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Abstract Advances in high speed networks and multi-
media technologies have made it feasible to provide video-
on-demand (VOD) services to users. However, it is still
a challenging task to design a cost effective video-on-
demand system that can support o large number of clients
(who may have different quality of service (QoS) require-
ments) and, at the same time, provide different types of
VCR functionalities. Although it has been recognized that
VCR operations are important functionalities in provid-
ing VOD service, techniques proposed in the past for pro-
viding VCR operations may require additional system re-
sources, such as extra disk I/0, additional buffer space
as well as network bandwidth. In this paper, we consider
the design of a VOD storage server that has the following
features: (1) provision of different levels of display res-
olutions to users who have different QoS requirements,
(2) provision of different types of VCR functionalities,
such as fast forward and rewind, without imposing ad-
ditional demand on the system buffer space, I/O band-
width, and network bandwidth and, (3) guarantees of the
load-balancing property across all disks during normal
and VCR display periods. The above mentioned features
are especially important because they simplify the design
of the buffer space, I/0, and network resource allocation
policies of the VOD storage system. The load balanc-
ing property also ensures that no single disk will be the
bottleneck of the system. In this paper, we propose data
block placement, admission control, and I/O scheduling
algorithms as well as determine the corresponding buffer
space requirements of the proposed VOD storage system.
We show that the proposed VOD system can provide
VCR and multi-resolution services to the viewing clients
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and at the same time maintain the load balancing prop-
erty.

1 Introduction

Advances in distributed multimedia systems and net-
working technologies have made it feasible to provide
interactive digital services such as home shopping and
video-on-demand (VOD) services [4]. Unlike a traditional
television broadcasting service in which subscribers have
no control during the program delivery sessions, users
subscribing to VOD services will have more control capa-
bilities. For instance, they can tailor their viewing pref-
erences such as viewing dimensions and quality of video
playback during a video session (e.g., such as video res-
olution and video frame rate).

Designing and implementing a cost-effective VOD
server is a challenging task due to some fundamental
characteristics of digital video. Firstly, the delivery of
digital video must meet real-time requirements. Secondly,
digital videos in general have high transfer bandwidth
(both in terms of I/O bandwidth and network band-
width) and high storage requirements. Although it has
been recognized that provision of VCR functions is a
major requirement for VOD service, implementing vari-
ous VCR operations is not trivial. The reason being that
during the VCR display period (e.g, during the period of
fast forward or fast rewind operations), the VOD storage
server may need to retrieve more information from the
disks at a bandwidth which is several times higher than
the I/O bandwidth that was allocated for normal dis-
play. This implies that VCR operations may introduce
additional workload on the VOD storage server and on
the communication network. This additional workload
adds complexity to the design of the VOD system as



well as to the network management algorithms. Thirdly,
it is desirable to provide multi-resolution viewing con-
figurations to different viewing clients. For example, if
a client has a high-end display station or if the net-
work connection bandwidth is not a constraint, then a
client may want to watch the video at the highest dis-
play resolution. Since a digital video which is encoded
using a non-scalable compression technique cannot sup-
port multi-resolution viewing feature, the VOD server
would have to replicate the same set of videos with vari-
ous resolutions and store the information on the storage
system. Upon receiving a request from a user for a par-
ticular resolution, the corresponding video data would
then be retrieved from the VOD storage system. It is
clear that this type of an implementation wastes a great
deal of storage space and adds to scheduling complexity,
therefore such a VOD storage architecture is not consid-
ered to be cost-effective.

Based on the above considerations, we propose a VOD
storage architecture that has the following features:

— provision of different levels of resolution to users who
may have different quality of service requirements,

— provision of different types of VCR functionalities,
such as fast forward and rewind, without imposing
additional demands on the system buffers, I/O, and
network transmission bandwidth,

— guarantees of a load-balancing property across the
disk sub-system during the normal display and the
VCR display periods. This property reduces the prob-
ability that a single disk becomes the system’s bot-
tleneck and thereby allows the system to fully utilize
its resources and thus support a greater number of
viewing customers simultaneously.

Our VOD storage system is based on a scalable video
compression technique, which is known as subband video
coding [15]. The appealing feature offered by subband
video coding is that it provides multi-resolutions as well
as multi-rate properties. These properties are very use-
ful in providing a cost-effective VCR display service in
that during the VCR service period, the system only
needs to extract a subset of video frames and hence no
additional system resources are needed!. Given that the
video file is encoded using the subband coding technique,
we present a data placement algorithm that can ensure
a load balancing property for all disks during the nor-
mal as well as the VCR display periods. Due to this load
balancing property, the VOD system can accept more
viewing users, thus making the proposed VOD storage
server more cost-effective. We present the I/O schedul-
ing and viewer admission control algorithms as well as
quantify the buffer space requirements of each viewer in
the VOD system.

Let us begin with a brief survey of the published
literature on VOD storage systems. In [2], the authors

! Exactly how this can be accomplished will be illustrated
in the following sections.
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propose two methods, termed segment sampling and seg-
ment placement, So as to support variable bit rate brows-
ing for MPEG-like video streams. In segment sampling,
one out of m segments (a retrieval unit) is selected for
display when a fast forward (or fast rewind) VCR func-
tion is desired and the fast forwarding speed is m times
the normal display speed. In contrast, the segment place-
ment scheme allocates segments to disks judiciously such
that a completely uniform segment sampling across the
disk array occurs. The drawback of this approach is that
the quality of display during these VCR functions may
not be acceptable. For example, viewers may experience
jitter during video display and a large change of video
scenery during the VCR display period. Also, that work
only supports a single VCR speed while our approach
can support multiple VCR speeds, depending on the
QoS requirements of the viewers. In [3,8], the authors
discuss implementation of I/O scheduling for VOD sys-
tems. They point out that if I/O scheduling is not care-
fully designed, starvation of data blocks might occur;
they propose two algorithms where the main idea is to
maintain a safe state transition (from normal display
to a VCR function) and to avoid starvation. It should
be noted that under these two schemes: 1) additional
buffer resources are required and 2) the communication
network experiences a sudden surge of traffic during the
VCR display period. Consequently, data blocks might
be dropped by the communication network because the
data transmission bandwidth is higher than the initially
allocated transmission bandwidth, which was allocated
based on the effective bandwidth of the normal display
periods only. In [12], authors propose using several buffer
management techniques for providing constant viewing
intervals as well as a limited form of VCR functionality.
As long as the data blocks are pre-fetched and avail-
able in the memory buffers, no additional I/O resources
are needed. However, the VOD storage server needs to
pre-allocate a large amount of memory buffers so as to
implement the proposed scheme. At the same time, it is
possible to have a sudden surge of traffic on the net-
work and thereby cause data packets to be dropped.
Other works based on exploiting the characteristics of
the MPEG coding technique are presented in [6]; how-
ever, all these works require additional I/O resources,
such as buffer space as well as have the potential of in-
troducing traffic workload fluctuations into the network.
Recently, the subband coding techniques were proposed
for implementing a VOD system that can support multi-
ple video resolutions [1,3,14]. In [7], the authors studied
two video layout strategies on disk arrays for achieving
different degrees of parallelism and concurrency. How-
ever, to the best of our knowledge, there are no research
results on how to provide VCR and load balancing fea-
tures for a VOD storage server based on this multi-
resolution property.

The organization of the remainder of this paper is as
follows. In Section 2, we present the system architecture
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as well as the fundamental concepts of subband coding.
In Section 3, we present the proposed data placement
algorithm of our VOD storage server and illustrate the
load balancing property. In Section 4, the admission con-
trol and the disk scheduling algorithms are presented. In
Section 5, we determine the buffer space requirements
for each viewing client in the system, and in Section 6,
we extend our data placement algorithm to a parallel
disk system that has an arbitrary number of disks. Our
conclusions are given in Section 7.

2 System Architecture and Subband Coding

In this paper, we consider a video on demand storage
server which archives many objects of long duration,
such as movies and educational training material. The
storage server consists of a set of disks and a tertiary
storage device, where the entire database resides on the
tertiary device, and the more frequently accessed ob-
jects are cached on disks. When a request arrives to the
system and the corresponding multimedia object is cur-
rently available on the disk storage sub-system, infor-
mation retrieval can be made through the disks. On the
other hand, if the multimedia object is not available on
the disk storage sub-system, then it has to be retrieved
from the tertiary storage sub-system to the secondary
storage sub-system for display. This type of storage ar-
chitecture is illustrated in Figure 1.

Subband coding techniques [9,11,13] are a class of
scalable video compression algorithms capable of pro-
ducing multiple resolutions of video bit streams [14]. In
[10], the authors illustrate that the compression ratios of
subband coding techniques are comparable to MPEG-2
compression. Subband coding techniques offer a high de-
gree of scalability, allowing video streams to have a high
number of display resolutions and different bit rates.
This type of coding technique is based on multi-stage
algorithms, where each stage uses the quadrature mirror
filtering (QMF) technique to separate the input streams
into two frequency spectrums, one for the high band and
the other for the low band frequency spectrum. Spatial
compression is achieved by processing the video signals
through two stages of the compression algorithm, one for
the z direction and the other for the y direction. Tem-
poral compression is achieved by filtering and downsam-
pling successive frames. By cascading several stages of
filtering and downsampling, further compression of the
video signal can be achieved [1,3].

Let us illustrate how the subband coding technique
processes an input signal. The input signal is first down-
sampled into a set of streams, each of which is limited
to a range of spatial frequencies. The filtered subband
streams are further encoded by one or more coders for
optimization. Reconstruction is achieved by first decod-
ing the incoming encoded streams; the decoded subband
streams are then added together to form an image. Fig-
ure 2 shows an example of subband compression with

the two cascading filters scheme. On the encoding side,
the original video signal is decomposed by an analysis
filter bank, in which quadrature mirror filters (QMF)
are implemented for alias free reconstruction into three
subband streams. After passing through the first stage
of the analysis filter, high resolution components (k)
are filtered out. Medium resolution components (m) and
low resolution components (/) are obtained by passing
through the second analysis filter. These downsampled
streams are coded by possibly multiple coders before be-
ing stored in the storage server. In this example, the data
rate (or throughput) of the encoded high, medium, and
low resolution components are 0.25 MB/s, 0.125 MB/s,
and 0.125 MB/s, respectively. During data retrieval, the
encoded streams are retrieved from the storage server
and are decoded by the corresponding decoders. The low
resolution video (1), which has a data rate of 0.125 MB/s,
is obtained by simply using the decoded low resolution
components. By adding the decoded low resolution and
medium resolution components, the medium resolution
video stream (I + m) now has a data rate of 0.25 MB/s.
The high resolution video stream (I +m + h) is obtained
by combining the low, medium, and high decoded resolu-
tion components, and this high resolution video stream
has a data rate of 0.5 MB/s.

3 Data Placement for the Multiple Resolutions
Video File

In this section, we propose a file layout scheme for video
objects which were compressed using subband coding,
which results in the following features:

— provision of multiple resolutions for users so that dif-
ferent levels of QoS can be maintained,

— provision of load balancing during normal and VCR
display periods and,

— during the VCR display period, no additional system
resources, such as I/O and network bandwidth, need
to be allocated so as to deliver the video data.

Let us assume that our video server is a disk array
storage system with d homogeneous? disks. Let T™% (1),
Trotationa ), and Tyrnv . (U) be the maximum seek
time, rotational latency, and transfer time for U bytes
of data from a disk, respectively. Therefore, the total

latency of retrieving U/ bytes of data is :
Tmer (Z’{) = ;g.eal;v (u) + :ztaawtional (U) + TtTgrchsfer(u)(l)

Suppose that our proposed VOD storage server can
support n > 0 display resolutions. Furthermore, let us
assume that a given video V has g segments such that:

V={VUWU---Vi---UV, 1}

2 The disks are homogeneous in the sense that they have
the same data transfer characteristics.
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Fig. 1 Multimedia Storage Server Architecture.
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Fig. 2 Illustration for subband coding technique for three resolution components

where V; is the i*" segment of video V and V; N'V; = 0.
Each segment V; has up to n display resolutions of data:

Vi={Vuviu---uyrt}

where Vij represents the additional data blocks needed to
display the j** resolution of the V; segment (e.g., to view
the jt* display resolution of the i*" segment, we need to
retrieve {VP U --- U V/}). We refer to these additional
data blocks as the j** enhancement for the i'" segment.
In general, the enhancement V™' contains data blocks
required to form a higher display resolution than the
enhancement V] for 0 < j < n —1 at the it" segment.
Each V/ is composed of b; disk blocks® such that:

J _ f.d J J
V) = {ri,o,ri,l,...,ri’brl}

3 The data block size is chosen such that the overhead due
to seek and rotational latency is not more than 5% of the
overall disk response time, or we can combine adjacent level
resolutions data into a disk block so as to improve the I/O
bandwidth efficiency.

where rf . is the k** disk block of Vij . Figure 3 illustrates
the data block layout of the first eight segments* of the
video file V, which offers up to n = 4 display resolutions.
Given the above notation, the first segment of V has the
following data blocks:

Vo = {V§uVs UVi UV}
V(()) = {7"8,0} y bo=1 V(} = {7'(1),0} ;=1
Vo ={r50:m01} , b =2

3 _ (.3 .3 .3 .3 _
Vo = {7'0,077'0,177'0,277"0,3} , by =4

Let V? be the base resolution for segment, 4. It is impor-
tant to note that enhancement sz ,0<j <n-—1, cannot
form a complete displayable segment by itself. In other
words, V{ is only a portion of the whole displayable seg-
ment. To display a segment for resolution j, it requires
the reading of data blocks from the base resolution as
well as all the data blocks from resolutions 1 to j. Let
R? be the jt" display resolution retrieval set for the i‘"

* We only need to show the disk assignment for the first
eight segments because the remaining segments will have the
same disk assignments as illustrated in Figure 3.
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Fig. 3 A template for assigning a 4—resolutions video file onto d = 8 disks

segment, we have ’Rf = Uj—o VF. Using the video file
assignment example in Figure 3, we have

R =Vo={VIUV; UViUVE}
Re = {Vs UV; UVS}

Ro={uVe} ; Ri={V}

The number of disk blocks in Rj of any segment 4 is equal
to Y 7 _o bk In addition, we let dzsk(r’ ) denote the disk
number, ranging from 0 to d—1, that has been allocated
for storing the disk block r7,. We also define DISK (’RJ )
to be the set of disks storing Rﬁ Using the example
in Figure 3, we have disk(rg,) = 1 and DISK(R}) =
{0,1,2,3}.

Definition 1 The retm'e_val sets Rf and Ri are non-
overlapping iff DISK (R]) N DISK(RL) = 0.

Referring to the example in Figure 3, R}, Ri, R} and
R1 are non-overlapping because DISK(R}) = {0,1},
DISK(R}) = {4,5}, DISK(RL) = {2,3}, and
DISK(RY) = {6,7}.

Definition 2 A normal display rate is defined to be the
rate corresponding to display resolution r, where 0 <
r < n, which is set by the viewing client upon his/her
admission into the VOD system.

This implies that upon admission, the user can set the
normal display to be at any display resolution r where
0 < r < n— 1. In this case, the normal display of the ‘"
segment of a video file requires the VOD storage server
to retrieve all disk blocks in the retrieval set R}. Re-
ferring to the example in Figure 3, if a user sets the
normal display resolution at » = 2 upon his admission
into the VOD storage server, assuming that the viewer
starts viewing the video at segment 0, Figure 4 depicts
the data block retrieval and delivery process for servic-
ing this client. In this figure, the horizontal line rep-
resents time and the vertical arrows mark the time in-
stances when the server has finished retrieving a segment
of video data at display resolution 2. The time interval

between any two vertical arrows is termed a time slot.
All video blocks of a displayable segment must be re-
trieved within a time slot. In this example, the server
retrieves data blocks of the retrieval set R2, for i > 0,
from the parallel disk system at the i** time slot. To view
the video at the normal display resolution, the system
needs to retrieve data blocks in R? by the end of time
slot 4, Vi > 0. The data blocks retrieved are first put
into the system buffers before transmission to the view-
ing client (buffer management will be discussed in Sec-
tion 5). During the course of video viewing, the viewer
can request VCR functions, such as fast forward or fast
rewind. These VCR operations can be accomplished by
retrieving more segments per time slot, with these seg-
ments having a display resolution r' < r.

Definition 3 The fast forward and rewind VCR rate is
defined to be the rate corresponding to display resolution
r', where 0 < r < r <nandr is the normal display
resolution of an admitted client. The VCR function can
be implemented if the system can retrieve multiple con-
secutive segments of the video file at resolution r within
the same time slot.

For example, Figure 5 illustrates the data retrieval and
delivery process for the VCR display resolution ' = 0,
given that the normal display resolution is r = 2. In
a latter part of the paper, we illustrate how the VCR
functionality can be supported efficiently based on the
data block assignment algorithm.

In general, if the normal display is set at display res-
olution r, a user has the option of up to r — 1 different
VCR viewing speeds, which can be expressed as:

E;:O b J
Zgzo b

where 0 < 7' < r < n — 1, In other words, the viewing
client can choose up to r' resolutions (where 0 < 1’ <
r < n—1) for different VCR speeds. Since the number of

b;, which is

VCR_Speed(r,r") = \‘ (2)

disk blocks for display resolution 7' is Zzlzo
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Fig. 5 Data retrieval and delivery process for VCR display at display resolution »' = 0

smaller than the number of disk blocks for display reso-
lution r = }~7_ b;, the VOD storage server can retrieve
more segments per unit time slot (for lower display res-
olution) and thereby obtains a faster viewing speed.

To illustrate, consider the video file in Figure 3. If
upon admission, the user requests a normal display res-
olution of r = 3, then in order to view segment Vy, the
system needs to retrieve disk blocks in R = {V§ UV} U
VEUVE} or:

3 b
1
U U To,j

=0 3j=0

If a VCR function is desired, then the user can choose
the following VCR speeds: VCR_Speed(3,2) = 8/4 = 2,
VCR_Speed = (3,1) =8/2 = 4,and VCR_Speed(3,0) =
8/1 = 8. Suppose that the viewer chooses the VCR, speed
to be twice as fast as that of normal display. Then the
system will retrieve disk blocks in RZUR2 = {VIuViu
VSV UVIUVE} = {UR Ui grb s JU{U o Ut ;) in
one time slot and thereby achieve a VCR viewing speed
which is twice the normal display speed. It is important
to note that during the VCR period, the system does
not retrieve or transmit more data to the network (as
compared to the amount of data transmitted during the
normal display). Due to this property, we do not have
to allocate extra I/O bandwidth or network bandwidth
during the VCR display period. This property is very im-
portant because it can simplify the design of the buffer
and the network bandwidth allocation procedures.

In addition to providing normal display and VCR
functionalities, our proposed VOD storage server can
maintain load balance during both normal and VCR
display periods. This is accomplished by constructing
appropriate data layout and scheduling schemes which
ensure that the amount of I/0O bandwidth needed by
a stream from a disk is the same over a fixed period
of time, whether the stream requests normal or VCR

playback. We first give the formal definition of the load
balancing property in our VOD storage system.

Definition 4 The retrieval process for a display reso-

lution r is considered to be load balanced over any P

consecutive segments if the VOD storage server retrieves

the same amount of data for each disk in the system in
__ d :

P, = T time slots.

i=0 ¢

Note that in general, the video data block retrieval pro-
cess has to satisfy the following conditions in order to
achieve the load balancing property:

1. UPHF1DISK(RY) = {0,1,...d}, and
2. N5 DISK(RY) =0

where k is any segment number in the video. The first
condition indicates that all disks in the parallel disk sys-
tem are involved in the retrieval process of the P con-
secutive segments and the second condition ensures that
these consecutive segments are non-overlapping.

We use the example in Figure 3 to illustrate the con-
cept. If » = 3, then the VOD storage system is ob-
viously load balanced for every segment retrieved. On
the other hand, if a user starts a VCR function with
r' = 1 at segment 0, then the VOD system needs to
retrieve data blocks {190,750}, {rf0,rLo}, {190,730},
{r8 0,730} Since these four segments are non-overlapping,
they can be retrieved in parallel and a VCR speed which
is four times the speed of the normal display is achieved.
As illustrated in Figure 3, regardless of the value of r/,
the disks remain balanced after the retrieval of 8 consec-
utive segments. Let us first illustrate how we can assign
the video blocks of a video file which has n = 4 display
resolutions on the proposed VOD storage system, and
then we will present the general data placement algo-
rithm.
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3.1 Data Placement for a 4-resolution video file

It is important to observe that depending on the value of
the display resolution r, the load balancing property is
maintained after reading a certain number of consecutive
video segments. For instance, using the example we have
in Figure 3, if the viewer chooses a display resolution of
r = 3 upon his admission to the VOD system, then each
segment retrieval requires reading one data block from
each disk; the load balancing feature is therefore main-
tained after each segment retrieval. On the other hand,
if r = 2, then retrieving segments in V2 requires read-
ing one data block from disks 0 to 3 and the retrieval of
segment V? requires reading one data block from disks
4 to 7; then the load balancing property is maintained
after reading two consecutive segments. In general, for
a given value of a display resolution r, the load balanc-
ing property is maintained after reading P, consecutive
segments where

_da
Zgzo bi

Given the example illustrated in Figure 3, we can easily
observe that each disk retrieves the same number of disk
blocks after reading 8 consecutive segments, regardless
of the values of the display resolution .

We assume that the underlying video files satisfy the
following conditions:

T r—1
D bimod ) b =0
=0 =0

The implication of the above conditions is that the block
size of the higher layer has to be some integer multiple
of the block size of the lower layer. These conditions
can ensure that during the VCR display, we can access
multiple segments of data at a time and these consecu-
tive segments are stored in some non-overlapping disks.
It is important to point out that the above conditions
are not restrictive in practice. For example, consider a
3-resolutions video file; then choices for the block size of
(b07 b1, b2) are: { (17152)7(1;174)3(171;6)7(1;178)5(171310)7' .-
(1,2,3),(1,2,6),(1,2.9),(1,2,12), (1,2,15),.. ., (1,3,4),(1,3,8),
(1,3,12),(1,3,16),. . .} The above illustrates that there are
many choices for choosing the block size for b;. For ex-
ample, if (bg, b1, b2) = (1,1,2), we can achieve two differ-
ent VCR speeds which are two times and four times the
normal display (refer to Equation (2)). For (bg, b1,b2) =
(1,1,4), we can achieve VCR speeds which are three
times and six times the normal display. Based on the
mutli-resolution coding technique, we can compress dif-
ferent subband levels to the appropriate block size based
on the VCR speed requirement.

The basic idea of the video block assignment is that
once we determine the disk mapping for the i*" display
resolution, we can then determine the disk assignment
for the enhancement data blocks in resolution i + 1. To

P. = 0<r<n (3)

1<r<n-1 (4)

illustrate, consider a 4—resolutions video file in Figure
3. Let us assign the video data blocks, starting from the
highest resolution first.

resolution = 3 : Since the total number of data blocks
in the retrieval set R is equal to E?:o b; = 8, we
have to use all d disks for this data block assign-
ment. Although we know that we have to assign the
data blocks in R? to all d disks, we cannot determine
which data block in R is assigned to which disk un-
til the data block assignments corresponding to lower
display resolutions have been determined.
resolution = 2 : To assign the data blocks for the re-
trieval set in R?, we have to ensure that if the viewer
selects the normal display resolution r = 3 upon
his admission, he can choose r' = 2 for his VCR
speed later. To provide this particular VCR speed,
the VOD system must be able to retrieve
VCR_Speed(3,2) = 8/4 = 2 consecutive segments of
display resolution ' = 2 in parallel. This implies that
two consecutive retrieval sets R} and R%, ;, for i > 0,
must be non-overlapping. One way to accomplish this
is to assign the retrieval set R? to disks 0,1,2,3 and
the retrieval set R? 1 todisks 4,5, 6, 7. We can repeat
this assignment in a round robin fashion so that any
two consecutive retrieval sets of display resolution 2
are non-overlapping. According to our example, if we
choose to assign the retrieval set R to the first four
disks, then the enhancement data blocks in V} can
be assigned at this point. For example, the blocks
in enhancement V§ = {r§ o, r§ 1, 782, 753}, are as-
signed to disks 4, 5,6, and 7, respectively. The data
block assignment of the enhancement to resolution 3
is illustrated in Figure 6.
resolution =1 To assign the data blocks for the retrieval
set in R}, we have to consider two cases:
— case 1: If the viewer selects a display resolution
of r = 3 upon his admission and if he later chooses
r’ = 1 for the VCR speed, the VOD system must
be able to retrieve VCR_Speed(3,1) = 8/2 = 4
consecutive segments of display resolution 1’ =
1 in parallel. Consequently, any four consecutive
segments, Rj, R}, ,, Rl ,, and R 4, for i > 0,
must be non-overlapping.
— case 2: If the viewer selects a display resolution
of r = 2 upon his admission and if later he chooses
r' =1 for the VCR speed, the VOD system must
be able to retrieve VCR_Speed(2,1) = 4/2 = 2
consecutive segments of display resolution r' =1
in parallel. As a result, any two consecutive seg-
ments, R and Ri,, for ¢« > 0, must be non-
overlapping.
Clearly, if the condition in case 1 is satisfied, the con-
dition in case 2 also holds. One way to accomplish the
assignment is to put the data blocks of the retrieval
set R} on disks 0 and 1, the data blocks of R}, on
disks 4 and 5, the data blocks of R}, , on disks 2
and 3, and the data blocks of R}, 5 on disks 6 and 7.
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Fig. 6 Data block assignment for enhancement of resolution r = 3.
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Fig. 7 Data block assignment for enhancement data blocks of resolution r = 2

Once this assignment is made, the assignment of the
enhancement data blocks of resolution r = 2 can be
determined. For example we can assign {rg o, 75 1} to
disks 2 and 3, {r{ ,77 ,} to disks 6 and 7, {r2 0731}
to disks 0 and 1, and {r3 0,731} to disks 4 and 5 as
illustrated in Flgure 7.

resolution = 0 To assign the data blocks of the retrieval
set in RY, we must consider the following:

— case 1: r = 3 and 7' = 0. In this case, the VOD
system must be able to retrieve VC R_Speed(3,0)
= 8 consecutive segments in parallel. This implies
that the disk assignment of data blocks in any
eight consecutive segments, R? - - - RY, ;, must be
non-overlapping.

— case 2: r = 2 and ' = 0. In this case, the VOD
system must be able to retrieve VC R_Speed(2,0)
= 4 consecutive segments in parallel. This implies
that the disk assignment of data blocks in any
four consecutive segments, R? ---RY?, 5, must be
non-overlapping.

— case 3: r =1 and ' = 0. In this case, the VOD
system must be able to retrieve VCR_Speed(1,0)
= 2 consecutive segments in parallel. This implies
that the disk assignment of data blocks in any
two consecutive segments, RY and RY, ;, must be
non-overlapping.

As long as we can satisfy the condition in case 1, all
conditions in other cases can be satisfied. The follow-
ing disk assignment can ensure the above conditions:
WV = {rgo} to disk 0, VP = {r? o} to disk 4, V§ =
{r9o} to disk 2, V) = {ro} to disk 6, Vi = {rio}
to disk 1, VY = {rs o} to disk 5, Ve = {rdo} to disk
3, and V7 = {r?,} to disk 7. Again, once we know
the assignment of the retrieval set RY, we can then
determine the disk assignment for the enhancement

data blocks of resolution = 1. The final assignment
of our 4-resolution video file is illustrated in Figure
3. Note that for the remaining segments of the video
file, we can use the same assignment pattern for each
set of 8 consecutive segments and achieve the prop-
erties described above.

3.2 Data Block Assignment Algorithm for Homogeneous
Video Files

In this section, we show the data block assignment algo-
rithm for a VOD system that can support n display res-
olutions. Our data block assignment algorithm is based
on the following assumptions:

(A1) : The number of disks in our VOD system is:

d="" b
(A2) : Y7 b; mod Y77,

Assumption (A1) ensures that there is a correct number
of disks for retrieving all data blocks at the highest reso-
lution® while assumption (A2) ensures that consecutive
segments are non-overlapping during the VCR display
period. Given these two assumptions, we propose the
following data block assignment algorithm.

The assignment algorithm has two main steps: 1) cre-
ate a mapping table and 2) assign the video data blocks
to the disks using this mapping table. A mapping table
which we call a template is first created when the VOD
server performs the disk assignment for a video file. A
template is actually a map of data blocks to disks with
a finite number of segments. The number of segments

b =0for1<j<n.

5 We will relax this assumption in Section 6.
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depends on the number of parallel disks d, and the max-
imum number of display resolutions, n, that the video
file can support. The template is in the form of a table
with size & x d, where £ is the row size (or the number
of initial segments of the video file) while d is the number
of disks in the system. Figure 3 depicts a template (of
size 8 x 8) for a video file supporting up to four display
resolutions and having eight parallel disks in the system.
Note that once the disk blocks are assigned for the first
d/bo segments, the i*" segment of the video file will have
the same disk block assignment as the (i mod %)th row
of the template. For example, for the system illustrated
in Figure 3, data blocks for segments 8, 16, 24, ..., will
have the same disk block assignment as the first row of
the template in Figure 3.

Note that there are two advantages to using a tem-
plate. Firstly, the size of the template is small and there-
fore we can store the template in the VOD server’s main
memory without utilizing too much buffer space. Sec-
ondly, any data block assignment or determination of
a disk number during the data block retrieval can be
translated to a simple template lookup. Therefore, it is
computationally efficient to locate the disk number for
any data block of the video file.

The main idea behind template construction is simi-
lar to the one we gave in Section 3.1. We start the video
block assignment from the highest display resolution.
Based on the same principles, the template construction
consists of two steps : 1) set up base templates and 2) as-
sign the enhancement data blocks to the base template.

A base template for display resolution j, where 0 <
Jj < n, is a collection of non-overlapping disk assignment
sets dedicated to display resolution j. The disk assign-
ments in a base template for display resolution j must
satisfy the following conditions:

(C1) : UZS'DISK(RY) = {0,1,...,d—1} 0<j<n

(C2) : M2 ' DISK(RI) = 0 0<j<n

where P; = —;%— is the number of consecutive seg-

ments for the béggs template of display resolution j. The
first condition ensures that after retrieving P; consecu-
tive segments of display resolution j, the disk system is
load balanced (i.e., the same amount of data will be re-
trieved from every disks in the system). The second con-
dition ensures that P; consecutive segments of display
resolution j are non-overlapping so that it is possible
to issue VCR operations without increasing the load on
the VOD server or the network. Since the final template
d

has 3o Tows, given a base template of display resolu-

tion j (which has P; segments), we can repeat this base

. 7 .
template (d/bo)/(d/ > 1_qbi) = =42 " times in the fi
nal template. Whenever the base templates dedicated to
two consecutive display resolutions, say j and j — 1, are
made, we can then determine the disk assignment for the
enhancement of resolution j at segment i by applying the

following formula:
DISK(V!) = DISK(R]) - DISK(RI™")  (5)

The disk assignment can be constructed by recursively
applying Equation (5) to all display resolutions j, where
0 < j < n, for all segments ¢ in the final template, where
0<:1< %. The video data block assignment algorithm
for a general n—resolution system is given in Figure 9.
To illustrate the algorithm, let us consider the con-
struction of the four base templates of a 4—resolutions
video file on eight disks, as illustrated in Figure 8. The
first step of template construction is to build the four
base templates of the four different display resolutions.
Our approach is to assign the data blocks from the high-
est display resolution first, i.e., display resolution 3 in
this example. Let D;[i] denote the disk assignment set
dedicated to display resolution j and segment 4 in the
base template. Since the number of disk blocks for dis-
play resolution 3 is 8, the data blocks of each segment in
resolution 3 have to be allocated to all d = 8 disks. We
use D3[0] to denote the disk assignment set dedicated to
the display resolution 3 at segment O in the base tem-
plate. Hence, D3[0] = {0,1,2,3,4,5,6,7} (refer to Fig-
ure 8(a)). Since the final template has 8 rows, we repeat
3

this base template ’b;oob = % times in the final tem-
plate. Therefore, we have Ds[i] = D3[0] for 1 <4 < 7.
Next, we create the base template of display resolution
2. Since the number of blocks for display resolution 2 is
4, which is half of the number of data blocks for display
resolution 3, the base template for display resolution 2
has two segments, namely D,[0] and D3[1]. To satisfy the
two conditions (C'1) and (C2) stated above, one possible
disk assignment for the base template of display resolu-
tion 2 is as follows (refer to Figure 8(b)):

D,[0] ={0,1,2,3} and D[1] = {4,5,6,7}

2

Again, we can repeat this base template Ebijob =1
times in the final template. Similarly, there are P, = 4
consecutive segments for the base template of display
resolution 1. To satisfy conditions (C1) and (C2), we
can use the following possible assignment (refer to Figure
S(C)): Dl[O] = {07 1},D1[1] = {475}aD1[2] = {273}7 and
D,[3] = {6, 7} and we can repeat this base template two
times in the final template. Finally, the base template of
display resolution 0 has eight segments and one possible
disk assignment is (refer to Figure 8(d)):

Do[0] = {0}, Do[1] = {4}, Do[2] = {2}, Do[3] = {6},
Do[4] = {1}, Do[5] = {5}, Do[6] = {3} and Do[7] = {7}

After creating the base templates for these four dis-
play resolutions, we proceed to assign the enhancement
data blocks of each resolution using Equation (5). Since
D;[i] = DISK(R}) and D;_;[i] = DISK(RI™"), the
equation becomes:

DISK(V!) = D;[i] — D; 1[i] (6)
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Fig. 8 The construction of a base template for a 4 display resolutions video file.

for 0 < j < nand 0 < i < d/bp. By applying this
equation, we can obtain the final template, as shown in
Figure 3.

4 Disk Scheduling and Admission Control

In the previous section, we have developed a framework
of a multi-resolution video file system as well as the cor-
responding data block assignment algorithm. This frame-
work does not make any assumptions about how the
system admits a new client and how it schedules the re-
trievals of video data blocks. In this section, we present
a disk scheduling algorithm for data retrieval of differ-
ent video streams which efficiently utilizes the aggregate
bandwidth of the parallel disk system. Then we present
an admission control algorithm, which decides whether
a new client can be admitted into the system. Given the
disk scheduling and the admission control algorithms, we
then define and prove that our system exhibits the load
balancing property.

4.1 Disk Scheduling Algorithm

Suppose that the VOD system stores ¢ video files that of-
fer the same degree of display resolutions. Let us denote
each video file by m, where 0 < z < ¢. Upon receiving
the first playback request for video file m, from a client,
the server creates a stream S7,* for that client, where id
is a unique number identifying a particular video stream
in the system. Each stream S;° is associated with a
transfer rate of PR data sets per round. A data set con-
sists of a segment or fragment of several segments of

video data, depending on the user’s display mode. For

example, if a user is viewing the video under the normal
display mode, then the data set consists of one segment
of video. On the other hand, if the user is viewing the
video under the VCR mode, then the data set consists of
several segments, depending on the resolution ' that the
viewing client chooses. As stated in the previous section,
once the viewing client is admitted to the VOD storage
server with display resolution 7, the system retrieves the
same amount of information (e.g., bytes) per time slot
regardless of the normal or the VCR display modes.

Our VOD system retrieves data for each video stream
in a sequence of service rounds. During each service round,
the server retrieves a fixed amount of data for each client
from the disks. In general, a single stream does not re-
quire the entire bandwidth capacity of the disk subsys-
tem; thus, we “group” such streams into sessions, where
streams in the same session access non-overlapping disks
and each session comes as close as possible to utiliz-
ing the entire bandwidth capacity of the disk subsys-
tem. Therefore, we divide a service round into multiple
sessions such that for each session, all the disks in the
storage server can be utilized in parallel (i.e., if there
are enough requests to utilize all of the disk I/O band-
width in the same session). Within each session, the stor-
age server can schedule data retrieval of multiple clients
such that the data requests of each clients are to non-
overlapping disks.

To clarify the concept of sessions, we consider the fol-
lowing illustration. From Equation (1), we know that the
total disk latency of retrieving U bytes, which is the size
of a video data block, is T™* (I/) seconds, and therefore
the minimum duration for a session is T™* (/). Each
disk should start to fetch the required data set at the
beginning of a session, and the data set should be avail-



Efficient Support for Interactive Service in Multi-resolution VOD Systems

11

Algorithm V  Video Object Placement Algorithm

Procedure n_. RESOLUTION_VIDEO_OBJECT_ASSIGNMENT (n,d)

Begin
1 Let Dy 1[0] « {0,1,....,d — 2,d — 1};
2 Fork < n—-2to 0Do
3 For! < 0to Pry1 — 1 Do /* base template construction */
4 X « Dk+1[l],
5 Fori +0to 5% —1Do
+1
6 Forj «0to ¢ _ bm—1Do
7 x < the least element in X;
8 Dy[Pry1 x i+ 1] < Dy[Pry1 x i+ 1] U {z};
9 X+ X — {z};
10 Endfor
11 Endfor
12 Endfor
13 Forl < 0to % —1 Do /* disk assignment for the enhancement data blocks */
14 Fori <~ 0to Pry1 —1 Do
15 Forj + 0to Pf’cl—lDo
16 ;fk-;i+Pk+1xj+i < Di1[i] — Dp[Pry1 % j + 1l
17 Endfor
18 Endfor
19 Endfor
20 Endfor
21 Forl < 0to Py Do
22 V) + D[l]
23 Endfor
24  Assign R;“ components Yk € {0,1,...,k}, for segment j according to Vf
End

Fig. 9 N-resolution video block assignment algorithm when the number of disks in the system is equal to d = Z;:OI b;.
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.
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round [ | TP —— i+tl—d¢—— j+2 —»

Fig. 10 Schedules for the disk retrievals for streams S;°,57"°, and S5°°.

able in the buffers by the end of the session. We denote
the data blocks of display resolution k of video stream
Si® that can be retrieved during session [ in service
round ¢ by Segment(S};*,i,1, k), where the resulting set
is equivalent to Rf of video m,. Consider the example
shown in Figure 10, and suppose that the parallel disk
system contains a video my using the layout in Figure
3. Let userg, user, and users be the viewers requesting
video mg with normal display resolutions r = 3,1, and 1,

respectively. The VOD system will create three streams,
Sy, ST, and S5 and allocate enough buffer space® to
hold the data being retrieved. Assuming that S and
S7" are requesting segment 0 and S5°° is requesting seg-
ment 1 at round 4, the VOD system will allocate the data
retrieval for S3*° to session 0 (because S3*° requires data
retrieval from all eight disks) and for S7"° and S3* to

6 The amount of buffer space needed will be quantified in
Section 5.
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session 1. The reason that the VOD system can assign
both streams S and S5 to session 1 is because the
retrieval sets of these two streams are non-overlapping.
After round 4, the data retrieval process will repeat itself
in the following rounds.

In general, the number of streams that can be sup-
ported during a service round depends on the display
QoS requirements of all the admitted viewing clients.
Since a video segment of a higher display resolution re-
quires more data blocks than one of a lower display res-
olution, more disks are involved in the data retrieval of
a higher resolution video segment. If a client selects his
normal display resolution as the highest display resolu-
tion possible, then all d disks are involved every time a
segment of video is retrieved and hence no disk band-
width is available to serve other clients in the same ses-
sion. If the selected normal display resolution, however,
is not the highest possible display resolution, then the
server does not need to involve all d disks in each ses-
sion for a stream. Consequently, it is possible to sched-
ule data retrieval of more than one video stream in a
single session. The degree of parallel retrieval, there-
fore, depends on the chosen display resolutions of the
associated streams. In this paper, we classify the video
streams into two categories, namely, 1) the simultaneous
access streams and 2) the sequential access streams. If
two or more video streams are scheduled to access the
parallel disks simultaneously in a single session of the
same service round, then we call these simultaneous ac-
cess streams; otherwise we call these sequential access
streams. Formally, we have:

Definition 5 The data retrieval process for S;= and
S;”y can be scheduled in the same session if

DISK(Segment(S;"*,a,b, k))N

DISK (Segment(S]",a,b,k')) =0  Va,b,k, k'

where a is the service round number, b is the session

number of service round a, and k and k' are the normal
. . Mg My .

display resolutions for S;"* and S;™, respectively.

Definition 6 The data retrieval process for S and
S;”y can only be scheduled under two different sessions

if
DISK(Segment(S;"*,a,b,k))N

DISK (Segment(S]",a,b,k")) #0  Va,b,k, k'

where a is the service round number, b is the session
number of service round a, and k and k' are the normal
display resolutions for S;"* and S i respectively.

It is important to point out that it is not necessary for
a stream to be scheduled in the same session in each ser-
vice round, i.e., retrieval of stream S;"* which is sched-
uled for retrieval in session I of service round k may
be scheduled in session j of service round k& + 1 where
I # j. This is because two simultaneous access streams
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in the current service round may become two sequen-
tial access streams in a later service round. For example,
using the retrieval schedule illustrated in Figure 10, if
another video m; in the storage system exists and its
final template is shown in Figure 11, then consider the
scenario where a new client requests the video service
of video m; with normal display resolution r = 1. The
VOD server creates a stream S3** for the new incoming
client and schedules the I/O resources for the stream. It
is clear that stream S3'* must be scheduled in session 2
of service round 4 because:

DISK (Segment(Sg*°,i,0,3)) N

DISK(Segment(S3',i,0,1) #0 and
DISK (Segment(S7"°,i,1,1)) N

DISK (Segment(S3*,i,1,1) # 0 and
DISK (Segment(S3'°,i,1,1)) N

DISK (Segment(S5*,i,1,1) # 0

However, all three streams S{*°, S7*°, and S5"' can be
scheduled in session 1 of service round i + 1 because

DISK(Segment(S7*°,i+1,1,1)) N
DISK (Segment(S5*,i+1,1,1)) =0 and
DISK(Segment(S3*°,i+1,1,1)) N
DISK (Segment(S3*t,i+1,1,1)) =0

As a result, streams S]"°, S7*°, and S3** become simul-
taneous access streams in round ¢ + 1; this scenario is
depicted in Figure 12.

In general, a new stream can be scheduled in service
round ¢ and session [ if the following conditions are satis-
fied. Let S(i,1) denote the set of all admitted streams in
round ¢ and session /. The VOD system can schedule the
data retrieval for a new stream s at display resolution r
in round ¢ and session [ iff:

DISK (s,i,l,r)NDISK (z,i,l,5) =0 (7

For all z € S(i,1) and for 0 < j < n.

In order to facilitate the I/O scheduling order of the
data block retrievals for various streams as well as to
simplify the scheduling of a new request, the VOD server
uses a retrievals scheduling map to accomplish the I/O
scheduling process. Figure 13 illustrates the scheduling
map for the four streams in Figure 12. In the scheduling
map, the first column corresponds to the service round
number, the second column corresponds to the session
number and the remaining columns correspond to disk
numbers (where d = 8 in our example). If a disk is be-
ing utilized in session [ of service round ¢, the corre-
sponding entry in the map is marked with the stream
number. For example, stream S;*° requires the disk set
DISK (Segment(Sy™,i,0,3)) = {0,1,2,3,4,5,6,7} to
transfer data during session 0 of service round ¢, and
consequently, all disks are marked with S in session 0
of service round . It is important to point out that the
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Fig. 11 A template for video file m;.
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Fig. 12 Adding a stream S3'! to the existing schedule in Figure 10.

length of the retrieval scheduling map is Py = d/bo ser-
vice rounds because all the disk assignment patterns are
repeated for every Py segments as explained in the previ-
ous section. Therefore, the retrievals scheduling map can
be stored in main memory of the VOD storage server
without using too much of the VOD storage server’s
mMemory resources.

4.2 Admission Control

Let us describe how the VOD system can admit a new
stream into the system. In general, there are two condi-
tions to satisfy:

1. The continuous display requirement of a stream. The
time between displaying two consecutive segments is
PLR. Therefore, the system has to place the next seg-
ment of video data into the buffers within PLR sec-
onds. Assume the system has admitted k streams al-
ready and is deciding whether it is possible to admit
a new stream. Then this condition states that the
total disk latency of k + 1 streams should be less
than or equal to the playback time interval between
consecutive segments of any stream.

2. Individual disk bandwidth requirement. Since the band-
width of a disk is limited, it can only support a max-
imum number of streams at a given time interval. If
currently there are M streams using disk j for data
retrieval, then we have to ensure that the disk has
sufficient bandwidth for retrieving M + 1 streams.

Based on the two conditions described above, we can
obtain the admission control algorithm as shown in Fig-

ure 14. The algorithm consists of two parts. The first
part (lines 1 through 7 of Figure 14) examines whether
the disk sets of the to-be-admitted client,

DISK (R, sariti), of stream k + 1 satisfy above given
two conditions where

T™a% () if stream [ is scheduled on
disk j in round i. (8)
0 otherwise

mazr (Z/{) —

j?l,i

B; = maximum bandwidth of disk j
maxr (u)

transfer

= Tmar) ©)

If these two conditions are satisfied, the algorithm ad-
vances to the second part (lines 8 through 18 of Figure
14) to schedule the incoming stream into the disk slots of
the scheduling map. For instance, consider the scenario
in Figure 12. Suppose that the number of maximum ses-
sions supported by each disk is 4 and that streams Sg"°,
S0, and S7*° are already admitted before service round
i. After the system has received a request for allocating
resources for a new stream S35*' at service round i, it
invokes the Admit_User procedure to check whether the
request of stream S;"* can be fulfilled. The first part of
the algorithm verifies the possibility of adding load on
the disk sets DISK (R}) = {3,4}, DISK(R}) = {7,0},
DISK(R}) = {5,6}, DISK(R}) = {1,2}, DISK(R}) =
{3,4}, DISK(R}) = {7,0}, DISK(R}) = {5,6}, and
DISK(RY) = {1,2} at service rounds 4, i +1, i +2, i +3,
i+4,i+5,i+6,and i+ 7, respectively. In this case, the
test is passed because the maximum load on each disk
at any given service round is 2. The second part of the
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Fig. 13 Retrievals scheduling map of Figure 12.

admission control algorithm is to perform the schedul-
ing computation. Take the first segment as an example;
when the system schedules the retrieval for segment R}
at service round 4, it is found that DISK(R}) of video
mo, DISK(R}) of video my, and DISK(R}) of video
mg overlap on disk 4. Therefore, a new session, session
2, is created at service round i and the corresponding
slot in session 2 of service round ¢ is marked with S5"*.
The result of the map for the first P segments is shown
in Figure 13. Note that the admission control algorithm
can be translated to searching for available slots in the
scheduling map and since the scheduling map is small,
we can make admission control decisions very quickly.

4.8 Load Balancing Property

In addition to providing the normal playback and VCR
playback capabilities, our VOD system also has the load
balancing property as defined in the previous section.
Before we present the formal proof that the proposed
VOD system is load balanced, we need the following re-
sults.

Lemma 1 In the proposed VOD storage system, the num-
ber of data blocks per segment retrieved for display reso-
lution 7, is an integer multiple of the number of data
blocks per segment retrieved for display resolution 7',
where 0 < 7' <r < n.

Proof: Suppose that there exist I consecutive display
resolutions between r and 7' such that ' < r, < <

.-+ <1 < r. Consider the case that r;, =r —1 and r’' =
r1 — 1. By (A2) in Section 3.2, the following relationship
holds for any two consecutive display resolutions:

Ef:o b =C
k=1, — vkl

Ei:O bs
where C},_1 is an integer. Therefore, for any two consec-
utive display resolutions between r and r’, we have the
following relationships:

E::O bi _ Z:I:O bi

Sk
=0 7

Yico bi _

Yie b

where Cy,, Cy,_,, ...
we have:

ZT‘I_l b = CT'I—17
=0 "~
D img bi
i=0 %1 _
Cri_gyevy =2t =Cp

22:0 bi
, Cpr are integers. By substitution,
EI:O b
EI:O bi

where Cy, - C;,_, ..
is an integer multiple of Y7 o b;, for 0 </ <r <n. W

=Cyp, - Cryy-..Co

.Cyv is an integer. Therefore, -7 b;

The following lemma states the load balancing prop-
erty of our proposed VOD storage server under the nor-
mal display mode.
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Algorithm  Admission Control Algorithm
Procedure Admit_User(k + 1, stream, res, seg_start)

/* k +1 : the to-be admitted k + 1°*streams */

/* stream : the stream, S;"®, that associate with video mg */

/* res : the normal display resolution to which the client subscribed */
/* seg_start : the starting segment number where the client issued

the playback command */

Begin

Endfor

1 Fori < 0to Py—1 Do /* test whether the system can admit a new client */
2 For all j € DISK (R3] siarit:) Do

3 If (XF T W) > 4z )or (XF_ PR-U> B; )

4 Return false

5 Endif

6 Endfor

7

8 Fori «0to P, —1 Do /* Update the scheduling map for the newly admitted client */

9 For all session ! € round i Do

11 If =3 a slot for DISK (RS, stariti)

12 create a new session

13 Endif

14 mark the slot of disk j at session ! of round 7 with stream
15 Endfor

16 Endfor

17 Return true

End Admit_User

Fig. 14 Admission control algorithm.

Lemma 2 Let the normal display resolution be r, where
0 < r < n, then the amount of data retrieved from ev-
ery disk is the same over P, consecutive service rounds,

where P, = Zrd

i=0

b;

Proof: If a user has subscribed to the display rate r =
n—1 (e.g., the highest resolution display rate), then it is
clear that the VOD storage server will retrieve one disk
block for every d disks in the system in one service round.
For the case where 0 < r < n—1, we observe that not all
d disks will be involved in the data retrieval in one ser-
vice round. However, the amount of data transfered by
each of the d disks will be the same after P, consecutive
segments are retrieved. By Lemma 1, we have:

E?:_ol bi _ d
Z::O b’ Z::O bz

where P, is an integer. This implies that given the disk
set D = {0,1,...,d — 2,d — 1}, it is possible for us to
partition the disk set into P, disjoint partitions with each
partition having Y7, b; disks. Lines 3 to 12 in the video
placement algorithm of Figure 9 ensure that these P,
consecutive segments are non-overlapping and that they
span the whole disk set D. If a user subscribes to a video

=P,

display resolution r from segment j at service round k,
then P, disjoint segments, starting from segment j to
j + P. — 1 are retrieved and they satisfy the following
relationship:

DISK(R;)NDISK(R};;)N...N

DISK(R}, p _») NDISK(R},p _;) = 0(10)
DISK(R;)UDISK(R},,)U...U
DISK(R},p ,)UDISK(R}, p ;)
={0,1,2,...,d— 1} (11)

Equation (10) shows that these P, consecutive segments
are disjoint and therefore, data blocks of display res-
olution r are non-overlapping in these P, consecutive
segments. Equation (11) ensures that all d disks will be
involved in I/ O retrieval after P, consecutive segment re-
trievals. Note that the base template construction (line 3
to line 12 in Figure 9) of our proposed data block assign-
ment algorithm is based on the principles of Equations
(10) and (11). According to our disk scheduling policy,
one segment of a video is retrieved during each service
round. As a result, the VOD storage server retrieves one
data block from all d disks over P, consecutive service
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rounds. [ |

The following lemma states the load balancing prop-
erty of our proposed VOD storage server under the VCR,
display mode.

Lemma 3 If a user has subscribed to a display resolu-
tion r as the normal display resolution admission to the
VOD system, then the amount of data transfered by each
disk during the VCR display period using display resolu-
tion r', where 0 < r' <r < n —1, is the same over P,
consecutive service rounds, where P, = Erd
i=0
Proof: First, note that the disk I/O schedule for a video
stream has already been allocated upon the admission
of a new client; this allocation also guarantees the I/0
bandwidth for any VCR request. In other words, the
data blocks being retrieved for VCR display are un-
der the same disk I/O bandwidth allocation as the nor-
mal display retrieval, but instead of retrieving the data
blocks corresponding to the normal display resolution r,
the VOD system retrieves the data blocks corresponding
to the VCR display resolution r'.

Based on the template construction in Figure 9, lines
13-19, the base template of display resolution r is re-
peated every P, segments. Therefore, the disk assign-
ment of data blocks for resolution r of the j** segment
is the same as the disk assignment of data blocks for
(j +1- P)" segment, where I = 1,2,.... Let C, =
> o bi/ E:.J:O. Based on Lemma 1, we know that the
number of data blocks per segment for resolution r is an
integer multiple of the number of blocks per segment for
resolution r'. This implies that it is possible to partition
the disk set for display resolution r into C. disjoint sets,

b;

with each set having E:’:O b; disks for storing the seg-
ment of display resolution 7'. Therefore, we can create
a disk assignment set for the data blocks at resolution r
of segment j to be equal to the union of the disk assign-
ment for data blocks at resolution r' of segments j+i- P,
where 0 < 7 < C,. — 1. Mathematically, we can express
this statement as:

DISK(R; )N DISK(R%, p)N...N
DISK(R}y(0,-1p) =0 (12)

and

DISK (R} )UDISK (R}, p)U...U
DISK(R}, (¢, _y1).p,) = DISK(R}) (13)

The above equations imply that retrieval of video blocks
for resolution 7' in VCR mode, which is operated under
the disk scheduling of the normal display mode at resolu-
tion r, are non-overlapping in P, consecutive segments.
Since at most one video block is being transfered from
each disk during the VCR display mode of resolution 7'
and since C. segments are retrieved in one service round,
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the load on every disk in the system is balanced over P,
consecutive service rounds. |

Theorem 1 The proposed VOD system is load balanced
over § consecutive service rounds, where S is an integer
multiple of P, and r is the normal display resolution for
a client.

Proof: Lemma 2 states that the load on every disk is bal-
anced over P, consecutive service round retrievals under
the normal display mode, and Lemma 3 states that the
load on every disk is also balanced over P, consecutive
round retrievals under the VCR display mode. There-
fore, our proposed VOD system has the load balancing
property. [ |

5 Buffer Space Management

In this section, we present the buffer organization of
our proposed VOD storage system. We also quantify the
buffer requirements for each admitted viewer as well as
the associated start-up latency for VCR display.

5.1 Buffer Space Organization

In general, we use memory buffers in the VOD system to
hold the data retrieved from the disk sub-system before
it is transmitted to the viewing clients. In our proposed
VOD system, we use a dual buffering approach in which
there are two distinct sets of buffers which are used in
an alternating manner. For example, during a service
round of an admitted client, the data retrieved from the
disk sub-system is stored in one set of buffers. During
the following service round, another set of data is re-
trieved and stored in the second set of buffers. At the
same time, the data that was stored in the first set of
buffers is transmitted to the client. The cycle repeats
such that data retrieved in one service round is stored
in one set of buffers while the data retrieved in the pre-
vious service round is transmitted from the other set of
buffers. There are several reasons for choosing the dual
buffering approach; for instance, it gives more flexibil-
ity to the storage sub-system for retrieving data from
different sessions within the same service round so as
to minimize the disk overhead (e.g., total seek overhead
for all data retrieved within the same service round).
Another reason for using the dual buffering approach is
to allow the viewer to have a smooth playback of video
without experiencing data starvation or data overflow.

5.2 Buffer Space Requirements

Once a viewing client has been admitted to the system,
the VOD storage server has to reserve sufficient buffer
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space for that viewing client. The amount of buffer space
allocation depends on the normal display resolution r
that the viewer chooses as well as the display resolution
r' during VCR service. Therefore, in order to quantify
the buffer space requirements of a viewing user, we have
to consider two different display modes.

Assuming that the viewing client selects r as the nor-
mal display resolution. The VOD storage system will re-
trieve data in the set RT at the i'" service round. There-
fore, the amount of buffer space (in units of disk blocks)

that is required for normal display, which we denote by
By, is:

Br =2 Z b; (14)
=0

Note that the 2 is due to the fact that the system uses a
dual buffering scheme. To illustrate, if the viewing client
chooses » = 2 for the video file illustrated in Figure
3, then the VOD storage server needs to reserve 4 disk
blocks worth of buffer space for that client.

The analysis of the buffer space requirements during
the VCR mode is more complicated. To illustrate, con-
sider the video file in Figure 3. Assume that the viewer
selects r = 2 and r' = 1 for his normal and VCR display
resolutions, respectively. Since the disk I/O schedule is
allocated based on the normal display, the retrieval of
data blocks for the VCR display under a single service
round may not belong to consecutive video segments. For
example, if the VCR function is issued starting at service
round 4 for segment 0, then the data blocks retrieved for
VCR display are as follows:

Data blocks retrieved for service round i:
{ T8,07 T(I),Oa 7‘8,0, 7"%,0 }
Data blocks retrieved for service round 7 + 1:
{ 7’(1),077“%,0a7°(3),0a7’§,0 }
Data blocks retrieved for service round i + 2:
{ 7“2,0; Ti,OJ Tg,07 'rfli,O }
Data blocks retrieved for service round 7 + 3:
{ Tg,m’“é,m’“?,o”%,o }
This indicates that to deliver the VCR display service in
the above example, the VOD storage server has to first
buffer the retrieved data, and then start the transmission
to the viewer no earlier than the beginning of round ¢+2.
In general, if the viewer wants to switch from normal
display to VCR display, then the viewer has to experi-
ence a VCR start-up latency, denoted by Ty, which is
defined as the number service rounds between the re-
trieval of the first set of VCR data blocks and the trans-
mission of the first group of VCR data blocks to the
viewer, given that the normal display resolution is r,
0 < r < n. In the example illustrated above, the VCR
start-up latency is 2 service rounds’. Once the VCR
start-up latency is determined, we can then quantify the

7 Note that the duration of a service round is fixed based
on the maximum number of clients that can be admitted and

required buffer space allocation under the VCR display
mode. The following theorem states that the VCR start-
up latency is only a function of the normal display res-
olution r.

Theorem 2 Given that the normal display resolution of
a viewing client is r, the VCR start-up latency, T,,,, is
equal to d/ Y. _,bi, where d is the number of parallel
disks in the VOD system.

Proof: Note that Y__, b; is equal to the number of disk
blocks that constitute a segment of display resolution
r. Therefore, if r is the normal display resolution and
the system has to be able to support any VCR display
resolution 7', where 0 < r' < r < n, the to achieve a
VCR speed of VCR_Speed(r,r'), >i_o bi/ Eflzl b; con-
secutive segments have to be delivered to the viewing
client in a single service round. The modularity prop-
erty of disk blocks (assumption A2 in Section 3.2) implies
that the VOD system has to retrieve d disk blocks before
delivering any data blocks to the viewing clients. Thus,
based on the normal display schedule, it takes d/ >"_ b;
service rounds for the system to retrieved d data blocks.

|

Using the example in Figure 3, if the viewing client se-
lects 7 = 3, then T, =1, if r = 2, then T}, = 2, and
if r = 1, then T,. = 4. If the duration of the service
round is 0.5 seconds, then T}, . is between 1 and 2 sec-
onds. This result is also interesting in the sense that if
a viewer subscribes to a higher display resolution (or a
higher QoS), then the viewer will experience a shorter

VCR start-up delay, i.e., better QoS.

Theorem 3 Given that the normal display resolution of
a viewing client is r, the amount of buffer space (in units
of disk blocks) that is required for VCR display, denoted
by Br .., is d.

ver?

Proof: Based on Theorem 2, the system needs to wait
for d/ Y7_, b; service rounds before data delivery can be-
gin. In each service round, a maximum of ) |, b; data
blocks are retrieved by the VOD storage server. There-
fore, the system needs to allocate B!.. = d disk blocks

ver

of buffer space for VCR display. |

Corollary 1 Given that the normal display resolution
of a viewing client is r, the amount of buffer space B
(in units of disk blocks) that needs to be allocated for the
entire viewing duration is:

B = max{2 Z bi,d}
=0

Proof: The result is a direct application of Equation
(14) and Theorem 3. |

the level of QoS that the system can support, as illustrated
in [5]. For example, the duration of a service round can range
from 0.25 to 1.5 seconds.
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6 Generalization of the Video Block Placement
Algorithm

In Section 3, we discussed video data block assignment
to a parallel disk system where the number of disks is
equal tod = 2?;01 b; and n > 0 is the number of display
resolutions. Note that d is the minimum number of disks
that is required in order to maintain the load balancing
property of the VOD storage server under both the nor-
mal and the VCR display modes. In general, the number
of disks in the VOD storage server, denoted by D, can
be larger than d = E?:_ol b;. In this section, we describe
how we can extend the video data block assignment al-
gorithm to the case where D > 37" b;.

There are many reasons for having the need to in-
crease the number of disks in the VOD system. For ex-
ample, if we want to increase the number of viewing
clients that can be serviced within one service round,
or if we want to store more video data (e.g., movies)
in the VOD system so that the viewer may have more
choices for their movie selection. Regardless of the rea-
son, whenever we increase the number of disks in the
VOD system, we need to create a new video disk block
assignment template so that the load balancing property
can be preserved.

One obvious choice for the values of D that can pre-
serve the load balancing property and at the same time
retain the characteristics of I/O scheduling, admission
control, and buffer space requirements, as discussed in
the previous sections, is:

n—1
D=kY b
=0

In other words, if D is an integer multiple of d = Y7~ b;,
then we can assign the first Py = d/by consecutive seg-
ments to the first d disks, the next Py consecutive seg-
ments to the next d disks and so on in a round robin
manner. All the results that we developed, for instance,
for I/O scheduling, admission control, and buffer space
requirements can still be applied. Then the load balanc-
ing property is maintained across all disks after k - P,
(where P, = d/ Y. ,b;) consecutive segments are re-
trieved.

However, when D is not an integer multiple of Z;‘:_Ol b;,
the disk block assignment algorithm is more compli-
cated. We first illustrate how we can accomplish the
video block assignment for the video file illustrated in
Figure 3 for D = 10 and d = 8 and then present the
general disk block assignment algorithm for any value of
D.

for k=1,2,...

6.1 Disk Block Mapping for D =10 and d = 8

Consider the case where we want to perform video block
assignment for the video file in Figure 3 and the number
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of disks in the system, D, is equal to 10. Since the min-
imum number of disks required is d = Z?:o b; = 8, we
would have two extra disks that do not have any video
block assignments if we use the template given in Fig-
ure 3. Therefore, we need to design a new template for
this case so that the VOD storage system can provide all
the VCR functionalities and maintain the load balancing
property. The central idea in creating a new template is
to consider the template given in Figure 3 as a fragment
of the final template. Then we can perform disk block
assignment for the next fragment of the template (or for
the following eight consecutive segments from segment 8
to segment 15) such that the following conditions hold:

(C1) : the non-overlapping property of consecutive
(15)
(C2) : the non-overlapping property of consecutive

segments within each fragment is preserved,

segments between the fragments is preserved. (16)

Let us illustrate the video disk block assignment for the
first two fragments (or for the first 16 consecutive seg-
ments). We assign the video blocks, starting from the
highest display resolution first.

resolution = 3 : Since the total number of data blocks
for R} is 8, we can assign the data blocks in R, for
i €[0,...,7], to the disk set {0,1,2,3,4,5,6,7} and
the data blocks in R?, for i € [8,...,15], to the disk
set {8,9,0,1,2,3,4,5}. Again, we cannot determine
the assignment of the enhancement data blocks until
we assign the data blocks in the lower display reso-
lutions.

resolution = 2 : To map the data blocks of R?, where
0 < i < 15, we must ensure that if a user sub-
scribes to a normal display resolution r = 3, then
he should be able to issue a VCR command with
a VCR speed-up of VCR_Speed(3,2) = 8/4 = 2,
which is two times faster than the normal display.
This implies that any two consecutive segments of
display resolution 2 must be non-overlapping. Note
that the non-overlapping requirement should be en-
forced for segments within the fragment and between
two consecutive fragments. For example, we can as-
sign the data blocks of R, for i € [0,1,...,7], using
the same template we described in Figure 3. Then
the data blocks in R?, where i € [8,10,12,14], can
be assigned to the disk set {8,9,0,1}, and the data
blocks in R?, where i € {9,11,13,15}, can be as-
signed to the disk set {2,3,4, 5}. The mapping of V2,
for 0 <17 < 15, is illustrated in Figure 15. It is clear
that the VCR_Speed(3,2) = 2 can be made avail-
able within the new fragment (from segments 8 to
15) and across the two consecutive fragments (seg-
ments 0 to 15). Once the mapping of the data blocks
in V? is known, the data block assignment for the
enhancement blocks in V? can be determined.

resolution = 1 : To map the data blocks in R}, we have
to consider two cases:
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Seg. / Disk ol 2] 2] 3] 4] 5| 6] 7] 8] 9
0 Rzo rao‘o r30‘1 rgo‘z "303

1 ra1‘0 Ir31,1 |r31‘2 Ir31,3 R%
2 R’, razo |r32‘1 |r32‘2 Ir32‘3
3[rs0 |733,1 |f33‘2 |733‘3 R%,
4 R’, raa‘c |r34,1 |r3A‘2 Ir34,3
5 ras‘o |r35‘1 |r35‘2 |r35‘3 R’
6 R’ "35‘0 ||'36,1 |r35‘2 Ir36,3
7 ram |r37‘1 I'37‘2 r37‘3 R27
8 rgs‘z "33,3 rss‘o |f3a,1 R’s
9 rag‘o |r39‘1 R’ r39,2 Ir39‘3
10 r310,2 |"31u‘3 |r310,o |"3m‘1 Ry
11 |'311‘0 |f311,1 R211 r311.z Ir311,3
12 ralz,z |r312‘3 |r312,o |r312‘1 R212
13 ra130 |r313,1 R213 r313.2 Ir313,3
14 Pl I"314‘3 |r314,0 I"314‘1 R’s
15 rgls‘n |r315‘1 R215 r315.2 Ir315,3
Fig. 15 Fragment assignment for display resolution r = 2.
Seg. / Disk o] 1 2 3 4 5] 6] 7 8 9
0 R, |'20‘0 . |r 00 [Foa rso‘z os
1 ram r31,1 ral‘z 13 R'; r21‘u r21‘1
2|50 | R', Poo |f2n [ P22 ]rs
E] [0 [0 [ [ [ R',
4 R14 a0 r24,1 r34‘o r34,1 r34‘2 "34,3
5 ra5‘0 r35,1 M52 "35,3 Rls r25‘0 "25,1
6 rzs‘o r26‘1 Rls 60 r35‘1 rss‘z r35‘3
7170 [P [P [P [P [P R,
8 Rla ras‘z "38,3 ras‘o "38,1 r28.0 "25‘1
9 rae‘o r39.1 rzg‘o r29,1 RY r39,2 "39‘3
10 rz10‘0 r210,1 ra10,2 r310‘3 I'310,0 "3101 R o
11 rgu‘u r3111 Ry Mo rz11‘1 r311,2 I'311,3
3 3 Z Z
12 R 1, 122 |13 M 120 |M 120 120 | 121
13 rals‘u r313‘1 130 |M 131 R 13 r313,2 r313,3
14 "214‘0 r214‘1 M2 |M 143 r314.0 LIEVES Ry,
15 "315‘0 r315,1 Ris I'215,0 151 r315,2 |r315,3

Fig. 16 Fragment assignment for display resolution r = 1.

— case 1: If the viewer subscribes to a normal dis-
play resolution r = 3, then he should be able
to select a VCR, speed-up of VCR_Speed(3,1) =
8/2 = 4 times the normal display speed by us-
ing » = 1. This implies that any four consec-
utive video segments, R}, R}, R}, ,, and R} 4
must be non-overlapping within and across the
two consecutive fragments.

case 2: If the user subscribes to a normal display
resolution r = 2, then he should be able to select
a VCR speed-up of VCR_Speed(2,1) = 4/2 =2
times the normal display speed by using r’ = 1.
This implies that any two consecutive segments,
R} and R},;, must be non-overlapping within
and across the two consecutive fragments.

It is clear that if case 1 holds, then case 2 holds as
well. Therefore, one of the possible mappings of data
blocks in R} is to use the disk mapping described in
Figure 3 for i € [0,1,...,7] and for the remaining
i €18,9,...,15] to use:

DISK(R}) = DISK(R{,) = {0,1}; DISK(R}) =
DISK(Rly) = {4,5};

DISK(R},) = DISK(Ri,) = {8,9}; DISK(R},) =

resolution = 0 : To map the data blocks in RY

DISK(RY,) = {2,3}.

It is important to note that any four consecutive
segments of display resolution 1 are non-overlapping
within and across the consecutive disk mapping frag-
ments. Once this assignment is made, the data block
assignments of enhancement blocks in R} can be de-
termined. This assignment is illustrated in Figure 16.
i, three
cases must be considered:

— case 1: r = 3 and r' = 0. To support
VCR_Speed(3,0) = 8, any eight consecutive seg-
ments of R? must be non-overlapping.

— case 2: 7 = 2 and r' = 0. To support
VCR_Speed(2,0) = 4, any four consecutive seg-
ments of R? must be non-overlapping.

— case 3: r =1 and r' = 0. To support
VCR_Speed(1,0) = 2, any two consecutive seg-
ments of R? must be non-overlapping.

If the first case is satisfied, then the other two cases
will also hold. One possible approach is to use the as-
signment given in Figure 3 for i € [0,1,...,7] and for

i €8,...,15],touse DISK(RY) = {0}, DISK(RJ) =
{4}, DISK (R3,) = {8}, DISK(RS,) = {2},
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Fig. 17 Fragment assignment for display resolution r = 0.

DISK(RY},) = {1}, DISK(R};) = {0},
DISK(RY,) = {9}, and DISK(RY;) = {3}. Again,
any eight consecutive segments of R? are
non-overlapping within and across two consecutive

fragments. This assignment is illustrated in Figure
17.

The above procedure illustrates how we can construct
two consecutive fragments for the first 16 segments of the
video file. In order to achieve the load balancing prop-
erty, we have to repeat this process and create the third
fragment (for segments 16 to 23), the fourth fragment
(for segments 24 to 31) and the fifth fragment (for seg-
ments 32 to 40). The final template for the video file
in Figure 3 with D = 10 is illustrated in Figure 18.
For the example we have just illustrated, it can be ob-
served that the load balancing property is maintained
after retrieving P, - Di_d consecutive segments, assuming
that the viewer subscribes to normal display resolution
r,0<r<n.

6.2 The Video Block Placement Algorithm

The example in Figures 15 to 17 illustrates the construc-
tion of the first two fragments, one for the first 8 con-
secutive segments and the other for the next eight con-
secutive segments, of the video file under the condition
that D = 10. Let us now present the general video data
block assignment algorithm.

The general data block assignment algorithm is com-
posed of a number of stages, which depends on the value
of D, the number of disks in the system, as well as the
minimum number of required disks d = Z?;(Jl bi. Each
stage consists of two steps: 1) map the fragment created
in the previous stage to a new disk set and 2) modify
the current fragment based on the new disk mapping.
Upon completion of these two steps, a stage is said to be
completed and the disk assignment proceeds to the next
stage by repeating these two steps. In what follows, we

describe in detail the two steps involved in the general-
ized data block assignment algorithm:

step 1: Mapping the fragment to a new disk set

The purpose of this step is to maintain the load bal-
ancing property across all D disks. In Section 6.1,
we have illustrated the data block assignment that
maps the fragment with d = 8 disks to the disk sys-
tem with D = 10 disks. This implies that there are
daipf = D —d = 2 disks that did not received any
data block assignments at each stage. In order to
maintain the load balancing property, the fragment
is re-mapped to a different disk set at each stage. In
general, the un-mapped disks in the previous stage
are mapped to the disk set of the fragment at the
current stage. Figure 16 is used to illustrate this con-
cept. In this figure, the disk set {8,9} is not mapped
to the fragment in stage 1. In stage 2, the fragment
will include the disk set {8,9} where the resulting
disk set is {8, 9, 0, 1, 2, 3, 4, 5}, as shown in Figure
19 (a). In general, we map every data block, TZ{ p in
the fragment of the previous stage to the new frag-
ment of the current stage as:

disk(r] ) = (disk(rl,) + L%J x d) mod D (17)
’ ’ 0

For instance, data block r§ o, which is assigned to disk
disk(rg y) = 0 using the fragment created at stage 1,
is mapped to (disk(r§,) + [3] x 8) mod 10 = 8 in
the fragment at stage 2.
step 2: Modification of the fragment

The reason for the modification of the fragment cre-
ated in step 1 is to guarantee that the VCR function-
alities are feasible in the new mapping. In general, we
can map data block rz?’ &> Which has been re-mapped
to the new disk set in step 1, to a new disk number
as follows:

i

disk(r ) = (disk(r],) + (L5
0

| x
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(D — d)) mod ”2_: b;) mod D (18)

i=0

For instance, data block rg,o in Figure 18 is mapped
o (84 (|&] x 2) mod 4) mod 10 = 0. The fragment
creation algorithm is given in Figure 20. The variable
start_seg is a system parameter that specifies the
first segment number of the template to be mapped.
The resulting mapping of the first 5 stages for the
example in Section 6.1 is shown in Figure 18. It is
important to note that for this example, the load
balancing property is maintained for any display res-
olution r, where 0 < r < n — 1, over the first 40
segments. The remaining segments of the video file

Fig. 18 The final template illustrating the data block assignment for the first 40 video segments when D = 10.

can be assigned by using this resulting template in
a modular fashion. The following two theorems show
that the VOD system can provide VCR functional-
ity service and at the same time maintain the load
balancing property in the general case where D > d.
It is important to point out that the empty space in
Figure 20 does not imply that the space is not being
utilized, i.e., this is a logical rather than a physi-
cal layout on the disk, used to illustrate that on a
per disk basis we utilize the same amount of stor-
age space. One can see that the empty space can be
eliminated by “pushing” the data blocks, below the
empty space, upwards (e.g., data block rgm on disk
2 can be placed in the 24t* row). Since the template
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Fig. 19 The transformation principle of fragments for 4—display resolution file.

Algorithm P Fragment creation for each stage
Procedure NEW_FRAGMENT_CREATION (start_seg)

Begin
Forj < n—1to 0 Do
For ¢ < start_seg to start_seg + Py Do
For k < 0to b; Do
disk(r{,k) — (disk(r{,k) + [PLOJ x d) mod D
disk(r! ) « (disk(r],) + (lZ&] x (D — d)) mod 37" ") mod D
Endfor
Endfor
Endfor
End NEW_FRAGMENT_CREATION

0O O W

Fig. 20 Fragment creation algorithm.
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is small and can be stored in memory, data address
translation is quick.

Theorem 4 The VOD server can provide VCR func-
tionality for any VCR_Speed(r,r") speed-up where r and
', 0< 7" <r<n-1, are the normal and the VCR dis-
play resolutions, respectively.

Proof: In order for the VOD server to provide VCR ser-
vice with speed-up VCR_Speed(r,r'), consecutive P,
video segments of display resolution ' must be non-
overlapping. The non-overlapping condition must include
the following cases: (1) non-overlapping within the frag-
ment and, (2) non-overlapping between two consecu-
tive fragments that were created in any two consecutive
stages. Let T1 and T be the fragments which are created
in consecutive stages (as illustrated in Figure 21). The
first segment of template 73 is [ and the first segment
of template Ty is | + Py. Let D = {0,1,...,D — 1} be
the entire disk set and D; be the disk set for template
T;. Then we define the un-mapped disk set for template
T; as ép, = D — D, for i = 1,2. To show the capability
of delivering the VCR service, we have to consider the
following two cases:

case 1: within the fragment 7} or T5 :
The VOD server is capable of providing VCR service
with VCR_Speed(r,r') speed-up within 77 and 75,
which we proved in Lemma 3.
case 2: across the two fragments 77 and T5:

Suppose the user starts the VCR command at seg-
ment j, where [ + 1 < j <1+ Py — 1. We have to
show that P,. consecutive segments, part of which be-
long to T and part to T, must be non-overlapping.
Assume that there are r segments in template T
and y segments in template 75, such that j + x =
l+ Py and z + y = P... Note that the data blocks
of display resolution r' from segment j to segment
j + x — 1 are non-overlapping (Lemma 2). More-
over, the data blocks of display resolution r' from
segment [ + Py to segment [ + Py + y — 1 are also
non-overlapping (Lemma 2). Our template creation
algorithm (Figure 20, lines 4 and 5) guarantees that
the data block assignment of display resolution 7'
at | + Py must be in the disk set DISK(R}) U

dp, - Since DISK(R], p, )Ndp,N DISK(RY)N...N
DISK(R],p, 1) = 0, DISK(R}, 5, ) must be non-
overlapping with the disk set DISK (Rg’) U...u

DISK (R}, p, 1) A similar argument can be applied
to segments [+ Fy+1 to [+ FPy+y—1. As aresult, seg-
ments R;l .. R}"J'r p,+y—1 are non-overlapping. There-
fore, VCR functionality with speed-up

VCR_Speed(r,r") is feasible throughout the playback

of the video file. [ ]

Theorem 5 The VOD storage server achieves the load

. L.C.M.(D,D—d) .
balancmg property over m X PT consecutive

service rounds, where r is the normal display resolution,
D and d are the total number of disks in the VOD storage
server and the number of disks used for the construction
of a fragment, respectively, L.C.M. is the least common
multiplier function, and H.C.F. is the highest common
factor function.

Proof: By Theorem 1, we know that all disks receive
requests for the same number of data blocks over Py con-
secutive service rounds if d = D. If we map the fragments
in a round-robin fashion, the VOD server can retrieve the
same number of data blocks for all disks over a number of
service rounds. The L.C.M.(D, D — d) guarantees that
the un-mapped disk set, dp,, for template T} is evenly
distributed to the entire disk set D in L.C.M.(D, D —d)
consecutive stages. The term H.C.F.(D, D — d) guaran-
tees that the number of service rounds needed to achieve
the load balancing property is bounded. As a result, the
data blocks for display resolution j are evenly mapped

. L.C.M.(D,D—d)
across all disks over HCF.(D D=0 X P, segments. N

7 Conclusions

In this paper, we proposed a video data block place-
ment scheme which aims at providing a load balanced
cost-effective video-on-demand storage system by tak-
ing advantage of subband video coding techniques. The
band splitting characteristic of subband video coding en-
ables us to stripe the video frame components across
the disks and utilize the disk bandwidth more effec-
tively. Furthermore, the subband video coding scheme
offers the multi-resolution and multi-rate properties for
each encoded video file. The multi-resolution coding em-
beds video data of different display resolutions in a sin-
gle video stream; thus the system can provide multi-
resolution viewing services without replicating several
sets of the same video with different resolution support.
The multi-rate property allows the video server system
to extract subsets of the embedded video stream for use
in VCR functionality. These two properties enable the
system to store one set of video data and support multi-
resolution as well as VCR display services.

The principle behind the data block placement scheme
involves allocating video blocks belonging to the same
display resolution of two consecutive video segments to
disjoint sets of disks. The purpose of this scheme is to
maintain the same bandwidth requirements on disks and
the network during both, normal and VCR display pe-
riods. In order to make the placement strategy feasible,
two conditions have to be satisfied. The first condition
is that d = >, b; disks must be used, and the second
condition is that the number of disk blocks of display
resolution 7, Y°7_, b; must be an integer multiple of the
number of disk blocks of display resolution j — 1. These
two conditions, together with our placement algorithm,
guarantee that video blocks of any two consecutive video
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Fig. 21 Fragments for 71 and T>.

segments belonging to the same display resolution (ex-
cept for the highest display resolution) can be stored on
different sets of disks. In the latter part of the paper,
we relax the first condition and present the data block
placement algorithm where the number of disks in the
system D, can be larger than d.

In addition to offering constant data transfer require-
ments during normal and VCR display periods, the data
block placement scheme also maintains the load bal-
ancing feature for all possible display modes. The load
balancing feature of the storage system avoids the oc-
currence of “hot spots” which is possible in “conven-
tional” storage architectures and is key to providing cost-
effective services. A mathematical proof of this impor-
tant feature is also given in this work.

System resource management is a critical issue in de-
signing video servers. Generally, system resources, in-
cluding computing power, I/O bandwidth, as well as
memory buffers, are relatively expensive. Thus, if they
are not well managed, the system will not be cost-effective.
To deal with this problem, we have developed efficient
retrieval scheduling, buffer management, and admission
control policies. With the aid of a retrieval scheduling
map, the video server can admit an appropriate number
of users effectively so that the system resources are not
over-utilized, i.e., high utilization of disk bandwidth can
be achieved while still maintaining continuity in data
delivery.
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