min movie, a smaller packet size allows for better
utilization of the available bandwidth and can achieve smaller AT. Another
significant trend that is visible in both Figures 6.4 and 6.5 is that increasing
packet loss probability reduces the optimum M. The reason is the increase
in ¢ that comes with increased p and M.

Despite a less efficient use of the client bandwidth, multiple servers can
offer a substantially better service that a single one. The following example
is illustrative:

- Given the task of delivering a 645MB document with sz = 1500, a sin-
gle server with bw = 15sec/MB and p=0% offers an AT = 3671sec. If
this server is assisted with another one consuming one tenth of its bw, i.e.
150sec/MB, we can achieve an AT = 2841sec for M=10. This is a 22.6%
improvement for 10% more bandwidth. Still a single server using the same
bandwidth would produce an AT = 2791sec but that may not be possible
in every situation.

As can be seen from both Figures 6.4 and 6.5 a smaller packet payload sz
improves the behavior of the system. For this reason, in the remaining re-
sults that are reported we use only sz = 1500B.

The maximum buffer requirements (in the spirit of Section 5.3) are reported
in Fig. 6.6 and as can be seen, for offering the same AT SIMP requires
almost the same amount of client space as a single server approach. The
trend is for the multi-server scheme to require a bit more space, although
this 1s reversed for small L and higher access times.

Just how SIMP stacks up against MISP is shown in Fig. 6.7. As can
be observed, there is no consistent advantage of one approach over the
other. What is clear is that the differences are minute both AT'- and buffer-
requirements-wise. When a large portion of the client bandwidth is used,
MISP is dominant, while for a lower percentage of the available bandwidth,
smaller access times and buffer requirements are exhibited by SIMP. Also
the much larger number of installments utilized by SIMP (3-4 orders of
magnitude bigger) allow for a much more aggressive adaptation of the de-
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Figure 6.5. SIMP optimum access times and number of installments M for delivering a 33MB
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yoa

livery schedule in response to system changes. In contrast, a MISP strategy
would have to rely on an auxiliary mechanism to track potential problems
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Figure 6.6. SIMP maximum buffer requirements versus AT for different number of servers and
movie size L. The buffer requirements are normalized i.e. expressed as a percentage of L.

as the end of an installment would not come soon enough to allow for this.
Complications in server and client implementations would be a certain re-
sult of this.

The only major problem that one might face in the application of SIMP,
is the excessive computational effort required to produce the optimum M,
especially under the light that in certain circumstances M can be in the order
of one hundred thousand. This also translates to increased computational
requirements for updating the delivery schedule. An alternative could be
to use as many installments as would be necessary to render any further
reductions in AT insignificant.

As can be seen in Fig. 6.8, where M is calculated as the point where further
improvements in AT fall below 0.1% of the current estimate, such a pol-
icy can be a good compromise: AT are only marginally increased over the
best that can be achieved, while M remains high enough for quick schedule
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adaptations and low enough for computational efficiency.

As is the case for the MISP approach explored in Chapter 5, a super-linear
speedup (see Eq. (5.64)) is also observed for SIMP. The curves shown in
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current estimates, fall below 0.1%. For both document sizes, sz = 1500B.

Fig. 6.9 are very similar to the ones in Fig. 5.9. In all the cases shown in
Fig. 6.9 speedup(N,bw) > N. This is due to the fact that playback can
start much sooner than in the single server case, without risking an interrup-
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Figure 6.9. Speedup over a single server for N = 2,...,5 servers (I = 645MB and sz =
1500B).

tion. The shape of the speedup curves is dictated by the total transmission
time. Any access time improvements are marginalized if the duration of
the document delivery is very long. Naturally, the total transmission time
features a sub-linear decrease with the number of servers. The downturn of
the curves for small p in Fig. 6.9 is produced because AT approaches the
overhead o.

The above paragraphs show that SIMP is a strategy that can provide a service
on par with MISP while at the same time allow for rapid adaptation to sys-
tem changes. The level of SIMP’s success in blocking playback interrupts
is explored in the next section.

6.5. Discrete Event Simulation Study

In order to probe the real-life behavior of a system based on SIMP, we per-
formed a discrete event simulation of the delivery of a feature-length CBR
movie stream. In order to get a realistic data feed from the servers to the
client to drive the simulator, we used a modified version of the Open Source

[impeg library by Fabrice Bellard (available at the SourceForge.Net site),

to extract the header information from a MPEG2, stream. The movie used
had a resolution of 528x224, R = 17.6567s/MB (or roughly 463kbps),
L = 368.3MB, n=155906 frames and fps = 23.976. The extracted header
information was also used to get the best posteriori-calculated AT" and com-
pare it against the predicted AT". The best posteriori-calculated AT is found
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Figure 6.10. An instance of the OMNeT++ based discrete event simulator showing a 4 server
setup.

in a similar fashion to Eq. (5.42) and is obviously of theoretical value:

ATpos = mazy (delwer(z) - m) (6.3)
The discrete event simulation software was based on the OMNeT-++ Discrete
Event Simulation System V.2.3 by Andras Varga [104]. The architecture of
the simulation software is shown in Figure 6.10.

A separate module was used to model the packet loss characteristics of
each individual link, based on the sine model suggested by Arai et al. [6].
According to the sine model, the loss probability p, V& : 0...N — 1 is
time dependent and oscillates between a minimum min, and a maximum
value maxy, as follows:

(maxy — ming) (1 + sin (27t/T + ¢))
2

where ¢ represents time and 7" is the oscillation period (7" = 24hours).
o represents a starting phase and it is used in our simulation to produce
different loss behaviors. For each of the NV links, ming = 0 and maxy, was
generated from a uniform distribution in the {0.1,0.4] range. Figure 6.11
shows an example for ming = 0 and mazy = 0.2.

PE = ming + (6.4)

The bw of each server was generated from a uniform distribution in the
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Figure 6.11. Anillustration of the packet loss probability model of Arai et al. [6] for min, =0
and maxx = 0.2. The vertical lines indicate the different phases ¢ that are used in the discrete
event simulation.

[20, 40]sec/MB range while a uniform distribution in the {1, 3]sec range was
used for the client-server RTT. These ranges were chosen so that a multi-
server delivery would be mandatory under the problem specifics. The o
attribute of each server reflects the corresponding RTT overhead and thus
we have o0 = RTT. bws and RTTs are assumed constant throughout the
simulation. This is justifiable under the scope that bws represent resources
that are dedicated by each server for a particular client. Inareal-life scenario,
a client could use the server-allocated and (most probably) fixed bws to
derive a delivery schedule. RTTs can be easily computed by pinging the
servers and are irrelevant after the initial requests are sent, since subsequent
requests can be piped to the servers, i.e. a server will have the next request
already delivered before the previous one is complete.

In order to assess whether the proposed scheme could cope in the absence
of a detailed model of how the communication media behave, we set the
links to begin “operating” in different phases of the cycle described by Eq.
(6.4) (see also Fig. 6.11). At the same time, the client which calculates the
delivery schedule, uses only the overall average loss behavior over the course
of the delivery operation for the purpose of schedule derivation. The client
calculates the initial schedule after collecting the bw, o and ™**A 0k,
parameters for each server (the latter being the average loss probability for
the particular link). Subsequently, the schedule is recomputed before the
end of each installment for the remaining of the document, possibly shifting
-not already assigned- content from one server to another, as depicted in the
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Figure 6.12. Percentage of cases where playback was not interrupted for (a) M = 10, (b)
M =100 and (c) M = 1000 for different starting phases .

algorithm of Fig. 6.1.

Because there is a possibility that the AT is set before the end of the first part
delivery, we perform the update of the schedule also just before playback
commences. Thus a delay can be introduced without risking an interrupt.

Figure 6.12 displays the results that were obtained by running the simulation
100 times for each combination of M, N and . For computing the optimum
¢ values, a confidence of 95% was used. The packet size sz was set to
1500 bytes (as per the conclusions of Section 6.4), yielding an accurate
representation of the network-level events. Finally, = 1sec. Although an
optimum value for M could be obtained for each instance, we chose to set
M to three distinct values, in order to control this degree of freedom of our
experiments.

As can be observed in Figure 6.12, large deviations from the estimated
packet-loss percentages lead to interrupts even with our scheme. At first
glance, it seems that increasing the number of servers can have a negative
effect on the number of interrupts. The reason for this behavior, though, is
that having only 2 servers produces a large AT that allows the client to get
a better estimate of the packet-loss characteristics. As N grows, smaller
AT's are produced, that can invariably lead to interruptions even for small
loss fluctuations. However, as M grows, interrupts are minimized as any
unpredictable behavior can be dealt with by shifting “duties" from one server
to another in a rapid fashion. A second reason for this behavior is that as has
been discussed in the previous section, ¢ is inversely analogous to the parts
my, i.6. more installments translate to an increase in ¢, in order to make
each individual installment packet-loss-proof. This reflects negatively on
the AT which on one hand prohibits interrupts, but on the other hand delays
the beginning of the playback significantly. This effect is clearly visible in
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Fig. 6.13. where the difference AT,y — AT is displayed. In addition to
minimizing interrupts, Fig. 6.13 also shows that the computed AT is only
marginally higher than AT,,,,;. These results re-enforce the conclusion of
Section 6.4 that MSR strategies have the potential to aggressively monitor
the status of the system and adapt to changes without compromising the
client’s experience.

6.6. Concluding Remarks

This chapter describes a first attempt at deriving an adaptive multiple-server
movie distribution scheme that can offer interrupt-free playback even in the
absence of robust network error modeling and VBR streams. By using the
single installment framework of Section 5.3.1 and by dividing the movie
into M equal parts, we can cater for: (a) AT minimization and, (b) regular
schedule updates which result in server load-balancing.

The experiments presented firmly establish SIMP as a great performer, ca-
pable of realizing VoD services over the public Internet with its current
limitations and shortcomings. However, we are still a bit off the final target
of a comprehensive multiple-server movie distribution scheme.

The set of policies that have to be specified in order to establish an adaptive
scheme consists of:

—  Schedule Calculation Policy : in this section we explore the properties
of one such policy that (re)calculates the schedule at the end of each
installment. Another -possibly better performing- policy would be to
perform this calculation at regular time intervals. Of course, the problem
of which interval is best is raised in this case.

— Stream Partitioning Policy : we compare SIMP and MISP policies.
What about a MIMP scheme, i.e. one involving splitting the input
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in multiple parts and using multiple installments for each part?. This
approach could potentially be superior to both SIMP and MISP. Many
other possibilities that mix and match different policies for different
stages of the distribution process are also possible.

—  Server Management Policy : this part of the problem is not even im-
plicitly mentioned in this section. We are currently assuming that all
available servers are utilized for servicing each movie request. Clearly
this is not an optimum solution and could also be the source of problems
(what happens if a server fails without an available replacement). This
is probably the least researched part of the problem.

—  Server Bandwidth Management Policy : how much bandwidth should
each server devote to a request?

—  Cost Management Policy : it is possible that there is a different cost
associated with using each individual server. The proposed approach
can be extended to cover the monetary costs involved in providing VoD
services by disjoint vendors. DLT has been already successfully applied
in a similar problem by Robertazzi et al. [91].

Future work could also aim at further exploring/fine-tuning the parameters
of the problem/model. For example, we could aim at using a different
‘relaxation’ constant ¢ for each server. This would be desirable when each
server connection exhibits widely different loss characteristics. Also, the
study of a system comprising of many clients should provide more insight
into the real-life benefits of SIMP/MISP and their variants.

Bibliographic Notes

The potential of SIMP has been explored for the first time for VBR media
in [9]. Similar results for CBR media (MPEG2) are reported in [8].

Traditionally, the shortcomings of the public Internet and the associated
heavy network loads that come with VoD services, have been addressed
with network technologies such as multicast [101, 31]. Multicast achieves
scalability by letting a video server/source send a packet only once to all the
clients that should be receiving it, thus reducing the corresponding traffic
substantially. The problem with multicast is that it requires infrastructure
changes (e.g. like special routers) and it has been also reported that it suf-
fers from configuration inconsistencies [87], leading to spatial and temporal
routing instabilities.

Another major issue with the use of multicast is that the content must be
delivered simultaneously to all clients, or at least within strict time limits.
This effectively narrows the applications of interest to live news/sport feeds
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or collaborative/workgroup communication applications [33], unless spe-
cial constraints are imposed as discussed below. The timing constraints also
dictate the use of UDP instead of TCP as a transport mechanism. Since
UDP is inherently unreliable, basic IP multicast is also unreliable. Hence,
multicast requires special provisions by the video stream and/or decoder
so that error correction/concealment is possible. SIMP/MISP on the other
hand do not require such treatment, allowing a significant reduction of the
video size (e.g. up to 11% for MPEG4 [44]).

To overcome multicast dependence on infrastructure changes, several re-
searchers have proposed techniques that offer a form of multicasting by us-
ing peer-to-peer (P2P) unicast communications [35, 103, 17] also known as
overlay multicast or simulcast. In [17, 16] Birrer and Bustamante compare
a number of P2P multicast protocols against their P2P multicast protocol
named Nemo. Nemo is based on a hierarchical organization of the peers
into clusters.

In summary, all the techniques employing multicast in one form or the other,
suffer from the need to have all the participating nodes receive data at a rate
matching or exceeding the video rate. Hopefully, this chapter establishes
SIMP and other multi-server unicast-based strategies, as valid alternatives
to multicast and its variations.

Networking errors have been studied for a long time and under various do-
mains as the effects of such occurrences are obviously dependent on the
particular application. Packet-loss is usually being modeled by k-order
Markov chain models [63]. The Bernoulli is the simplest of these models
(k = 0), with more sophisticated ones (e.g. Gilbert for ¥ = 1 and Extended
Gilbert for £ > 1) providing better prediction accuracy. An alternative ap-
proach called Markov-gap model is discussed by Lee and Varshney in [63],
where gap refers to a loss-free run.

The sine model, a variation of the Bernoulli model, where the loss probabil-
ity oscillates with a 24-hour long period between a minimum and maximum
value, has been also described by Arai et al. to provide better accuracy than
the Gilbert model [6]. The sine model also captures time variations that
are typically observed in real-life situations. In our study we focus on the
total number of lost packets during an installment and not on the duration
or length of the loss bursts and that is why a Bernoulli distribution is suffi-
ciently accurate for our purposes.

In [74] Maihofer and Rothermel study the effects of packet losses on the
scalability of three multicast transport protocols, in view of lost/corrupted
data retransmissions.



Chapter 7

FAULT-TOLERANCE ANALYSIS FOR MULTIPLE
SERVERS MOVIE RETRIEVAL STRATEGY

7.1.  What can go Wrong with an MSR strategy?

In the previous chapters we have seen a number of conspicuous advantages
that MSR strategies can offer. In this chapter, we consider the fault-tolerance
aspect, which is one of the crucial parameters in providing an attractive ser-
vice. Since multiple servers are engaged in the retrieval process, failure of
one or more servers, will allow the service to continue without any inter-
ruption as long as there is at least one server to provide the missing data.
In fact, with a clever retrieval strategy design, the clients will continue to
view the presentation, while certain number of servers may “die" and come
back to “life" after some time. In contrast, with a conventional system, most
probably the clients may need to be rescheduled or the presentation gets af-
fected. Also, as shown in the rigorous simulation study from the literature!,
scalability of the physical system and heterogeneity of the system, can be
easily accounted in the design, as the size of the portions retrieved from each
of the servers depends on the available bandwidth and playback rate of the
movie. Some of the key questions/issues to ponder are:

—  When servers or links fail, how does the delivery & playback schedule
get affected?

~ A fault with a server may create a discontinuity in presentation owing
to data loss. How can this “missing" data be provided to minimize any
presentation hiccups?

~  Faults could occurrandomly. How should one react to these catastrophic
events to prevent QoS degradation?

!'See references [105, 66]
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—  What statistical data are required to safe-guard and quickly react to any
failures?

— Wedemonstrated the effect of server sequencing on access times. Know-
ing server reliabilities, can the concept of sequencing be used to improve
fault-tolerance or reliability of the entire server system?

We deal with the above issues in this chapter. We first consider the server
and communication channel reliability in designing a multiple server re-
trieval strategy to provide a more reliable service. System reliability, or
performance during playback, is one of the important factors in providing a
high-quality reliable service to a client besides minimizing the access time
of the movie. For instance, users may afford to tolerate a slight increase in
delay in accessing a movie at a benefit of procuring a highly reliable system
with a guaranteed QoS. Thus, we formulate the problem so as to incorporate
these issues of reliability and analyze the performance in terms of access
time and reliability considerations. Further, as with the practical systems,
we assume that the server availability is determined based on the failure rate
only and does not consider whether a server is busy or not. Without loss
of generality, we assume that there exists an admission control module that
takes into account the state of the server 2 to determine if it is busy or not.

Secondly, we identify an optimal sequence, the order in which data are to
be retrieved from the respective servers, to achieve maximum system relia-
bility.

Although the access time may not be influenced by sequencing?, with this
new formulation under fault-tolerance considerations, we will show that the
retrieval sequence plays an important role in improving the system reliabil-
ity. We attempt to identify an optimal sequence that maximizes the system
reliability. Next, we consider analyzing the situation upon a server failure.
Server failure amidst servicing the client results in data loss, and hence, a
discontinuity in the presentation at the client site is expected. We first use
a deterministic approach to analyze the single server failure scenario. We
introduce two methods to recover the missing data, so that any severe perfor-
mance degradation can be circumvented or minimized to the best possible
extent. A parameter that quantifies the QoS is introduced to measure the
extent of performance degradation. Further, this parameter recommends the
client application to tune the playback rates in view of any delayed server
recovery periods.

2Chapter 1 demonstrates an admission control algorithm for simple media servers.
3Refer to Chapters 2 & S for server sequencing.
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Then, as an alternate means, we use a probabilistic approach to analyze
the single server failure case. We analyze a single server failure scenario
by assuming a constant failure rate of a certain participant server which is
expected to fail between the time the server starts to send document to the
time it completes its task. We derive an expression for the Mean Time to
Failure (MTTF) of that server and an expected amount of document portion
the server fails to deliver, referred to as missing data. Again, in this case, the
above mentioned two methods will be used to recover the missing data, and
the performance degradation will be quantified for both methods. By this
analysis, server failures are very well estimated so that the Service Provider
(SP) can plan in advance to allocate appropriate resources to ensure a reli-
able service.

We testify all the theoretical findings and highlight certain key features that
are useful in designing such network based service rendering systems with
rigorous simulation experiments. Finally, although MSR schemes are attrac-
tive in many aspects as discussed in the previous chapters, it is the reliability
measure that remains to be explored to truly test the system performance, as
the service provision is launched on a networked/distributed environment.
In Chapter 8, a JINI-based implementation is used to conduct server crash
tests and evaluate the reaction of the system in terms of providing a contin-
uous presentation as well as load balancing. Further, the results from this
research elicit several important aspects that a system and/or an algorithm
designer must take into account while deploying a host of VoD servers. In
fact, this study exposes interesting trade-off relationships between access
time and the reliability (availability) performance measures.

7.1.1 Definitions, notations, terminology

As described earlier, the strategy is to utilize a pool of servers to retrieve
the requested movie such that the access time is minimized and the system
reliability is maximized. We shall now formally define some quantities and
introduce the notations used in this chapter:

—  N: Number of multimedia servers denoted as S;, 1 = 0,..., N — 1, 1in
the system.

—~ m,;: Portion of the movie document retrieved from server .S,

~ L: Total length of the movie expressed in Mbits or Gbits. Note that
Z/]c\:ol mg = L.

—  bw;: The inverse of the bandwidth of the channel between server S; and
the client. bw; is defined as the time to download a unit amount of data
over that channel, measured in secs per unit load. Without any loss of
generality, we shall continue to refer to this quantity as bandwidth.



192

DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

Rpiqy: Inverse of the normal playback rate of the movie at the client
site. This is defined as the time to play a unit amount of movie data,
measured in secs per Mbits or secs per MBytes.

Resource: We refer to a resource as a single entity comprised of a
server and the associated communication channel. Thus, a failure may
correspond to either a server failure or a communication channel failure
or both. A failure of one of the components or both will affect the
presentation at the client site. Below, we attempt to quantify the failure
rate and reliability pertaining to a resource, as opposed to failure rates
and reliabilities for individual components. Thus, we avoid referringtoa
resource as a resource pertaining to a MM server and its communication
channel explicitly every time.

;. This is the failure rate of the resource ¢ and we assume it is constant.
As mentioned above, this refers to the combined failure rate of server
and link.

r: This is the repair rate of the resource and we assume it is constant.
We assume that all resources have the same repair rate because the SP
practices the same recovery procedure for all the resources.

R; = Pri(t > t;): This is referred to as the reliability of a resource 1,
and it is defined as the probability that the resource will not fail before
the data portion m,; has been completely transferred to the client.

Tr: This is the time to recover a resource, i.e., the time interval between
the instant at which a resource fails and the time instant at which the
resource resumes its normal operation.

7: Time delay incurred in transferring the missing data in case of a
resource failure.

o This is defined as a factor by which the playback rate is altered
depending on data loss following a resource failure. Thus, 0 < o < 1
such that the playback rate at a given instant in time at the client, is
given by Ry, /c. Note that if the data loss is large, then we choose a
small value of ¢, implying a slow playback rate and vice versa.

t.: The time instant at which a resource fails.

t,»: The time instant by which the missing data has to be delivered to
the client for continuous playback.

MTTR: Mean Time To Repair a resource. We assume all resources
have identical MTTR because a SP usually practices the same recovery
procedure for all the resources.

MTTUF;: is the Mean Time To Failure of resource «.
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— A;: This is referred to as the availability of resource 4, and is defined as
the probability that the resource is operating successfully over a period
of time. It can be expressed as, MTTE;/(MTTF, + MTTR) [29].

- o(0,..,k,k+1,..,N —1): The sequence in which the retrieval of
media portions from the servers are sought, i.e., in the order of

S(],SI)S27 s >Sk77]7Sk7Sk+lask:+23 .. 'aSN—l

respectively.

- Rs(c(0,...,k,k+1,...,N —1)): The system reliability when the re-
trieval sequence is ¢(0, ..., k, k + 1, ..., N = 1).

7.1.2 Some remarks

As we know from the basic working style of the MSR strategies, when a
request is placed by the client, the SP could return a schedule to the client
and the respective N servers. Typically, the schedule consists of inform-
ing the servers on the starting time of downloading the data, the amount of
data that each server has to render, and the order in which these portions
are to be retrieved by the respective servers from their databases. For in-
stance, for downloading a movie of length 300M bits, a typical schedule
with a 3-server system may be as follows. The start time may be from
say, t = 0, and mg = 100Mbits, m1 = 120Mbits, and mo = 80Mbits,
respectively. Further, the SP will also inform the first server that it has to
download 100 M bit s starting from the first byte of the movie, and the second
server to download the next 120 M bits of data (giving the exact starting and
ending locations) and the third server to download the next (the last, in this
example) 80Mbits of data. From the basic recursive equations in Section
2.3 we can obtain the access times given by AT = mgbwg, where bwy is the
connection bandwidth from Sy to the client and my is obtained after solving
Eq. 2.8.

Let us assume that the availability of the first serveris Ay = 99.98%, second
server is A1 = 90% and third server is Ay = 99%. With these quantities,
the SP may recommend a new schedule to the client is mg = 120M bits,
my = 95Mbits, and my = 85M bits, respectively. Taking into account the
availabilities of the servers, we allow the client to start the movie playback
of the first data portion ng at time AT = mgbwg/Ag, a longer time period
than mgbwy (as in the above example) to guarantee that it receives the entire
data portion mg. Similarly, the client starts the playback of second data
portion my at time mybw; /A;. Although there is an increase in access time
in this new retrieval strategy, servers with high availability deliver relatively
more data while servers with low availability deliver relatively less data,
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thus clearly accounting the failure possibilities of the resources. The sys-
tem reliability can be improved by this retrieval strategy. This new retrieval
strategy is formally introduced in the next section.

Thus, we will revisit the design of the MSR approach to seek minimum ac-
cess times by taking into account the resource (server and/or communication
channel) availabilities so that the overall system reliability is maximized.

7.2. Revisiting the Design and Analysis of MSR Strategy
with Server Reliability

As mentioned above, we assume that the resource (by which we mean ei-
ther a server and/or the communication channel between the server and
the client) in this system has a constant failure rate A; and a constant re-
pair rate r. Further, we shall assume that the reliability of each resource
R;, 1 =0,..., N — 1 follows an exponential probability distribution. That
is, in general,

R; = Pry(t > mybw;) = e emabws (7.1)

The availability A, the probability that a resource is in normal operation,
depends on both reliability and maintainability of the resource. Thus, in gen-
eral, the availability can be expressed as Availability = uptime/(uptime+
downtime), where uptime is the time duration in which the resource is in
normal operation and downtime is the time duration in which the resource
is not available for service, respectively. The availability for a constant
failure rate and constant repair rate resource is given as [29],

T /\z‘

— *()\i+‘r)t 2
/\i+7’+)\i+re (7.2)

Aq(t)

The average availability over a period of time from ¢; to ¢3 can be calculated
as,

A‘i(tz-"h) =
1 t2 1 by i
A;(t)dt = + 2t et (7.3
to — 11 /tl () o — 11 /t] (/\i‘|'7" )\i+7“e ) (7.3)

Then, the steady-state availability is given by,

ro MTTF,
r+X\ MTTF, + MTTR

i =

(7.4)

A resource can have an average availability ranging anywhere between 0
(low or no availability) to 1 (high availability). To ensure that the client re-
ceives the entire media portion, say m; from .5;, the client starts its playback
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from time m;bw;/A; instead of m;bw,, thus allowing more downloading
time, since A; < 1, where A; is the availability of resource pertaining to
server .S;. If this resource fails during the communication time period, the
SP will have more time to allocate any standby resources to recover the
missing data or may wait for a failed resource to resume the communica-
tion.

Thus, to guarantee a continuous playback under a realistic (failure prone)
scenario, the time constraint relationship is modified as,

se1bw; b
M +1 74 < il +m R[)luya ] - 0 N -2 (75)
Ajn Aj

We denote (buwj/Aj + Rpiay)/(bwjin/Aj11) = pj, and (7.5) becomes,
mjp1 <mipg, 5=0,.,N =2 (7.6)

We thus have a set of (V — 1) recursive equations. Using equality relation-
ship in (7.6) and Zszl my, = L, we obtain the portion mq as,
L
N-1
L+ 37,5 T2 opk

Substituting (7.7) in (7.6), we obtain the respective portions that can be
retrieved from each of the servers as,

mo = (77)

LI
= ' 10pk L i=1,2,.,N—1 (1.8)
1+ Z Hk oﬂk
The access time is then given by,
Lbwqg /A
AT = Mot _ wo/Ao (7.9)

Ao 1+ZN L T

Note that the access time given by (7.9) is greater than mgbwg in the MSR
scheme by a factor 1/Aq which is greater than 1.

The system reliability can be calculated using the reliability of each con-
stituent resource. It may be noted that albeit the fact that all the N servers
are involved in downloading the respective portions concurrently, this multi-
server system with NV servers basically functions as a set of resources con-
nected in a sequential fashion from the client’s perspective. That is, all
resources must function for the entire presentation to be continuous, and if
any one of the resources fails, the presentation will encounter a discontinu-
ity. The system reliability for N independent resources in series is given as
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[29],

N-1
R, = Hi\_/___élR, = HlN:Bl(€~)‘1mlbwl) = e:z:p(* Z )\7m,bw,)

i=0
Using (7.8) for m;, we obtain,

N-1 i-1
LH . Pk'
R, = exp(— Z )\1( Nli_lo ‘_1
=0 1+ Zp:] Hz]i:o/)k

Thus, the system reliability is not only dependent on the reliabilities of
the individual resources, but also largely determined by the bandwidth of
each constituent resource. Both factors will determine the size of each data
portion to be retrieved. Example 1 below clarifies this aspect. Clearly, this
is intuitively appealing and the model presented in this chapter elegantly
captures this behavior of the strategy. Later, in the simulation study to
be presented, we shall demonstrate the trade-off relationship between the
access time and the system reliability.

Jow;) (7.10)

7.2.1 Effect of sequencing

In this section, we shall investigate the effect of sequencing on the system
reliability and access time. In Chapter 2, it has been shown that the access
time remains unaffected when the order in which the movie portions are
retrieved from the servers is varied. While this observation can be easily
verified even with the mathematical model in this chapter as far as access time
is concerned by following the same steps, it remains to be explored whether
or not the system reliability is sensitive to sequencing. We investigate on this
issue in this section and we attempt to derive an optimal sequencing of the
servers to achieve the highest system reliability. We consider the following
example which clearly shows that reliability is affected by sequencing.

Example 1. Consider a system with 10 servers that are required to deliver
a 3-hour MPEG I % movie to a client. We assume that the bandwidth of
all the channels to the client is 1sec/Mbit and the availability of servers is
Ag = ... = Ay = 0.99, and As..Ag = 0.67, respectively. Let us assume
that 0(0,1,2,3,4,5,6,7,8,9) be the retrieval sequence. Using 7.10, the
system reliability is obtained as 0.14. However, if we adopt a sequence, say
0(5,6,7,8,9,0,1,2,3,4) the system reliability is obtained as 0.82. Clearly,
we see an improvement in the overall system reliability.

4For MPEG I has a typical playback rate of 0.67 sec/Mbit.
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If the bandwidth of all the channels to the client is 1.2sec/Mbit, then for
sequence ¢(0,1,2,3,4,5,6,7,8,9), the system reliability is given by 0.1,
whereas when the sequence of retrieval is ¢(5,6,7,8,9,0,1,2,3,4), the
system reliability is given by 0.74. We observe the effect of bandwidth in
deciding the overall system reliability, as described by (7.10).

Thus, we observe that the overall system reliability is indeed affected by
sequencing, which motivates us to investigate how to determine an optimal
retrieval sequence. We state the following theorem, which is an important
contribution.

Theorem 1. An optimum system reliability (in the sense of maximizing
the system reliability) can be achieved when the order of retrieval from
the servers is such that Agbwg > Abwy > ... > Ay_1bwy_1, i.e., the
retrieval of movie portions must follow an order in which the quantity A;bw;,
decreases.

Proof Letq=o0(0,1,..,kk+1,..,N—-1andq =0c(0,...k—1,k+
1,k,k+2,..., N—1)betwo sequences of retrieval. Observe that in sequence
q', servers k and k + 1 are swapped. Let Apbwy = SAgq1bwy,1, where
B < 1. Let the system reliabilities using these sequences be Rs(g) and
R(q'), respectively. The corresponding terms px_1, Pk, Pk+1, Py _1. £) and
Pl for these respective sequences are given by,

bwk~ 1+ Rplay
bwk

bwy + R,
Pp = k play

Pk—1 =

bwyy1

bwiyr + Rplay

Prert = (7.11)

bwir2

/ _ bwg_1 + R;ulay
Pr—1 ——_——bwkﬂ
I bwk+l + Rplay
e
/ bwy + Ryiay

Pt = (7.12)

bwi42
respectively. According to (7.10), we have,
Rs(q/) _ emp(~T’)
Ry(q)  exp(-T)

= exp(T —T') (7.13)
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where, T" and T are the indices (expressions) appearing in (7.10) of Rs(q’)
and R,(q), respectively. The denominator of T' can be written as,

denom(T) =1+ po + pop1 + poprp2 + ... =
=14 po(L + pr(1 +p2(..))) (7.14)
Thus,
denom(T") — denom(T) =

buwy bwg g bw
Rpluy + A Rplay + Ap 1 Rplay -+ '1‘4—5“
bwy .y 1+ buwy (1 bwy o ))
A1 Ay Apio
bwg 1 bwy bwgy1
_ Bty Ae 1 (14 Fptay + ~A_k&(l + oy + 211 ) (7.15)
by, bug 1 bwy 2 '
A A Apsa

It may be verified that the above equation returns zero after some alge-
braic manipulations, thus yielding denom(T") = denom(T'). Also, it can
be shown that px_1pxpr+1 = )10} Pk4 and hence, the expression for
(T — T’) can be rewritten as,

I bwg_4
T=T" = s (popr-e i : i
denom (T (pop1---pr—2)( Ay + Play) (7.16)
(L= B)Mr1bwpi
x AkAkJrlRplaU( bwrbwy 41

Thus, since 8 < 1, we have (T — T") > 0 or equivalently, R(¢') > Ry(q).
This means that the system reliability can be improved by swapping the order
of retrieval from servers Sy, and Sy a8 Ag+ 1 bwgsy > Apbwy. Thus, any
valid sequence of servers can be generated from a given single sequence by
iteratively swapping the adjacent servers. The above proof establishes the
fact that in each such iteration a definite improvement in the overall system
reliability can be obtained. In another words, an optimum (maximum)
system reliability can be achieved if we arrange the sequence of the servers
such that Agbwgy > Abwy > ... > Ay_1bwy 1. Hence the proof. =]

The significance of this result is as follows. From the theorem, we can
observe that resources with both high failure rate and small bandwidth are
preferred to be used initially in the sequence of retrieval and also to deliver
smaller portions of the document. Also, resources with both low failure
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rates and large bandwidths are preferred to be used later in the sequence of
retrieval and to deliver a large portion of the document. Thus, by choosing
such a retrieval order we will be able to utilize all the servers with low
availability servers to transmit the first parts of the video.

7.3. Failure-Recovery Analysis

We shall now propose strategies to recover the missing data upon a resource
failure. We assume that at most only one failure can happen in the system
during the playback time period, that is, we consider only the case of single
resource fault in our analysis. In the current problem context, considering
server failures is more crucial than considering channel failures, since a
SP can attempt to provide the missing data via alternate routes in case of
channel failures. Thus, hereafter in this chapter, we consider server failures
and propose strategies to recover the missing data upon a server failure. Note
that by a server failure, we mean that a server fails to deliver the intended
movie data to the client. Whenever a server fails, a client’s playback may
be affected, thus deteriorating the quality of service.

We approach the problem from two different perspectives. Firstly, we use
a deterministic approach, by which we mean that whenever a server fails, it
is immediately relayed to the SP, or after a short time. Thus, knowing this
failure time instant, we design and analyze certain policies for recovering
the lost data that can be used by the SP. Secondly, we use a probabilistic
approach, in which the server failure can happen at any random time instant.
The purpose of this probabilistic analysis is to estimate the possible failure
time and the resulting expected (average) amount of missing data. This
Jailure-aware approach can be used by the SP to prevent any catastrophic
failures in the system, by reserving additional resources, if any, required to
ensure a continuous presentation at the client site. Also, in this approach,
after estimating the failure times and the average data loss, we attempt to use
the strategies designed for deterministic approach to recover the lost data.
We also attempt to quantify the expected quality of service that the SP may
guarantee a client.

7.3.1 Solution using a deterministic approach

While NV servers are in the process of downloading a movie document to a
client, consider a situation wherein one of the servers, S, fails at a time ¢,
as shown in Figure 7.1. At time ¢ = t., S; is amidst downloading the data
portion m; to the client. Let us denote the data portion which \S; fails to
deliver as m. To ensure a continuous playback, the missing data portion
has to be delivered to the client site on time before it is needed. Two possible
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Figure 7.1. Single server(S;) failure at time .. The shadowed area represents the missing data
portion mj that S; fails to deliver

approaches are proposed below to recover the lost data.

1. One or more idle servers (standby servers) replace a failed server and
they can send the data m’j to the client.

2. The client waits for a failed server 5} to recover and it will continue to
download the data m;- from S; after it resumes to normal service.

The SP actively monitors the whole system to see if there is any server failure
and as soon as a failure is sensed, recovery procedures will be carried out
to recover the lost data as quickly as possible.

The choice between the above two approaches depends on how busy the
system is. 1f the number of clients that are being serviced by the entire
system is large and if the existing set of servers cannot admit anymore
requests, there will be no idle servers available to perform the data recovery.
In this case, approach 2 has to be selected. However, if there are idle servers
available and the data portion m;- is present in their databases, then approach
1 is preferred. Also, if the recovery time of server S is too long, the client
may experience considerable delay, beyond the expected arrival time of m’,.
On the other hand, if idle servers are ready to be used immediately, data
starvation can be avoided and the missing data can be supplied immediately.
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If we choose approach 2, the time delay of the missing data is given as,
7 = (Tr + mjbw;) — (t, — t.) (7.17)

where T’ is the time to recover a failed server, m; bw; is the communication
time of the missing data portion, ¢, = t;+(m;— m})R,,;,,,y, (mj— mg ) Rplay
is the playback time of the part of m; downloaded by the client before the
failure. Thus if 7 < 0, the playback will not be affected. However, if 7 > 0,
the SP informs the client to slow down the playback rate to account for the
data delay as mentioned in [50]. As an alternative, SP could trigger stopping
the playback and display the time to resume. Thus, the factor by which the
playback at the client is altered is given by,

ty —te

“= Tr +mibw, (7.18)
It may be noted that, if > 0, i.e., if T + mg-bw_j > (t, —t,), thena < 1,
hence, the client will play the movie at a rate less than the normal playback
rate Rpqy. However, if T + m;-bwj <ty = te, or 7 < 0, the missing
data portion m/; will be delivered to the client before time ¢,.. Hence, there
will be no delay in delivering the data and the client will continue to play
the movie at its normal rate. In this case, there will be no discontinuity in
the presentation at the client site. Since any discontinuity in presentation
is affecting the quality of service, we refer to the parameter «v as a QoS
parameter.

Most of the time the client will play the movie at the normal rate R, with
o = 1. However, during the time period from ¢.. to ¢,, & may be less than
1 and the playback rate at the client site is less than the normal rate Rp;q,,
whenever 7 > 0, as mentioned above.

If we choose approach 1, we proceed as follows. Suppose we can select a
standby server which satisfies the following condition to deliver the missing
data on or before the required time. That is,

m;bws <tp—t, (7.19)

where bw; is the channel bandwidth of the standby server during this data
recovery. However, if (7.19) cannot be satisfied using a single standby
server the SP will attempt to utilize 2 standby-servers in such a way that
N m;-bwsl = fgm;-bwsg, where, ijl fi = 1. We solve these two equa-
tions to obtain f;, i = 1,2 values, respectively. Of course, to deliver the
missing data the following condition must be satisfied.

fim;bwsi <ty —te, Vi=1,2 (7.20)
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Thus, if the values f;, i = 1,2 obtained above do not satisfy (7.20), then
SP will consider using 3 servers and repeat the above process. Thus, con-
sidering K standby servers to participate in the retrieval process, we derive
the amount of portions to be retrieved from each of the standby servers as
follows. Note that all the K servers will start to communicate the data to
the client at the same time and then end the same time. In general, the
following set of conditions must be satisfied to ensure that the missing data
can be retrieved on or before the deadline.

fimibwg <tp —t., Vi=1,2,.., K (7.21)
J

and we solve the following set of equations together with Z;il fi=1

flm;-bwsl = fgm,;-bwsg = .= me;-waK (7.22)
to obtain,
fi= blf;:fx, Vi=1,2,., K -1 (7.23)
where,
fx ! (7.24)

- K-1_1
bwsk Zl:l baw gy +1

Thus, each of the K servers will deliver fim}, faml, ..., fxm/ respectively.
Thus, the data portion m’; will be delivered to the client site without any
delay following the above distribution. Thus, if all the available servers are
utilized and if (7.21) cannot be satisfied, then the SP will inform the client
to slow down the playback rate, as specified in (7.18).

In the above discussion, we assume that all the servers in the system are
identically configured, by which we mean that any one server in the sys-
tem can replace a failed server so long as it has the required document in
its database. A failed server after recovery is added back to the system.
By this method, the server failures can be handled without any noticeable
quality loss in service. Standby servers can be set aside as a regular mea-
sure to handle server failures. Some minimum numbers of standby servers
are maintained to ensure normal performance when failure happens while
serving the clients.

7.3.2  Solution using a probabilistic approach

Asmentioned earlier, the purpose of this probabilistic approach is to estimate
the failure time of a server so that additional resources (stand-by servers)
can be reserved in advance, thereby guaranteeing a continuous presentation
at the client site. Also, it may be noted that the reliabilities of the servers
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are actually estimates computed by the SP. Since the failure time estimation
depends on the server reliabilities, their estimation accuracy plays a key
role in this failure-aware approach. Hence, if the difference between the
estimated time of failure and the time at which an actual failure happens is
large, then the SP can tune the estimates of the reliabilities of the servers
to improve the estimate of the failure time. This estimation process can
be carried out continuously by the SP by accounting more past data on the
server reliabilities.

Thus, instead of considering a server failure at a fixed time, we assume
that one of the servers S; can fail at any time between time 0 to ¢;, where
0 < t; < mybw;. We also assume that this server has a constant failure
rate ;. If server S fails before time ¢;, it has the following conditional
probability density function.

o<t <ty
FAOSTr <ty) =1 fo' fydt (7.25)
' 0 elsewhere .

and its expected failure time (conditional MTTF) can be derived as,

Jotf@ydt [y taeMtat
fot] f(t) dt - 1 — e~ Aty

1 LJ)\J -
= m/ te " dt
7 /0

1= (t;\; + 1)e s
(1 — 6_’\Jf’j)/\j

i

E{Tr|0 < Tr < t;}

(7.26)

Hence, the estimated amount of data that server S; fails to deliver is given
as,

m}; = m; — B{Tp|0 < T < t;}/bw; (7.27)

We can use both the approaches presented in the case of deterministic anal-
ysis here. When stand-by servers are not available, the client waits for a
failed server to resume and supply the missing data. The expected time fora
failed server to recover (1) is denoted as MTT R. The time delay incurred
by the missing data to reach the client is then given by,

T = (MTTR+ m’,bw,) - (t:}‘ - E{Tp|0 <Tr < t]‘} + (T)’L} — m.l'j)RPla’!/)

(7.28)
However, if there are redundant servers (standby servers) available, the SP
will first allocate redundant servers to replace a failed server. In this case,
the following condition should be satisfied in order to facilitate the missing
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data to reach the client on or before the required time.
m;bws <t;— E{Tplo <Tp < tj} + (mj — mé)Rplay (7.29)

where, bw; is the channel bandwidth of the standby server for this recovery.
As seen in deterministic analysis, the SP can allocate more than one server
for data recovery in case one server is not sufficient. The following set of
equations must be satisfied so that the missing data can be communicated
to the client without delay.

(f1m’])bw.;7 < tj—E{TF|O <Tp < tj}—f—(mj—mf}-)Rpmy, Vi=1,2,... K

(7.30)
Thus, the data portion m;. will be delivered without any delay to the client
site.

According to equations (7.26) and (7.27), the SP will have an estimate of
the failure time of each server and the resulting missing data. Further, these
equations serve as valuable guidelines for a SP to decide on whether or not
stand-by servers are needed in case of a server failure. We will show later
in the discussion section that the failure estimation can be useful to the SP
for resource planning.

7.4. Performance Evaluation and Discussions

Inthis section, we shall test all the theoretical findings in a systematic fashion
by rigorous simulation experiments. From a client’s perspective, knowing
the failure and repair rates of a resource, the availability of that resource
can be calculated using (7.4). Based on the resource availability, the client
starts the playback of each data portion from the time instant m;bus; /A;
(assuming that the client makes a request at ¢ = 0). The time window from
0 to mybw;/A; is a longer time period than m;bw;, since 0 < A; < 1.
This time period is an approximate estimation for the client to ensure that it
receives the entire data portion within this time period. Note that, in reality,
the entire data may be downloaded before time mi;bw; / A;, if the server and
the communication channels are highly available/veliable during the data
communication time period. Thus, in this model, by explicitly consider-
ing the availability of the server and its components, system reliability is
considerably improved. Further, in this retrieval strategy, we observe that
the servers with high availability will deliver more data while servers with
low availability will deliver less data to the client, a feature that is naturally
expected in a frequently failure prone system.

This feature can be observed in Figure 7.2 where we compare the single
installment MSR scheme introduced in Section 2.3 with the failure-aware
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Figure 7.2. Data portions to be retrieved from the 10 servers for the refined MSR strategy and
ideal MSR strategy (denoted as Strategy A in the figure)

MSR scheme of this chapter. We refer to the former as MSR or ideal MSR
strategy and to the latter as modified/refined MSR strategy, hereafter. In
this figure, we have shown the plots for a 3-hour MPEG-II video streams
with 0.67sec/Mbit playback rates for MSR and the refined MSR strategies
presented in this chapter. The availability of servers can be calculated using
theirMTTF and MTTR values according to (7.4). The availability of server 0
to server 4 is 0.99 and the availability of server 5 to server 9is 0.67. The data
portions retrieved from each server are calculated using (7.8). As we employ
the refined MSR strategy, we can observe that the size of the data portion
retrieved from server 4 increases from 522 M bits to 1070M bits, the data
portion retrieved from server 9 decreases from 6780M bits to 5252M bits,
respectively. Thus, the entire movie data are rescheduled in accordance with
the availability of servers and hence, in this example, less data are down-
loaded from low availability servers (¢.g. server 9) whereas, more data are
downloaded from high availability servers (e.g. server 4). The system reli-
ability is calculated using (7.10) based on each individual server reliability
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using (7.1). In this case, the system reliability increases from 0.11(given by
MSR strategy) to 0.14 given by the modified MSR strategy in this chapter.
Thus we have about 27% improvement! The access time, which is calcu-
lated using (7.9), increases from 67secs, given by MSR strategy, to 141sees,
given by this refined MSR strategy, leading to 110% increase. Thus, a trade-
off exists between the system reliability and the access time. SP can use
these relationships while pricing a customer. For instance, a service with
highly available servers can be launched with higher pricing, guaranteeing
a high quality reliable service than a service that uses a set of servers that
are not highly available. In the later case, a more affordable pricing scheme
could be in place.

We shall now investigate the influence of sequencing, the order in which the
client retrieves data from the servers. It may be noted that the sequence of
retrieval is actually planned by the SP. If a client retrieves a movie from N
servers, there will be N! retrieval sequences possible. The effect of sequenc-
ing on access time with our model, including availability factors, exhibits an
identical behavior as the ideal MSR strategy of Chapter 2. That is, sequenc-
ing has no influence on access time. The proof of this claim is similar to the
proof steps in Chapter 2, except we replace bw; with bw, /A;. However, the
sequencing of servers has an effect on the system reliability. As we vary the
sequence in which the data portions are retrieved, the reliability of each indi-
vidual server is affected, thus affecting the overall system reliability. In the
above example, the original server sequence is ¢(0,1,2,3,4,5,6,7,8,9)
and if we adopt a sequence 0(5,6,7,8,9,0, 1, 2, 3, 4) the system reliability
increases from 0.14 to 0.82. Thus, by utilizing low availability servers ini-
tially (and highly available servers latter) in the sequence of retrieval, the
individual server reliability of the these low availability servers is signifi-
cantly improved. However, this effect does influence negatively the depend-
ability of highly available servers, as these are used latter in the sequence.
Nevertheless, the overall system reliability is improved.

As we add more servers to serve a client, the access time given by the ideal
MSR strategy (denoted as Strategy A) will decrease. Similarly, in the modi-
fied MSR strategy the access time will also be decreased when we add more
servers to serve a client. Adding a server with low reliability will jeopardize
the overall system reliability while adding a server with high reliability will
improve the system reliability.

In the above example, if we add a new server 10 which is identical to server
5 (low availability), the access time decreases from 141secs to 97sec while
the system reliability reduces from 0.82 to 0.42, as we have servers in se-
quence 0(5,6,7,8,9,0,1,2,3,4,10).
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On the contrary, if we add a server 10 which is identical to server 0 (high
availability), the access time decreases from 141secs to 84secs while the
system reliability increases from 0.82 to 0.87, as we have servers in se-
quence 0(5,6,7,8,9,0,1,2,3,4,10) .

We shall now show how the system could handle a single server failure
in the above example. The client places the request for a movie of length
L = 16800Mbits at time t = 0. Each of the 10 servers has a connection to
the client witha bw = 1sec/M bit bandwidth and the client’s playback rate is
Ryjay = 0.67sec/Mbit. The availability of theserversare Ag = ... = Ay =
0.67, A5 = ... = Ay = 0.99. The size of the data portion delivered by each
server is calculated as mg = 94Mbits, m1 = 136 Mbits, mo = 197 Mbits,
mgz = 285 Mbits, my = 412Mbits, ms = 886 Mbits, mg = 1474 M bits,
my = 2452Mbits, mg = 4078 Mbits and mg = 6784 Mbits using (7.8).
After the client receives the data portion my, it will start playback of mg at
time ¢y = mobw/Ag = 141secs.

We assume that server S, fails at time ¢, = 300secs when server S4 has
communicated ¢./bw = 300/1 = 300Mbits to the client with mj, =
my — 300 = 112Mbits it fails to deliver. The missing data portion m/,
must be delivered to the client before it finishes the playback of data por-
tion my and the data portion Sy has delivered before the failure at time
t, = t4 4 (tc/bw) * Rpqy = 614 + 201 = 815sec in order to avoid
data starvation (due to time delay for supplying the missing data). The
maximum time period allowable for this data recovery is calculated as
t, —t. = 815 — 300 = blbsec. Assume a standby server with com-
munication bandwidth bw, = 1sec/Mbit is available for this data recovery
at this time (approach 1), the time required to deliver the missing data is
given as mjbw, = 112 % 1 = 112sec which is smaller than the maximum
time period allowable (515sec), and hence, there will be no presentation
discontinuities in this case.

Ifthere are no standby servers available at this instance, the client has to wait
for a failed server S, to recover. Assuming that Sy takes Tr = 500sccs
to recover to normal operation and the server resumes data communica-
tions at this time, the time delay of the missing data 7 is calculated to be
7 = (Tr + mhbwy) — (t, — t.) = (500 + 112 % 1) — 515 = 97secs using
{(7.17). Thus, in this case, the SP would recommend that the playback rate
at the client is altered(decreased) right after the failure happens to prolong
the playback time of the data portions before the missing data portion m/
arrives, to avoid discontinuities in the playback. The factor by which the
playback rate is altered can be readily computed using (7.18) and is given
as, o = (515)/(500 4+ 112 x 1) = 0.84. The playback rate from ¢. to t,
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Figure7.3. Playback rate variation at the client site in case of single server failure during movie
retrieval

will be then Ryjqy/a = 0.67/0.84 = 0.8sec/Mbit as shown in Figure 7.3.
After the time instant ¢,, the client will resume its normal playback rate
Rpiay. To avoid the situation in which there are no standby servers avail-
able for a client, the SP estimates the failure probabilities of currently used
servers to deliver the movie. In the above example, the estimated failure
time E{Tr|0 < Tr < t1} of server Sy is 315sccs using (7.26). Hence, the
SP would set aside one or more standby servers, in advance, for possible
data recovery.

However, the actual time of failure for this resource is 300secs. While the
estimated failure rate Ay = 1/MTTF; = 0.00014sec™!, the actual failure
time can be substituted into (7.26) to calculate A; as 0.00048sec™! and it
will be fed back to the SP to fine tune its estimation. The SP can gather a
“history" of A values for server S4. If the sample size is large, A follows a

Gaussian distribution, the mean value of which can be a good estimator for
A

Let us now analyze the behavior of AT as we add more servers into a group
of servers downloading a movie to the client. To understand the relationship
between the AT and number of servers NV, we consider a case wherein all
the servers have constant and identical availability A. We also assume that
all the servers have identical communication bandwidth bw to the client.
As expected, we observe that the AT decreases as the number of servers N
increases as shown in Figure 7.4. This trend continues as more and more
serves participate. Further, the system reliability remains unchanged as we
add more servers to participate. This property can be readily realized using,



Fault-Tolerance Analysis for Multiple Servers Movie Retrieval Strategy 209

12000 T T T T T T T T
—&— Our strategy
| —6&— Strategy A |
10000 Rp=0.67 sec/Mbits, L=16800 Mbits, bw=1 sec/Mbits
MTTF=2 Hrs, MTTR=1 Hr
B B
) 8000
[0
£
g 6000 [~
[)]
Q
O
<
4000
2000 [
0

Number of Servers

Figure 7.4. Access time vs. number of MM servers for the refined MSR strategy and ideal
MSR(denoted as Strategy A in the figure)

(7.10). In this case, (7.10) can be reduced to

N-1
R, = exp(— Z Amibw) = exp(—ALbw)
i=0

which is constant and independent of the number of servers. We shall now
present some interesting experimental results where we have a set of 20
servers with different availabilities to deliver a 3-hour MPEG-II movie. All
the servers are assumed to have a connection bandwidth of 1sec/Mbit to
the client. We first generate a set of availabilities of the servers with the
mean value of 0.9, following a uniform probability distribution. Based on
the strategy described we determine the size of the data portion retrieved
from each server. Further, the access times for a random sequence and an
optimal sequence are given by, 1sec (as sequencing does not influence the
access times) and the overall system reliabilities for the sequences are given
by 0.61 and 0.85, respectively. Although there is a difference in the overall
system reliability, the gain in performance is not significant, as the entire
system of servers, in this case, are highly reliable. We can observe this from
Figure 7.5.

However, when we change the mean value of the availability of the servers
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Figure 7.5. Comparison of a random sequence and an optimal sequence of servers in terms of
data size. The mean availability of all the resources is 90%.

to 0.5, from Figure 7.6, we observe that the differences in the size of the data
portions retrieved using a random sequence and an optimal sequence shows
appreciable deviations. The overall system reliability is also improved from
0.01 to 0.02. This difference becomes prominent when the mean value
of availability is 0.1. In this case, Figure 7.7 shows the size of the data
portions retrieved from each server as before. Here, we can observe that the
size of the data portions retrieved from each server, for the same randomly
chosen sequence in the above experiment and an optimal sequence. We note
that 18-th server in the chosen random sequence has been shifted to 14-th
position in an optimal sequence; the data size to be retrieved from the same
server decreases from 1520 M bits (in random sequence) to 945 M bits (in the
optimal sequence). In this case, we clearly observe that there is a significant
difference in the amount of data portions retrieved by servers in a random
sequence when compared to the optimal sequence. In both cases, the idea
of retrieving more data from highly reliable servers than from less available
servers is followed. However, the main advantageous difference, comes
from the fact that an optimal sequence indeed delivers an improved overall
system reliability more than any random sequence. Thus, this experiment
conclusively shows that the concept of sequencing has a significant effect
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Figure 7.6. Comparison of a random sequence and an optimal sequence of servers in terms of
data size. The mean availability of all the resources is 50%.

in improving the overall system reliability when the SP works with a group
of low availability servers than with a group of high availability servers.

7.5. Concluding Remarks

In this chapter, we have discussed an important aspect in the design of MSR
technology. We have fine-tuned the MSR strategy proposed in earlier chap-
ters to incorporate fault-tolerance to provide more guaranteed and reliable
VOD service. We have considered the reliability and/or availability fac-
tors of the multimedia servers and the communication channels which are
contributing to the overall system reliability. This is one of the important
contributions to this domain of research. With the mathematical model
proposed, we have analyzed the effect on access times and identified an op-
timal sequence that maximizes the overall system reliability. We established
a trade-off relationship between system reliability and the access time. We
have shown that the access time of a multimedia document decreases as
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Figure 7.7. Comparison of a random sequence and an optimal sequence of servers in terms of
data size. The 18th server in this random sequence is shifted to the 14th position in the optimal
sequence. The mean availability of all the resources is 10%.

we include more servers to deliver the document to the client. Although
access time remains unaltered when we change the retrieval sequence, an
optimal sequence is shown to maximize the reliability/availability of the
system (service).

We have rigorously analyzed the case wherein we have a single server failure
during the retrieval of the document and presented two recovery methods
to provide the missing data. The first recovery method employs standby
resources to replace a failed server, while in the second method, we assume
that there are no standby servers available and the client waits for a failed
server to be repaired and to resume the data delivery. We have demonstrated
the effect of these two methods and the impact of estimation on the server
reliabilities by a SP via rigorous simulation tests. Further, to quantify the
service quality, we have introduced a QoS parameter to measure the system
performance in case of resource failure. We also analyzed all these issues
from a probabilistic perspective in which we assume that a server may fail
before it completes communicating its assigned data portion. However, the
failure time of this server is not known in advance. We derived expressions
for MTTF of this resource and the expected amount of missing data the re-
source failed to deliver. We have also demonstrated how a SP can make use
of this estimate on the size of the missing data to plan for the deployment
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of standby resources.

The research contributions presented in this chapter are novel to the litera-
ture reported so far on movie retrieval strategies and can be used as a basis
for future research to consider including reliability issues while employing
a multi-installment retrieval strategy to minimize the access time of large
size multimedia documents. It can also be used to analyze the reliability
issues for a system which has a heterogeneous mix of resources with high
and low availabilities. Following the treatment in Chapter 3, an immediate
extension could be to analyze a multiple-server multiple-clients scenario
using the strategies presented in this chapter. Further, with multiple servers
rendering each portion of the media stream with certain availabilities, it
would be natural to investigate the problem from the client’s perspective.
That is, given the fact that a client attempts to interact during presentation,
one can study the performance in order to obtain a complete picture of a
practically viable scheme.
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The problem of data organization and storage is well studied in the litera-
ture [78, 88, 113]. Some studies also focus on the design of movie buffer
caching strategies for effectively utilizing the memory and reducing disk
1/0O overheads [26] and dynamic network resource allocation for improving
transmission rates with low jitter variation in media streams [32]. In [32],
a dynamic bandwidth management policy that uses the concept of TDMA
is proposed and its performance is evaluated. The authors also propose a
scheme that allows a graceful degradation of the QoS, when the underlying
LANSs capacity is not sufficient to meet the total demand. These studies es-
sentially deal with the data layout problems for easy and high speed access
from a single disk or an array of disks (RAID technology). On the other
hand, problems that deal with the provision of services are classified into
three types, namely data-centered, user-centered, and hybrid [41]. Con-
ventional broadcasting [41] and a recently proposed pyramid broadcasting
[109, 3] are the examples of the data-centered approach. A very recent work
in [85] considers employing multiple servers to retrieve MM objects, but
from a different objective. In this work, the authors design a scheduling
scheme, referred to as an application layer broker, at the client site. Typi-
cally, a client negotiates with a group of servers and identifies the best server
to retrieve an object. This scheme attempts to minimize the buffer space
requirements at the client site.



Chapter 8

AN AGENT DRIVEN PRACTICAL MSR SYSTEM:
JINI TECHNOLOGY

8.1. Challenges in Realizing a Practical MSR System

Designing and implementing high fidelity Video-on-Demand (VoD) ser-
vice systems for providing network based services is always a challenging
problem. The design must carefully consider issues on optimizing vari-
ous parameters, ranging from data storage level to customer satisfaction, in
terms of providing high quality, reliable and interactive presentation. The
main attraction of these network-based services is that viewing and presen-
tation controls are completely handed over to the client, in contrast with the
conventional broadcasting schemes. Such broadcasting schemes also have
inherent disadvantages of making the client wait through the entire broad-
cast batch to get his/her choice and usually impose high expectations at the
client-end. Further, VoD services are attractive from economic perspective
in the sense that, depending on the popularity of the movie, the per user cost
can be decreased when some effective placement of movies' on the network
is carried out.

In the literature, the design of a VoD system employs several technologies,
ranging from disk array technology to sophisticated scheduling policies
during admission control , are in place to optimize several performance pa-
rameters of interest. Typically these parameters could maximize the number
of clients that can be supported?, minimize the access time of the users, pro-
vide efficient use of the available buffer space, etc., to quote a few.

IThis also referred to as caching at vantage sites by researchers,
This is the main concern of admission control algorithms, See [108]
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When concerned about the design of such VoD systems from scratch, sev-
eral issues come influential and probably they are highly inter-dependent.
We list them now.

— Design of Service Architecture

Specifically this considers what should be the basic service infras-
tructure and how a client will be handled; This in a way reflects the
"promises** from service provider’s perspective. The service architec-
ture must also consider if it is of centralized type or decentralized type.
In either case, admission control algorithms must be in place, which as-
sures quality to the clients. Pricing profile and policies are also some key
issues to be considered here. For an attractive service, frequent offers in
the form of packages, treating a long-standing customer different from a
sporadic visitor, capturing an interactive profile of a long-standing user
and catering to his/her needs in a customized way, proffering intangible
benefits, etc. It may be noted that the system must allow a sporadic
visitor to navigate through the system and be exposed to all service
structures available. Finally, the size of the system in terms of amount
of resources (servers, any intermediate repositories to be used, static
placement of databases on the network at vantage locations, resources
depending on certain service categories, etc) to be invested must be
carefully weighed and an optimistic break-even must be pitched.

— Expectations at the client end

To the best possible extent, this should be kept very low. Of course, be-
fore availing service, if negotiation between client and service provider
is allowed in the design, depending on the QoS demands of the client,
expectations can be dynamically put forth. By and large, certain as-
sumptions on the client-end can be made, such as the machine capa-
bilities(one or two versions behind the current version floating in the
market at present), a joy-stick (if relevant), and any other devices that
are imperative for a requested service. To some extent, assumptions on
the existence of software modules at the client end (say media players,
etc) can be made. However, if the service infrastructure renders in any
specialized formats, then the required components may be allowed to
be downloaded by the client. Complete interactivity under VoD ser-
vices must be exercised and for pay-per-view services, clients must be
allowed to reserve in advance.

— Directory Services and Software Agents

A directory based service provision is almost a mandatory requirement
as the number of clients availing this service is expected to grow ex-
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ponentially. Thus, designing a directory based service infrastructure
posses a challenge in the following ways - an appealing and flexible
graphical user interface that allows users to be aware of the types of
services and service packages with the service provider; Provision for
a casual one-time visitor; Upon making a choice of a movie (in case
of VoD services), a trailer video-clip and story particulars as narrated
at the back side cover of a video cassette cover to stimulate interest,
etc, must be provided; User must be able to navigate the site freely and
for subscribed customers provision must be made to customize their
settings.

Above these interface design details, on network based services span-
ning a large pool of customers, an agent driven service structure will
be flexible in, scheduling resources, optimally using the available re-
sources, searching the required documents, negotiating with adjacent
cluster domains for seeking the requested media clip, etc. An agent
can be servicing a local domain with authenticated services and can
be treated as a messenger navigating beyond the domain boundaries to
negotiate and to retrieve the requested documents. Thus, when a clip is
not locally available, the agent-based service system will negotiate with
adjacent domains and fetch the document. Depending on the current
demand profile of this document, it may or may not suggest caching
the document in its domain for future use. Beyond these, depending
upon the service package, a user may be allowed to personalize agents
themselves and such an agent can be made aware of the user profile and
interests.

In this chapter, we attempt to describe a practically designed MSR system
designed at the Open Source Software laboratory at the Department of Elec-
trical and Computer Engineering at the National University of Singapore,
Singapore. The system was designed using agent-driven pull-based policies
for VoD service. Our VoD architecture employs the retrieval model proposed
in Chapters 2 and 3 and implementation is done by using Jini technology.
To the best possible extent, we have taken care of the above mentioned
system design requirements for service infrastructure, clients, and directory
and agent services. The object-oriented Jini technology provides a flexible
infrastructure for delivering services in distributed systems. Concepts in-
troduced by Jini technology such as leasing, discovery and the movement of
objects over a network vastly simplify interactions on a network embedding
a great degree of resiliency and scalability within a distributed system. For
us, the simplicity inherent within the Jini architecture itself typically deliv-
ers gains in the design and development of our VoD system. Meanwhile, the
retrieval model employed in our VoD system involves in retrieving the long
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duration movie (typically of 110 minutes duration) from multiple servers
which host the entire data of the requested movie. Non-zero delays encoun-
tered due to the underlying network and the playback rate of the movie are
considered while minimizing the access time and in providing a continuous
presentation.

In fact, the retrieval model proposed in the literature by Bernhardt et al.? is
very close to the model adopted in Chapters 2 and 3 and in this chapter. Inthe
former model, a single video is distributed over multiple servers, whereas
each server only stores a subset of the original video data. To retrieve a
video, all servers storing pieces of the requested video must send their sub-
set in a coordinated fashion to the client. Our model differs from this model
in several ways. Firstly, in the former model, each server only stores a subset
of the original video data. Hence, the client cannot watch a certain portion
of the movie if any server storing this movie is off-line. In contrast, this
scenario will not happen in our approach unless all movie servers storing
this movie are off-line because the entire movie is available with all (or a
subset of all) servers. Secondly, in the former model, the distribution of the
subset of the video data must be re-organized once after adding the movie
server to take advantage of the added bandwidth and capacity. The servers
in our model can be simply added to the current working system, without
re-configuring other servers, which means scalability is taken care easily.
Finally, in the former model, all servers contribute an equal share to the over-
all effort of retrieving the video. This scheduling does not take into account
the differences among movie servers, such as affordable bandwidth, current
load, and so on. These factors have been explicitly taken into account in the
design of our system.

8.1.1 Implementation challenges

While the retrieval model of a MSR strategy for long duration movies is
fully studied in the previous chapters, no experimental evidence was pre-
sented to justify the feasibility of the ideas, their applicability and quantify
the performance of the system. In this chapter, we study the design and
implementation of a Jini technology based VoD system utilizing MSR strat-
egy. We present a prototype which clearly justifies the applicability of MSR
strategy to real-life network based service infrastructure. This prototype
gives a hope of extending this technology to a WAN/MAN network to opti-
mize several performance parameters further, which is the uitimate goal of
this multiple servers system.

3See [15]
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Following are some key issues that we will address in our design. Although
few of them are addressed from a theoretical standpoint in earlier chap-
ters, practical implementation demands a different treatment, as it will be
exemplified in the design.

—  How to design a service architecture with multiple servers coordinating
with each other in retrieving the movie?

— How to sense server crashes and what are the adaptive measures to take
upon a server failure?

—~ How does a client behave in this system, right from the start-up phase
to the presentation phase?

— How to manage the available buffer space at the client site?

In this chapter, employing Jini technology, we present a software architec-
ture that answers all the above questions. Several intricate aspects of Jini
technology are thoroughly exploited to make this system less complicated to
deal with the issues such as, service location, service upgrading and server
failure, etc. For example, in the implementation, a Jini service and an agent
are created to coordinate the activities between a pool of servers and a pool
of clients. In addition, code migration from this agent to the clients, which
is transparent to the clients, is carried out for instructing the client-end on
certain events. In the design, the movie servers only send the specified data
to the clients upon receiving the requests from the clients. We refer to this
system as a Jini based Agent driven pull-based VoD system(JVoD) system.
This design and implementation study will certainly benefit Internet service
providers who wish to render an attractive VoD services on networks.

8.2. Service Description and Retrieval Strategy

In this section, we shall first describe the basic service infrastructure of the
system which comprises components like, the Movie Server, the Agent, the
JLS (Jini Lookup Service) and the client, respectively. We will also present
the details regarding a typical client’s interaction in the system. Then we
will present the theory behind the design of a strategy to retrieve a long
duration movie from a pool of servers. Finally, we shall demonstrate an
illustrative example highlighting on the workings of the strategy.

8.2.1 Overview of the service architecture

In the existing implementation, the interconnection medium is a fast switch-
ing Ethernet network in which a set of processors will act as Movie Servers
and a set of processors will act as clients. But it does not mean that this
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Figure 8.1. Overall view of the JVoD software architecture

VoD architecture is only valid on Ethernet network. The JLS also supports
services over 2 WAN/MAN and the extension to WAN/MAN is clearly a
study for the near future. The basic architecture of this JVoD system is
shown in Figure 8.1 and comprises the following components.

A. Movie Server: The Movie Server is basically a host that stores the actual
movie files that can be retrieved and viewed by the client. Besides movie
files, each server also maintains a small database that is used to record the
transaction history, which will be used to trace the server activities.

B. Agent: The Agent is the “brain" of the entire JVoD system. It is solely
responsible on how the clients should behave in different situations. This
is achieved by a downloadable part of the Agent, referred to as a rule-base,
which enables the client to make a decision. The rule-base basically decides
on how, where and which are the servers to contact and to retrieve different
portions of the movies. In our design, the Agent not only aids the clients to
carry out the required (streaming) transaction under normal conditions, but
also instructs the clients (during the retrieval process) on how to handle the
exceptions that might arise due to unpredictable server behavior, problem
of some missing files, etc.

C. JLS: JLS holds the registration information of all services (the Agent
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and the Movie Servers in our case) available in the system. More precisely,
a JLS maps interfaces indicating the functionality provided by a service to
sets of objects that implement the service. The JLS acts as a conciliator to
a client who is looking for a service. Any client who needs to make use of
a Jini service will first contact the JLS. Then, the intended Service Object
[54] is subsequently transferred from the JLS to the requesting client site
where it will be used to set up the connection between the client and the
Jini service. The Service Object contains the Java programming language
interface for the service, including the methods that service consumers will
invoke to execute the service along with any other descriptive attributes.
Once the connection is established, the JLS is not involved in any of the
subsequent interactions between that client and that service.

D. Client: The client is an application featuring a player. Further, through
the preview screen, users can select and preview movies before they decide
to view the entire movie. To fully utilize the multiple servers in the system,
the client is allowed to receive concurrent (incoming) streams.

Thus, the above four essential components comprise the entire working
system. Below, we shall explain on how a client typically interacts with the
system, as an overview.

8.2.2 Interaction of a client with various components

The client in our system is “dumb" in the sense that it cannot make any
decision regarding how the movie files are to be accessed from the Movie
Servers registered with the JLS. After the client application is initiated, it
downloads the rule-base from the Agent on-the-fly, then it can contact the
respective Movie Servers, by using the strategies inside this rule-base. Ex-
ceptions that could arise are also handled by this rule-base. It would be
meaningful to look on what exactly happens during a client transaction.

After the JLS and the Agent service are initiated first in the system, the
components such as the clients and servers can become a part of the system
anytime, since the Jini framework can self-recover as long as the JLS is
available. Assuming that a new client application has been initiated, the
client would first register itself with the JLS and obtain the necessary infor-
mation regarding the Movie Servers from the JLS. However, the client will
need to authenticate itself with the Agent before it can download the rule-
base. Once the authentication requirements of the client are fulfilled (like
entering the correct username and password), the client is said to be “logged
on" to the current Agent, which will provide the algorithms(rule-base) that
the client may use.
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Once the user passes the authentication phase, he/she can then use the client
application to open a comprehensive Movie-Selector that features a list of
all the movies that are currently available (similar to a directory of avail-
able movies or yellow pages, with movie information) and a small preview
screen. The generation of the list of movies is dynamic. This means that
the elements in this list are subject to change, depending on the network
environment. For example, when all the servers serving a particular movie
are not currently available in the network for some reason, this movie will
be immediately removed from the list. On the other hand, in the case where
servers with new movies join the network, the information of new movies
will immediately be available in the list. This dynamic mechanism is de-
scribed in detail in Section 3.

With the Movie-Selector opened, the user can select any available movie
and proceed to either view the trailer of the selected movie or to “buy"
and view the entire movie immediately. When the user prefers to preview
the trailer first, the client application is required to download the Server
Locating(SL) strategy from the Agent. This SL strategy aids the client to
locate a server from which the movie trailer can be retrieved. Our current
SL strategy adopts a policy in which the client will select a server with a
larger available transmission rate (depending on the current network and
server loading conditions, the service provider can change the policy with-
out involving the client), to retrieve the movie trailer. Once the trailer has
been retrieved, it will be played in the preview screen. Further, once the
SL strategy is transferred from the Agent to the client, the client need not
download it from the Agent again until the client application is closed and
restarted later. This means the client can reuse the strategy in its subsequent
transactions (in a single session) till it quits the system.

After viewing some trailers, the user may then decide whether to buy the
movies and view it. Once the user decides to view the entire movie, the
client application needs to download more algorithms(strategies) from the
Agent in order to fulfill this transaction. The strategies to be downloaded
include, the Streaming strategy, Buffer Management strategy, Scheduling
and Retrieval strategy, Emergency Server Generating strategy, etc. With
these strategies, the client will proceed to start retrieving data streams from
servers. Since this system supports multiple servers, the movie will most
probably be streamed from more than one server. For example, if there are
three servers hosting the requested movie, the algorithms from the Agent
most likely will instruct the client application to stream the movie data from
these three servers using separate connections. This implies that the movie
data will be partitioned into three portions and streamed from each of these
three servers. The algorithms also take care of assigning which portions
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should come from which of the servers. Once the connections between
the client and servers are established, the movie data will be retrieved by
the client and the buffering technique will handle these multiple incoming
streams. After a critical size(as will be explained in Section 2.3.1) of the
first portion data has been received, the client application will start the play-
back of the movie. The critical size guarantees that there is adequate data to
play the movie continuously at the client site. This size is calculated by the
algorithms provided by the Agent, taking into account the current network
conditions.

As mentioned above, during the retrieval process, a number of critical sit-
uations may occur. Among these, there are two major critical situations
including unpredictable failure of Movie Servers and failure of the Agent.
The failure of Movie Servers definitely has a major impact on the perfor-
mance of the system. Considering the case when there are three servers and
one of them crashed during streaming movie data to the client, obviously,
the client will not be able to stream the scheduled movie portion from that
failed server. In this case, the Emergency Server Generating algorithm that
was transferred from the Agent a-priori, will handle such a situation for the
client. A backup server (one of the other two servers hosting the requested
movie will act as a backup server) would be generated for the client to
contact and resume streaming of the affected portion from the time instant
where it stopped.

All these mechanisms are transparent to the user and the playback of the
movie will not be affected, unless it is in a race with the data streaming
(starvation of the movie data) at the client site. The possibility of this racing
is extremely low, as the Agent algorithm had calculated the best possible
critical size which ensures that the playback of the movie would circum-
vent this racing with the data streaming. However, it would be catastrophic
if all the servers participating in the retrieval process were crashed before
all portions were retrieved completely. If this worst scenario happens, the
user would be notified that the playback of this movie would be affected.
However, the user can continue viewing the available portions of this movie,
or can go back to the Movie-Selector and select another available movie to
view. On the other hand, the crashing of the Agent has no effect on the
playback of the movie. This is because the Agent is not involved in the
transmission of movie file after the connections between the client and the
servers have been set up. However, in this case, the user would be notified
that the Agent had exited the system and hence, it would not be possible to
view other movies unless the client application is re-authenticated with the
same or another Agent.



224 DISTRIBUTED MULTIMEDIA RETRIEVAL STRATEGIES

8.2.2.1 Strategy on a dedicated network environment: Equal Size
Partitioning (ESP) strategy

The procedure described in Chapter 2 would be preferable, if the underlying
network is a truly distributed one. However, in the existing implementation
(and also when the underlying network is of small size), we have a fast
switching Ethernet network comprising computers that are solely dedicated
for this VoD system. Thus, the procedure described above has to be tuned
for this environment. In contrast to the above strategies in which portions
retrieved from different servers are of non-uniform in size, we propose an
ESP strategy to obtain a better load balance among Movie Servers, as the
communication speeds and server speeds are extremely fast and transfer
delays are negligibly small in this dedicated infrastructure. In this strategy,
the retrieval process from each of the servers is concurrent. In addition, in
the earlier work a client is allowed to start the playback only after the client
has received the entire first portion from the first server. However, in our
retrieval strategy and implementation we relax this assumption and allow an
early start of the playback which guarantees a presentation continuity. As
soon as a critical size of first portion has been retrieved, the playback can
be initiated on the client site. In other words, the client can start playing
this portion while the remaining portion is being retrieved. This critical
size indeed depends on the playback rate of the movie at the client site
and the available transmission rates of the channels between the client and
servers. For every portion that is to be retrieved from a server, our strategy
recommends a critical size that should be retrieved in order to avoid data
starvation.

As continuity is one of the major concerns during the presentation, the
design of the ESP strategy must meet the following two important objectives.
Firstly, the strategy must select the optimal set of Movie Servers that can be
used to retrieve the requested movie. Secondly, it must derive the critical size
of the portion to initiate the playback at the client site. The first requirement
is used to minimize the access time of the movie and to guarantee a fault-
free presentation while the second requirement is used to assure a continuous
presentation at the client site. We let the size of portion retrieved from each
Movie Server, measured in bits, as m = [L/N]. Note that we continue to
use the same notations, i.e. L, bw;, Ry, cs; ; for the length of the movie, the
bandwidth of the channel, the playback rate and the critical size, respectively.

Now, we describe our retrieval strategy. Firstly, we show how the critical
size is calculated with a given number of Movie Servers, which will be
subsequently used to determine the optimal set of Movie Servers. Given
that there is only one server, we will determine the critical size that has to
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be used to avoid racing. Similarly, when there are two servers available, we
can have two concurrent streams. Thus, in order to utilize both the servers,
we need to derive a critical size when two streams are to be retrieved from
servers connected via different transmission rates. In the same way, if N
servers are to be utilized, we need to derive a critical size when [V streams
are to be retrieved from servers connected via different transmission rates.
Below, we will derive the critical size when there are, in general, k servers
(k streams). To derive this critical size we proceed as follows. As a first
step we consider only one stream and derive a critical size. Then in the
second step, we consider including the second stream and determine a new
critical size. Note that this critical size obtained guarantees a continuous
presentation for the second stream alone, neglecting whether the first stream
can be presented continuously. Similarly, in step k, we consider including
the k-th stream and derive a new critical size, which guarantees that there will
be a presentation continuity by considering the k-th stream alone. Finally,
in order to obtain a ultimate critical size when there are k servers altogether,
we consider choosing the maximum of the & values obtained from each of
the above k iterations. Thus, this size is guaranteed to deliver a continuous
presentation of the entire movie at the client site by employing k servers.

To clarify how this ultimate critical size is deduced, initially, let us consider
a scenario when there is only one server in the system, i.e., m = L. In
order to guarantee a continuous playback, the time to retrieve the remaining
portion must be not greater than the entire playback duration of the portion
when the playback is initiated. In other words, the following condition must
be satisfied.

m m — €800
—_ 8.1
Rp - bwy @.1)

From the above condition, we can deduce csg g as,

(Rp — bwg)m

€80,0 2>
Ry

(8.2)

Thus, when there is only one server we have cs = maz{csoo} = ¢sop. In
this case, (8.2) gives the condition to choose the critical size that must be
supplied initially so as to guarantee a continuous presentation.

Now, when there are 2 servers, we have m = L/2. Similar to (8.2), for the
first portion, we have,
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Further, in order for the playback not to race with transferring of data in the
second portion, we must have,

b‘u)l

2m M — CS1,1 50
S s T bwo 8.4
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From (8.4), we derive,
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So, in order to meet the requirements in (8.3) and (8.5), the ultimate critical
size is given by,

cs = mazx{cso1,cs11} (8.6)
This rationale can be generalized for (1 + 1) streams originating from a
system comprising of (7 + 1) servers as,

mbwo(Ry, — (5 + 1)bw;)
Rpbw;

cSji > , 0<5<i,0<i<(N=-1) (87)
Finally, from practical perspective, we have the ultimate critical size for
(i + 1) streams as,

cs = maz{csoq, €814y -y CSim1,4, CSi 4,0}, 6 > 0 (8.8)

where parameter 4 is the minimum size that a video player needs to initiate a
playback and this value depends on different players. Note that when com-
pared to the critical size obtained from (8.7), this parameter ¢ has a different
interpretation. Critical size is used to guarantee a continuous presentation
and is determined by our retrieval strategy, while J is a codec and/or player-
related parameter that reflects the minimum amount of data required to start
the playback. Without loss of generality, we use § = 0 throughout this
chapter. Thus, as soon as the critical size of the first portion has been re-
trieved, we can start playing the movie safely and the rest of the movie can
be retrieved while the playback is underway. Thus, in our ESP strategy,
(8.7) and (8.8) can be directly used to determine the size of the portion to be
retrieved initially before playback commences. Further, in the following,
we shall discuss how to determine an optimal set of Movie Servers that can
be used to retrieve the entire movie, by using our ESP strategy.

8.2.2.2 Determining the optimal number of Movie Servers

The ESP strategy works on the fundamental assumption that the size of the
movie portions to be retrieved from each of the servers is approximately
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equal. An immediate naive choice would be to use as many servers as pos-
sible to serve this request to minimize the access time of the client and to
reduce the workload of every server. However, in some cases (the transmis-
sion rate(s) of one or more servers is(are) extremely slow), the access time
does not always decrease when more servers are utilized. Hence, the prob-
lem now is to decide on an optimal number of servers to be used, satisfying
the presentation continuity, using the transmission rate constraints and the
playback rate constraints to minimize the access time.

To solve this problem, initially, all available servers (the servers holding the
requested movie) should be located and sorted in a list according to their
transmission rates, between each server and the client, in a non-decreasing
order The first portion of the movie will be retrieved from the first server
from the list (the “fastest" server). Similarly, the second portion will be
retrieved from the second server from the list, and so on. After this list
has been generated, an optimal set of servers and the ultimate critical size
can be deduced by following the flowchart shown in Figure 8.2. Note that
the complexity of determining an optimal set of servers is O(N?), where
N is the number of available Movie Servers.  To clarify how this ESP
strategy works, without loss of generality, we now consider a scenario in
which the requested movie is available at three Movie Servers, referred to
as JINI1, JINI2 and JINI3. We assume that the transmission rates of
channels from the above servers to the client are 1.2Mbps, 0.675Mbps and
0.45Mbps, respectively. The movie size L is assumed to be 900Mbits, and
the playback rate at the client site R, is 1.5Mbps.

First, we sort the Movie Servers according to their transmission rates. In our
example, the order is “JINI1 > JINI2 > JINI3". Then, following the
steps shown in Figure 8.2, the output (the optimal set of servers) is shown
in Figure 8.3. As shown in the figure, there are altogether 3 loops. In the
first loop, all the three servers are prospective candidates to participate in
the retrieval process. Each of them is scheduled to cater a movie portion of
300Mbits. The critical size csg 2, ¢s12 and csg 2 are calculated using (8.7)
and the maximum of these three values, ¢s 2, is recorded. This recorded
value represents the minimum amount of data that needs to be retrieved
before the playback can begin in order to ensure a continuous presentation
using all the servers. In the second loop, JINI3 (the last server in the
current list of servers) had been excluded from the current list, which means
that there are only 2 servers left to serve the entire movie, and hence, the size
of the portion retrieved from each of the servers is increased to 450Mbits.
Similarly, the critical size csg 1 and ¢sy 1 are calculated and the maximum of
these values is recorded. Then, in the third loop, JI N2 (the last server in
the current list of servers) is purged. At this juncture, there is only JINI1
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Figure 8.2, Flowchart of the ESP strategy

LOOP 1:
JINI1 serving 300Mb, critical size ¢, = 75Mb
JINIZ serving 300Mb, critical size e, = 54Mb

JINI3 serving 300Mb, critical size ¢, = 80Mb  -— Recorded
LOCP 2:

JINI1 serving 450Mb, critical size ¢s,, = 113Mb -— Recorded
JINI2 serving 450Mb, critical size o8y, = 80Mb

LOOP 3:

JINT1 serving 900Mb, critical size ¢g, = 225Mb -— Recaorded

=

Result :
Loopl is selected, the final critical size ¢S is 80Mb

JINT1,JINI2 and JINI3 serving 300Mb, respectively

Figure 8.3. Typical output of the ESP strategy

server from the list
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left to calculate the critical size and this value, ¢sg o, is recorded.

Thus, after the last loop, we have 3 recorded critical sizes, csg 2, cSp,1 and
¢s0,0. Each one represents the minimum size of the first movie portion
that a client needs to retrieve before the playback of the movie, by utilizing
the corresponding set of server(s) comprising { JINI1, JINI2, JINI3},
{JINI1,JINI2} and {JINI1}. In order to minimize the access time,
the lowest value of these 3 sizes is chosen as the optimal critical size and
the corresponding set of servers from which this value comes is chosen to
supply the requested movie. In this example, the lowest value for the critical
size, csz 2, comes from the first loop, and hence, all three servers partici-
pate to serve the movie data. In case where there are two or more loops
with identical minimum critical size values, the server set with a maximum
number of servers is chosen, since more servers obviously imply smaller
portions to be streamed from each server and hence, lead to minimization
of the access/serving time. Further, more servers means that there are more
backup servers to select in case of any unforeseen failures.

So far we have presented the working style of the ESP strategy which em-
ploys multiple servers to provide a network based multimedia service. Fol-
lowing this strategy, we shall present the entire design of our JVoD software
architecture.

8.3. Design of the JVoD Software Architecture

In this section, we shall present the design of our software architecture by
considering the retrieval strategy which is addressed in the previous section.
We shall describe the three components in our JVoD system:

— Movie Server

— Jini Agent

— Client

The functionality and implementation of the main modules of every com-

ponent will be described. Further, we shall also describe the working style
of each component.

8.3.1 Movie server : design and architecture

The Movie Server in our system is both a Jini service and a Jini client of the
Jini federation, because it supplies service to JVoD clients, while it utilizes
the service provided by JLS. When a Movie Server starts up, upon success-
fully registering with the JLS, the server is immediately ready for requests
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Figure 8.4. Movie Server structure design showing various modules

by activating its file streaming capabilities, utilizing socket-to-socket con-
nection. One noticeable aspect of a server’s file streaming capability is that
it does not pose any constraint on the formats of the streaming file. As
long as the client is able to play the formats of movie, any format can be
used within the JVoD system. However, due to the constraints imposed by
current technology of Java Media Framework (JMF) employed within the
client component, the actual implementation concentrates currently only on
MPEG media.

The Movie Server consists of several modules that interact with each other
in a particular order, as shown in Figure 8.4. We shall now describe the
functionalities of each of the modules.

8.3.1.1 Discovery and Join module

From Figure 8.4, we observe that there is an embedded Jini layer which
has two modules: Discovery and Join module and Leasing module. These
two modules are critical for the Movie Server to become a part of the Jini
federation. When a Jini service is brought on-line, locations of the JLSs
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are most likely unknown to the service, and hence, the service should find
one JLS to register by using Discovery protocol. Jini defines two ways in
which a Jini client can locate the JLS, using Multicast Discovery and Unicast
Discovery [54]. In our design of the JVoD system, the former is adopted.

When the Movie Server starts, it will multicast a “special packet" to the
entire network (this multicast will become a broadcast if the initial multicast
group of the Movie Server is empty). How far this packet will go, or its
multicast radius, depends on the routers deployed on the network. As long
as the JLSs reside within this radius, they will respond to this special packet
and this is how the initial set of JLSs is discovered. However, it does
not mean that the JLSs have to be launched before the server in order to
make this discovery possible. In fact, the administrator is absolutely free to
start another JLS any time as desired. When this occurs, the new JLS will
multicast a special packet to announce its availability to the interested servers
within the multicast radius and this is the mechanism by which Jini clients
locate new JLSs that have been added to the Jini federation. The significant
implication of this approach is that the multicast discovery facility makes
the startup sequence no longer important and the Movie Server or the JLS
can be started in any order. This is also the reason why we employ the
Multicast Discovery protocol. Then, the JLS that received the multicast
will pass a service registrar, a proxy to the JLS, to the server. This service
registrar enables a Jini client to interact with the JLS. After that, the service
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can register itself with this JLS by using the Join protocol. Then, a Service
Object of the Movie Server is loaded into the JLS. The information about
the Movie Server, such as server address, server port and titles of movies
hosted on the server, can be obtained by invoking the methods inside the
Service Object at the client site. Figure 8.5 shows the sequence of events
occurring during a normal course of discovery and join process.

8.3.1.2 Leasing module

In a real-life distributed system, Jini components may fail at any time instant
and the so far consumed resources by these failed components are locked.
Further, there may be long delays encountered in waiting for a client to
respond when the client had already timed out. This can potentially hap-
pen when service/response from a server takes a long time.To avoid these
problems, some kind of relationship must be maintained between the server
and the JLS and this is achieved by means of the Leasing module. When a
service registers with the JLS, it receives a “lease" from the JLS. This lease
represents the period of time after which the registration is considered void.
The service must renew it before it expires, otherwise the JLS will assume
that this service has expired and any resources associated with the lease will
be freed at JLS. Basically, this is one of the ways in which a Jini federation
achieves its self-healing robustness. Further, there is a trade-off between
the duration of the lease and traffic generated due to the lease renewal pro-
cess. For instance, if the lease duration is too long, then the registered list
of services that the JLS is holding is potentially far from being updated.
But, at the other extreme, where the service is expected to renew the lease
very frequently, the lease renewal procedure will manifest itself very much
like a constant polling, which could in turn affect the network efficiency.
Apparently, depending on different conditions of traffic on the network and
requirements of the service, the service provider may vary the value of the
lease time to strike an optimal performance. In our system, a lease duration
of 5 minutes (which is also the default period) is considered appropriate.

8.3.1.3 Remote mechanism module

The remote mechanism module is actually a HTTP server included in the
Jini Starter Kit (JSK). This module is used to transfer the Service Object
between clients and Movie Servers, which passes through one Java Virtual
Machine (JVM) in passive form and is finally activated (brought to life) in
the client’s JVM. The additional functionality that the HTTP server provides
is the movie trailer streaming capability. In this JVoD system, every movie
that is hosted on the Movie Server comes with a trailer as well, and this file is
usually about 5SMByte in capacity. It is impractical to send it by means of the
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multi-threaded streaming protocol that entails some pre-calculations which
is more suited for large-sized files. On a dedicated LAN environment, this
streaming of the trailer normally takes only a few seconds time (typically,
5-6 seconds in our experiments, but it may not hold true in a large system)
and thereby justifies this strategy.

8.3.1.4 Streaming module

The streaming module is built on top of the Jini layer to stream the movie data
to clients. For each steaming thread created in this module mechanisms such
as, handshaking, exception handling, garbage collection, etc, are carried out
transparently. Further, this module is independent of any Jini specification.
In other words, there is simply no communication between the Jini layer and
this module anymore. This behavior appears to be slightly contradictory
to the concept of robust Jini network, where automatic adaptation to the
environment is expected. However, it is more appropriate to look at it in
the following manner. As far as the streaming capability is concerned, the
Movie Server is just a passive entity, as it never initiates any streaming by
itself. Therefore it does not require holding any external information about
the network like, how many clients are there in the JVoD system?, is the
client’s request for a new movie or to resume a previous request?, etc. In
the case of any abnormal shutdown or streaming interruption (e.g. when
the Movie Server crashes), the socket facility at the client site will “throw"
certain exceptions in response to such situations, and as long as the client
is able to react accordingly, there are no potential problems. Notice that all
these exceptions are not tied to Jini in any sense, since they are just some
standard classes defined in the Java Development Kit.

8.3.1.5 Logging module

For any commercial server, the logging facility is always one of the standard
tools provided and it could be extremely useful in the event of debugging
service failures. In our design, a fairly generic logging module has been
created which allows the Movie Server to take a snapshot of a set of data
related to the service state and then periodically update it.

This logging module does not merely capture the service state. In fact,
the most significant function of this logging module is that it enables the
service to recover the state of the data saved and recover its last saved state
upon restart. This is similar to a roll-back service facility in the case of
distributed transaction mechanisms [99]. In this way, the impact brought to
the other entities of the network in the event of temporary service disruption
is considerably minimized. In the actual implementation of this system,
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the only information captured is the service ID. A service ID is a 128-bit
long number generated in a pseudo-random manner that uniquely identifies
a service from the other services. When a service first registers with a
JLS, it requests a service ID from the JLS. In the future, whenever the
service restarts or new JLSs are found, it reuses this service ID for every
registration. Further, this ID is an important piece of data to the client
to discern service differentiation. If a client is searching services of the
same type from different JLSs, the client can determine whether the objects
represent the same instance of the service by comparing the service 1Ds.
In addition, the service ID provides a way for the client to ensure that it
can resume the same service again when the service is resurrected. Finally,
we emphasize that this module is generic enough to handle most of the
situations and certainly does not confine itself to storing service 1D solely.

8.3.1.6 Database module

This module is developed to record all the transactions in a persistent storage
space for future tracing purposes. This is a module residing on top of the
Jini layer and is therefore well insulated from the Jini environment. For
every transaction, the client’s name, IP address, transaction type, date, etc,
are all saved in the database. At a first glance, it looks as if it is rather
similar to the logging module described above. In a sense, both are saving
some information about the Movie Server. However, the key difference is
that they are located in different layers. The logging module is meant for
storing Jini specific parameters and retrieval of the last saved state of the
Movie Server, whereas this database module purely manages the history of
every streaming transaction, through the use of SQL.

Thus, we have described how a JVoD Movie Server in our system is designed
and on the workings of various modules.

8.3.2 Agent: design and architecture

In the following, we shall consider the JVoD Agent design and describe var-
ious modules with respect to their functionalities. In the JVoD system, the
Agent acts as a rule-base repository for the entire system, deciding on how
the clients should behave in different situations. The rule-base is essentially
a set of Java class files containing the necessary algorithms for the client.
All these class files will be serialized to the client “on-demand", which is to
say that a client will get these implementation classes whenever it makes a
movie request. In other words, the rule-base logically resides on the Agent,
but is executed on the client site. Depending on the network conditions and
some other factors, these algorithms decide on how and which of the servers
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to contact in order to retrieve the different portions of the requested movie.

The Agent plays a crucial role in announcing a server failure. With the
help from the Agent, the clients that are not actively contacting the server
could be notified of the server failure even before the JLS notices this fail-
ure (due to lease mechanism). Other than performing the tasks above, the
Agent plays the role of acting as a simple Authentication, Authorization,
Accounting server. The JVoD system is intended to be a paid-service in the
first place and therefore, some sort of identity confirmation is mandatory.
The Agent authenticates any client who wants to join the JVoD system, then
authorizes the eligible clients to negotiate with Movie Servers. After the
transaction finished, the Agent updates the corresponding bill. This facility
would help the service provider to manage the information of users.

As far as the Jini framework is concerned, the Agent is yet another Jini
component providing services to the Jini clients, As a result, the structural
design of the Agent resembles that of a Movie Server to some extent, es-
pecially the design related to Jini environment, as reflected in Figure 8.6.
From the figure, we observe that there are mainly two groups of modules
within the Agent component, the serializable module and other modules.
The serializable Agent module is the rule-base while other modules provide
functionality to the Agent application.

8.3.2.1 Discovery and Join module

Fundamentally, compared to the one belonging to the Movie Server, the Jini
layer at the Agent works in the similar way.

8.3.2.2 Leasing module

As expected, the Agent needs to renew the lease regularly, otherwise the JLS
will simply remove it from its managed set of services. Other than receiving
leases passively from the JLSs, the Agent is also responsible for allotting a
lease to clients. The Agent makes use of leasing to keep track of whether
the clients are still alive as it is important for the Agent to duly release the
resource that have been allocated for those “unresponsive"” clients. For this
reason, a lease (10 minutes) has been considered in our system (one can set
this timing depending on the current performance). The client must renew
it before it expires, otherwise the Agent service will assume that this client
is “lost". If this happens, the Agent will drop this failed client and stop
tracking this client.
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8.3.2.3 Remote mechanism module and Logging module

The Agent has also a standard HTTP server employed, as the protocol to
export the Service Objects works in the same manner as the Movie Server
does.

Also, the logging module works similarly to the logging module of the JVoD
Movie Server. By storing the service ID of the Agent, this logging module
enables the Agent to recover in the case of crashes. It must be realized
that this module is generic enough to handle most of the adverse situations
(Agent crash, link failure, etc) and certainly does not confine itself to storing
service ID solely.

8.3.2.4 Fault Tolerance: Server failure broadcast module

Though it is a common belief that every component in a Jini infrastructure
should be proactive in detecting failure conditions [54], it certainly does not
have to be so at any time. In our design of the JVoD system, the Agent
takes the responsibility of announcing failures of servers. The Agent uses
the remote events mechanism to achieve this goal. Remote event is one
of the Jini’s APIs, which is referred to as the ability of one object to notify
another object when some “event” has happened. The Agent does not create
a remote event in any case, however, it stores and forwards such an event
only when a client informs it to do so. The reason why the client can make
sure that certain server is already down is because of the type of Exception
thrown while it tried to contact this server. The following example should
illustrate how powerful this mechanism can be.

Initially, let us suppose that there are m Movie Servers and n clients in our
JVoD system. Suppose that one of the servers is abnormally terminated
and there is no undergoing transaction between the clients and this server.
When only the leasing mechanism is used, the JLS will not be able to know
about this failure until the lease expires. As a result, the clients will not be
aware of it too. The clients simply assume that all m servers are still alive.
During this period of time, all requests of clients to this crashed server will
fail. The scenario is totally different when the remote event mechanism is
used together with the leasing. In this case, if one of the clients attempts
to contact this failed server (obviously the client will not be served by this
server), then this client will inform the Agent about the server failure by
using the remote event. The Agent will broadcast the event of the server
failure to the rest of the clients, who will then remove this server from their
managed sets of servers. The sequence of events is shown in Figure 8.7.
Effectively, the number of victims suffering from unnecessary connection
has now been trimmed down to one. This is clearly a vast improvement,
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compared to the performance of the model using the leasing mechanism
alone.

8.3.2.5 Database module

The user database held by the Agent is meant for restricting system access
to only registered clients and keeping the bills of all clients. Besides these,
the interface presented by the Agent also defines some methods for the
client to change his/her password, update his/her profile, etc. Corresponding
SQL commands will be generated when these methods are invoked, and
since Java Database Connectivity (JDBC) was employed as an interface for
executing SQL statements, the need for a low-level abstraction layer which
does the actual connecting/transactions with the data sources is completely
eliminated.

8.3.2.6 Serializable Agent module

This module is the rule-base of the entire system. This rule-base will be
transferred to the client when the client needs it. The rule-base consists of
the following strategies:

[A] Streaming strategy and Transmission Rate Testing strategy

The Streaming strategy allows clients within the JVoD system to initiate
socket-to-socket connections with the servers. By defining the arrangement
of streaming fragmented multimedia data from the servers, the strategy in-
structs the client to open connections with all the selected servers and start
retrieving movie portions. Mechanisms such as, handshaking, exception
handling, garbage collection, etc, are carried out transparently.

As the name suggests, Transmission Rate Testing strategy is used to approx-
imate the transmission rate of each server-client channel before the actual
streaming of the movie to the client. The reason to introduce this strategy
is that even though the server can inform the client the upper bound of the
transmission rate that it can afford, the actually offered transmission rate
often differs from the upper bound and this difference will certainly affect
the retrieval strategy. This strategy can be treated as a lightweight Stream-
ing strategy as it has a similar algorithm to the Streaming strategy but the
exception handling is somewhat simpler. In this prototypical implementa-
tion, we follow a simple testing procedure which basically averages out the
transmission times after echoing several packets, using individual channel.
Our strategy spawns daemon threads to set up socket-to-socket connections
with the Movie Servers at the same time and start the transfer of dummy
data, simulating the effect of streaming data from multiple servers. In order
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to get a more accurate result, this process may be repeated several times
as the service provider desires and the average time taken to receive these
packets is measured.

[B] Scheduling and Retrieval strategy

In our current implementation, the ESP strategy is adopted to retrieve the
requested movie and minimize the access time.

[C] Emergency Server Generating strategy

The Emergency Server Generating strategy is a supporting strategy for the
Streaming strategy. The main design objective of this strategy is to decide
which Movie Server a client should contact in order to resume the stream-
ing of an uncompleted movie portion that had been interrupted by errors.
However, in the current implementation, the servers that the strategy can
choose from are only limited to the servers provide by the ESP strategy,
which means only servers selected by the ESP strategy can be allowed to
participate in resuming operations. The logic for doing this is because that
any server outside the server list generated by the ESP strategy would most
probably slow down the performance of the streaming, since the ESP strat-
egy had already evaluate all the available servers within the JVoD system
before the streaming. Usually, when this strategy is invoked, the playback
of the movie would still be executing without any effect.

[D] Buffer Management strategy

The multiple media data streams coming from the Movie Servers will be
stored in the buffers (including RAM and hard disk) at the client site. Mean-
while, the client’s system requirement has always been considered as one of
the most important concerns during the design and implementation of the
system. The main reason for the concern lies in the fact that any successful
commercial application should always assume minimum requirements at
the client site for the service to be attractive. In order for this system to
meet this requirement, the approach of memory releasing is employed in
the Buffer Management strategy to reuse the resource. In this approach,
the buffer occupied is either flushed as soon as it had been consumed or
been retained for sometime after it had been consumed. The former case
is typical of an application such as pay-per-view kind of movie service and
the latter is essential to achieve a simple interactive movie viewing service.

Having the rule-base stored in the Agent is actually very convenient, when it
comes to upgrading. Depending on the current network and server loading
conditions the service provider may vary the strategies inside this rule-base
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and this variation is transparent to clients., For example, the service provider
may vary the Buffer Management strategy for clients, thus exercising dif-
ferent levels of interactivity with the service systems. This may also be
a measure of QoS and hence, the pricing of the users may be varied for
different interactive requirements. Otherwise, suppose if the rule-base is to
be located at the client side and some improvements are to be made to the
strategies, then essentially every client will have to go through some kind of
upgrading process. This could be really cumbersome when a large number
of clients are making use of this service infrastructure. However now, the
existence of the Agent simplifies the process remarkably. If any change is
to be made to the strategies, the serializable Agent module is the only part
that has to be modified. The client will still remain as what it has always
been and is yet equipped with the new capability transparently.

8.3.3 Client : design and architecture

In the following, we shall consider the design of the JVoD client and describe
various modules with respect to their functionalities. In our JVoD system, it
is noticeable that the JVoD client is a pure consumer which does not provide
services in the Jini system. It1is just a Jini application that consumes services
available in the Jini system (the JLS, the Agent and Movie Servers, in this
case). Further, all the intelligent parts of the client that are employed to
fulfill the retrieval transaction will be transferred from the Agent (or in
other words, they will be supplied by the Agent). This design requirement
was intentional as, in general, resource expectations at a user side cannot
be assumed by the Movie Servers. This in a way allows the scheme to be
more attractive as any client satisfying the minimum requirements expected
from the service provider, can also be a potential customer. As a result,
the structural design of the client turns out to be quite straightforward, as
shown in Figure 8.8. We shall now describe the functionalities of each of
the modules.

8.3.3.1 Discovery and lookup module

The concept of multicasting discussed before also applies here. So long as
the JLSs are within the multicast radius of the network, the client will be
able to discover them. Unlike the Movie Server or the Agent, the client does
not participate in the Join protocol, since it is a pure consumer and has no
service to register with the JLS.

Right after the discovery stage, the client finds the appropriate services
by looking in the JLSs and organizes all the Service Objects into a map.
The map consists of entries involving pairs of objects. Each entry has a
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Service Object and an associated key object (service ID). In order to keep the
most updated information about the services available inside this map, the
Discovery protocol used so far is not enough. For instance, if a service that
a client needs was started after the client, although the JLS is able to capture
its existence, the client will not know about it (and hence could not show
it in the map) because it only looks into the JLS only once. Apparently, a
mechanism for the JLS to notify the client that a new service is now available
is therefore required. This is where the remote event plays a crucial role
in the design. The remote events that will be delivered to the clients relate
to the changes in the registered services. Clients can then be informed if a
new service has been added to the JLS or a service is being removed from
the JLS. This is extremely significant, as the “bootstrapping" problem of a
fixed starting sequence is completely eliminated.

8.3.3.2 Leasing module and Remote mechanism module

When a client registers for receiving remote events, either from the JLS or
the Agent, it should renew the lease consistently. If the lease is cancelled
or expired, the client will stop receiving events and release the resources
associated with this lease. Then the serializable Agent module transferred
from the Agent will become void to avoid further unnecessary traffic. Also,
in order to ship the Service Objects, the standard HTTP server that is a part
of JISK is employed in the Remote mechanism module.

8.3.3.3 Player module

Basically, the functionality of this module is to decompress the movie data
$0 as to present the input streams in a viewable form. It does not decide
where the input streams are fed in, nor does it have any control over when
to start playing a movie, as all these commands are Agent driven. In our
implementation we have used a JMF player capable of decoding MPEG
streams, which is an expected application that a client must posses in order
to avail this JVoD service facility.

8.4. Implementation Test-bed and Discussions

In this section, we describe the experiments we have conducted to justify
the applicability of our JVoD architecture. Below we describe our expe-
rience with our first prototype of the JVoD architecture in terms of mea-
suring the exact access times, fault-tolerant ability, and impact of OS. The
experiments are run with Pentium series dedicated PCs with Windows 98
Operating System (OS) or Windows 2000 OS, on a fast switching Ethernet
network platform. Three computers are configured exclusively to partici-
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pate as Movie Servers. One of the computers is configured to participate
as a JVoD Agent. Finally, three computers in our system are configured to
participate as clients. Each Movie Server, Agent and client has a 128MB
RAM and a hard-disk of capacity 20GB. Each client is also a Pentium ma-
chine equipped with a JMF player (a built in player within the JVoD client).
Each Movie Server is capable of storing 15 movies (typically of 110 minutes
duration) together with the respective trailers for previewing. With all the
description of our JVoD system in the earlier sections, it must be clear that
the number of Movie Servers and clients can be arbitrary, however, only one
Agent is allowed to exist in the current implementation of the JVoD system.

In our JVoD system, once the JLS, the Movie Servers and the Agent are
ready, the client application can be launched. After launching a similar in-
terface as shown in Figure 8.9 is displayed at the client site. From the status
bar at the bottom of client interface, we can see that there are 3 servers and
1 Agent in this running JVoD system. After the user logs on to the system,
he/she can browse the information of the desired movie from the Movie-
Chooser and preview the trailer of a movie, as shown in Figure 8.10. The
retrieval process begins when the user decides to “buy” the desired movie.
The following events are triggered when the user chooses to buy the movie.
Initially, the transmission rate test is conducted between all available Movie
Servers and this client. Based on this information, ESP strategy determines
the respective movie portions to be retrieved from the servers. The status of
the retrieval process can be monitored from the interface of all participating
Movie Servers, as shown in Figure 8.11. After downloading a critical size,
as per (8.8) in our current implementation, the presentation will begin at the
client site as shown in Figure 8.12.  During the retrieval process, even
when one or two servers crash, the lost portions can be retrieved from the
backup server(s) and the presentation will not be interrupted. This mech-
anism is captured in the following experiment. In this experiment, at first,
the client is scheduled to retrieve 3 independent portions from 3 different
Movie Servers concurrently. During the retrieval process, we intentionally
shutdown (to simulate a server crash) a Movie Server which is in the pro-
cess of streaming the movie portion to the client. After the client detected
the crashing of the Movie Server, the Emergency Server Generating strat-
egy transferred from the Agent, selects a backup Movie Server from the
remaining 2 Movie Servers to resume the retrieval of the lost portion. Thus,
there are 2 Movie Servers to supply the movie file. While one Movie Server
continues to render its original portion, the backup Movie Server renders
its original portion and the lost portion, as indicated on the backup Movie
Server’s screen in Figure 8.13. In this experiment, it is of natural interest
to determine the time it takes for this recovery mechanism to be in place
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in order to secure a continuous presentation. This experiment was repeated
for 10 times and the average time it took the system to resume the trasfer of
the lost portion was found to be 3.57 seconds. This clearly shows that the
response time is significantly small to affect the presentation quality.

An important metric in quantifying the performance is the access time. It
may be noted that the access time depends on several parameters, such as
the size of the movie file, transmission rate of the channel, server capacity or
the response time of the servers, etc. In our experiments, since the network
infrastructure is somewhat dedicated, the access time will be mainly mea-
sured with respect to the size of the movies and the transmission rate of the
channel. We conducted the experiments with 6 MPEG1 movies of different
sizes and the upper bound of the transmission rate of the server-client chan-
nel was set to 1.5Mbps. To obtain an accurate result, we used the average
access time over 15 trials for each movie. The results of the access time are
shown in Figure 8.14. From the results obtained, the effects of movie size
can be clearly observed. The access time increases when the movie size in-
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creases, as the computed critical sizes differ as per the lengths of the movies.
We have also measured the average start-up delay of clients, defined as the
average of the time from the time instant at which client application starts
to the time instant at which it joins the JVoD system. This was measured to
be 4.8 seconds, on average over the 15 trials in our experiments.

Finally, we have also observed that the underlying OS at the client site in-
deed has an influence on the performance of the system distinctly. Under
Windows 2000 OS, the access times seem generally longer than that under
Windows 98 OS (In our experience, the access time under Windows 2000 is
about 5 seconds longer than that under Windows 98 OS, on an average over
20 trials). However, it should also be noted that under Windows 2000 OS,
the CPU usage of the client application is relatively lighter. In our experi-
ments, when the client application is retrieving the movie, its average CPU
usage was 10.32% under Windows 2000 OS and 31.20% under Windows 98
OS, over 20 trails. This is because the JVoD system involves multitasking
critical jobs and the two operating systems have different scheduling poli-
cies. Windows 2000 OS obviously behaves better than Windows 98 OS on
multitasking in our experiments.

8.5. Concluding Remarks

In this chapter, we have carried out an extensive design and full-fledged
implementation of the JVoD system, which is developed as a network based
multimedia service employing the MSR technology introduced in Chapter
2. This infrastructure is built on the latest Java based Jini technology, which
consists of the JLS, the Agent, Movie Servers and clients. To demonstrate
the feasibility of this architecture, we have proposed a simple retrieval strat-
egy that minimizes the access time and balances server load. Our prototype
demonstrated that our architecture can achieve the goal to provide a highly
fault-tolerant, distributed VoD service. Even amidst failure of servers, an
uninterrupted service can be obtained through our fault-tolerant design. This
clearly shows that our scheme is robust and has a load balancing capability.

The prototype presented in this chapter is a first attempt in the domain of
distributed VoD services. The design and implementation reported here can
be further improved in several dimensions as discussed below. As a first
immediate improvement, interactivity could be introduced. While the inter-
actions of Play/Stop, /Pause/Resume are provided in the current prototype,
the modeling and implementation of other interactions, such as Fast For-
ward/Rewind, Fast Search/Reverse Search and Slow motion, are currently
underway.Currently, as mentioned in the previous section, only one Agent
is allowed to exist in our system. When the Agent is down, no transaction
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is possible even though all the Movie Servers are available. To eliminate
this limitation, having multiple Agents in the system is one reasonable ap-
proach. However, several new issues arise from this method. For example,
should clients register with every Agent or with any single Agent?, How
can Agents coordinate smoothly?, Should there be any coordination among
the agents?, How can Agents update clients’ information synchronously,
if this is a requirement? All these issues are challenging to address in a
multi-Agent environment. Another important issue is introducing existing
techniques to the current system in order to improve the performance. For
example, the pre-calculated critical size which is used in our ESP retrieval
strategy is computed by taking into account the current network conditions.
This size may no longer be valid if the network conditions change, for ex-
ample, the traffic in the network increases dramatically. Thus, either the
future designs should be more adaptive to the changes of the network in
order to support a continuous presentation at the client site, or a system with
RSVP or Diff-Serv supporting should be developed to guarantee the QoS
of the VoD system. Moreover, by employing techniques, such as batch-
ing, patching, and caching, in the JVoD system, the server resource will be
saved considerably. Finally, in our current design, the placement of movie
files is maintained manually. In a very large scale network system, an addi-
tional issue is in designing an automatic and efficient approach to replicate
the popular movie files among servers and possibly place the moves as per
the demands of the users at vantage sites. Efficient movie placement on
the network is shown to minimize the access time in the literature. Also,
this approach enhances the fault-tolerance of the JVoD. The contributions
in this chapter clearly highlight the benefits and advantages of employing
MSR strategies and serves as a basis for future research.

Bibliographic Notes

Most of the contributions in this chapter appear in [107]. As a standard for
distributed architectures, CORBA has been extensively exploited to supply
distributed multimedia services [57, 93, 114]. While Jini’s lookup ser-
vice (JLLS) is somewhat similar to the naming server [102] used in other
distributed network paradigms and in systems such as CORBA [47], Jini
technology provides an easier and more flexible way to build, manager,
and use the services of networks. There are several studies in the litera-
ture focused on the design methodologies for different aspects of a VoD
system. Techniques such as batching [2, 27], chaining [94, 95] patching
[22, 50] and piggybacking {42, 43] have been investigated to provide a VoD
service. Also, some of these techniques can be combined to improve the
efficiency further [38, 64, 77]. The effects of different techniques to reduce
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the aggregate bandwidth requirements are evaluated in [76] while providing
interactivity for VoD system. These techniques include server replication,
program caching in intermediate nodes and user sharing of video streams
and caches. Further, an excellent compilation and comparison of various
multicast VoD techniques and implementations proposed in the literature
until 2001 appears in [73].

In the design of parallel server architecture, the concepts of using a con-
current push [67] and pull-based [65] have been proposed. In a pull-based
design shown in [65], the need for inter-server synchronization is completely
eliminated and also by a careful design of admission control algorithm the
loads across the serves are carefully balanced. There is also a third ap-
proach that incorporates proxy at the client site {66]. With this scheme, a
proxy located at client machine is responsible for requesting and processing
data, thus avoiding further network communications. For, striping tech-
niques see [66]. The work in [85] considers employing multiple servers
to retrieve multimedia objects, but for a different objective. In this work,
the authors design a scheduling scheme, referred to as an application layer
broker(ALB), at the client site. Typically, a client negotiates with a group
of servers and identifies the best server to retrieve an object. This scheme
attempts to minimize the buffer space requirements at the client site. This
can also be a part of the JINI implementation presented in this chapter as
resource management module.



Chapter 9

FUTURE RESEARCH DIRECTIONS

Network based multimedia service rendering has posed several challenges
to network and application programmers. Our direct experience in imple-
mentation of MSR technology presented in Chapter 8 elicits several design
challenges. For this technology to mature and become commonplace among
service providers, several issues need immediate attention. In the following
paragraphs we discuss them in the context of developing MSR solutions and
beyond.

Our discussion on Chapter 5 and 6, particularly the results of Chapter 6
cautions implementation specialists on certain key issues. The results of
this chapter in fact account for some networking issues too, to some extent.
With the Internet becoming a mainstream entertainment venue, handling a
large client population becomes more challenging. The dynamic adaptation
schemes discussed and the associated simulations show potential for MSR
solutions. The preference of single or multi-installment based scheduling
could be based on parameters other that the client access time which has
dominated our discussions, as schedule calculation costs favor significantly
the latter approach. Such decisions could be delegated to an admission con-
troller at the server side. The important thing is that despite lack of detailed
knowledge for packet-losses our SIMP or MISP schedules allow for adapta-
tion to unexpected events via the relaxation parameter c. These techniques
coupled with the channel-based partitioning discussed in Chapter 3, pose to
efficiently handle multiple client scenarios. The extent to which the client
population can be allowed to grow can be captured using similar deriva-
tions as in Section 1.2.3 for an exact physical model of the system. Thus,
a combined influence of parameters such as, client population/arrival rate,
overheads at the admission controller, media disk access delays (captured as
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seck delays), channel or data partitioning schedule generation, estimates of
the relaxation parameter or some model of the network behavior, can lead to
an ultimate performance quantification. This sequence of systematic com-
putations will give more exact estimates of the overall performance one can
expect, although going at such lengths may seem extreme given that it is
clearly the case (at least the moment of this writing) that the network is the
limiting factor.

Another immediate point worth noting is the means by which media distribu-
tion is carried out. Although single and multi-installment policies were pro-
posed and shown to have a severe impact in determining the ultimate access
times, implementing such strategies would pose a considerable challenge.
Our experience on the Jini platform shows that in a dedicated environment,
certain computations become somewhat redundant. For instance, network
adaptability becomes easier and obviously the ultimate load fractions after
speed-tests will recommend equal partitioning scheme, as the bandwidth
is somewhat even. The only factor that could perturb (that too only to a
certain extent) is when interactivity starts and overheads soon take control
and dominate the cost! While server failures are not uncommon in real net-
works, unexpected server crashes can be easily taken care of with software
control as demonstrated in Chapter 8. However, more performance sensitive
events may be triggered when links start to fail, as transmission interruption
and data loss occur. This phenomenon, although it is profusely analyzed
in Chapters 5 and 6, a practical set-up demands explicit control to be exer-
cised to recover the losses, if possible, and to re-initiate the transmission.
Remember this re-initiation of events must prevent the clients from data
starving. This especially becomes crucial when a link loss happens during
an interactive session of a user. Fault-tolerance is an extremely imperative
issue to be considered at the first place while designing such MSR based
technologies. Emphasis of Chapters 5, 6 and 7 center around this goal. Of
course, these chapters do not consider failures for all possible scenarios. In
Chapter 7, we present both the deterministic and probabilistic approaches
for data recovery amidst losses, however, exact control and signaling over-
heads in realizing such policies were never accounted.

In order for VoD to become a viable alternative to DVD rentals or mail
deliveries (cost per GB for these, is still way lower than anything current
network technology can offer) it must offer a user experience at least on
par with what these methods can offer. The key word here is interactivity,
i.e. the capability of the user to non-linearly and at-will access any of the
requested content. The problem with MSR is that interactivity is a much
more challenging capability to offer, compared to single server approaches,
as one has to possible reschedule and reassign multiple streams. Although
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buffering techniques have been proposed in the literature these techniques
may not be directly applicable for a MSR setting. The problem is two-
fold. Even before buffer estimation or reservation can be made for rewind
&/fast-forward operations, media portions have to be identified with respect
to each server. This is because media portions from each server are indepen-
dent and “‘server-switching " must be carried out seamlessly to circumvent
any “hiccups"” during presentation. Thus special “look-ahead" policies may
be built-in (implementation issue) to avoid data starvation as well as for
quick re-fetching in case the same server needs to be contacted. Thus user
interactivity does impose severe work pressure on the system as it either
speeds-up or slows-down the rate of the entire retrieval & display process.

Server activity can be sped-up to a certain extend by using concurrency
and/or parallelism. The problem with MSR architectures is the mainte-
nance of accurate system state information at all participating servers. Op-
timum resource allocation and access control require the existence of glob-
ally available, accurate client information. The cost of maintaining such
exact information usually outweighs the benefits given that clients may join
and leave (Markovian birth-death process) at any time! There are mul-
tiple server architectures that are currently in place and these are almost
exclusively on small-scale networks and their predominant purpose is to
provide an increased throughput. These, by and large, fall under the name
of “parallel-server architectures” in the literature. These architectures pro-
vide high-bandwidth for multimedia applications by cleverly partitioning
and replicating the data across multiple servers in terms of storage. These
kinds of architectures (e.g. SANs) have been discussed in Chapter 1. Thus
data organization and fetching is what has been the primary focus on these
parallel-server architectures, while there are several inter-dependent as well
as independent issues (in the domain of networking and data storage) to be
dealt with our MSR technology.

It will be certainly interesting to probe further into implementation issues
to realize a full-fledged working prototype with complete user interactivity.
MSR technology can encompass technologies that use agent-driven solu-
tions. A multi-agent scenario would be a very good solution for tasks such
as fault-tolerance, inter-server communications, monitoring client activi-
ties, monitoring the loading of the network, etc, to quote a few. Presence
of software agents enables collaborative and co-operative strategies to be in
place thus easing the whole implementation process. With agents, admis-
sion control can have several inputs such as, network traffic information,
client’s current status, client’s request patterns, interactivity pattern of the
clients, etc. These naturally serve as value-added inputs to the schedulers
running at the servers and aids efficient decision making.
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Although MSR technology has proven to have complete flexibility, adapt-
ability, guaranteeing minimum access times, fault-tolerance, a distributed
approach is currently not in place. The contents of Chapter 3 come close to
a distributed approach in realizing MSR technology. The design of a TGS
scheduler can be tuned to work in a distributed fashion with additional pro-
cessing and communication {message passing among servers) overheads,
however this approach demands frequent status information to be availed
at the servers. With distributed policies, there needs not be any central-
ized controllers and fault-tolerance at scheduling and managing resources
become somewhat easy with above frequent status information support. A
distributed approach can have movie replication and movie migration poli-
cies (transparently to the users) to optimize the access time and to maximize
movie availability across networks. Popularity profile based approaches
which are well-studied in multimedia literature can be attempted on such
applications. Our Jini implementation in Chapter 8 allows easy migration
to a distributed scheduling approach.

While MSR is the answer to many of the problems stemming from an
under-delivering (in view of demand and not of technology) networking
environment, we believe that a successful MSR system should incorporate
a number of key technologies that have been developed under the single
server paradigm. Multicasting is certainly one of these key technologies
especially for live content (e.g. sports, news, etc.). Scalable video is the
other key technology that has to be considered. Multiple layers do not of-
fer only a way for quality adaptation, but also open a slew of possibilities
on how a MSR system can offer content. Thus, one can envision a hybrid
system that while based on MSR backbone, brings to the table the best of
what technology has to offer.

Finally, the advantages of MSR must be weighed against the cost that a
customer is expected to spend in hiring such networked services. Presently,
the main sources of expense are the consumed server bandwidth (fraction
of the time server is kept engaged in serving a particular client'), channel
usage?, and cost of renting a movie® While interactivity is allowed, on net-
worked systems, there exist a maximum duration for which a movie is made
available to a user. This parameter can also be priced, depending on the
popularity of the movie and frequency of the availing the service by a user.

! This can also be based on service providers infrastructure on server deployment.

2For broadband/modem-based line subscribers, usually this will not accounted per request

3 An amortized cost is usually recommended to service providers to minimize per-user cost of a movie, as
the demand profile can be tracked.
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In all, MSR technology shows very promising trends in realizing a full-
fledged and complete workable system for deploying entertainment mul-
timedia services over networks. Key research issues and the influence of
certain vital parameters has been thoroughly studied in this book. MSR
technology is completely technology driven, in the sense that most of the
available technologies in the domains of networking and storage have to be
carefully considered for a seamless integration. MSR demands additional
support from other domains such as agent based approaches and collab-
orative &/co-operative strategies as exemplified above. As such, current
research endeavors are more towards realizing an integrated approach for
delivering a working, functional system, while the algorithmic challenges
in designing a truly distributed operational scheme are yet to be ventured.
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GLOSSARY

Access Time The time between the instant a client is making a request
and the beginning of the playback

B-frame Bidirectional predictive frame

Buffering A popular technique for streaming video data, whereas a cer-
tain portion of the data has to be stored at the client before a playback
can be attempted. The buffer is used to smooth out the network speed
irregularities.

CBR Constant-Bit-Rate

DCT Discrete Cosine Transform

FEC Forward Error Correction

Frame A digital image. Usually part of a sequence in a movie.
GOP  Group of Pictures

I-frame Intra-coded frame

ISP Internet Service Provider

Initiation Latency See Access Time

JLS Jini Lookup Service

Jini A pseudo-acronym: Jini Is Not Initials. It refers to a Java technology
for the construction of distributed systems.

MAN Metropolitan Area Network
MISP Multiple Installments Single Part
MSR Multiple Server Retrieval

MTBF Mean Time Between Failures
MTTF Mean Time To Failure

MTTR Mean Time To Recovery

MoD Movie on Demand

Multicasting A communication technique involving a single data stream,
from a single source to multiple recipients.

NACK Negative ACK (acknowledgment)
P-frame Predicted frame

P2P DPeer to Peer
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PAR Play-After-Retrieval

PWR Play-While-Retrieve

QoS Quality of Service

RAID Redundant Array of Inexpensive Disks
RTT Round-Trip-Time

SAN Storage Arca Network

SIMP  Single Installment Multiple Parts

SNR Signal-to-Noise-Ratio

SP  Service Provider

SSRS Single Server Retrieval Strategy
Scalable video A technique that splits the video data into multiple streams.

Strand An immutable, sequence of continuously recorded audio samples
or video frames.

TGS Task Generation & Scheduling
VBR Variable-Bit-Rate

VoD Video on Demand

WAN Wide Area Network





