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Abstract� One of the quality of service �QOS� factors in video�on�
demand �VOD� applications is to provide high resolution quality to end
users� One way to achieve this is to provide a constant display frame rate
�e�g�� �� frames	sec� at the display station� However� due to the nature
of video 
les and compression technique applied� video frame sizes vary
signi
cantly from frame to frame� Therefore� although the display frame
rate is 
xed� data retrieval is a variable bit rate process� Conventional
VOD storage servers assume a peak rate retrieval of video 
les� There�
fore� the number of concurrent requests to the VOD server cannot be
maximized� In this paper� we consider a VOD storage server which can
support a 
xed frame rate at the display and at the same time� variable
bit rates retrieval of compressed video 
les� We describe �� video 
les
layout strategy� �� request scheduling algorithm� �� bu
ering issues and�
�� various VCR features support such that the number of concurrent
requests can be maximized�

� Introduction
With recent advances in networking technologies and vast improvement of

storage systems� it is now feasible to provide multimedia services such as multi�
media mail� news distribution� computer animation advertisement� library infor�
mation system and home entertainment to users via high bandwidth network�
Due to this reason� research in multimedia storage systems has received a lot of
attention in the past few years�

Usually video object� by itself� has large storage and large bandwidth re�
quirement� For example� a ��� minutes HDTV video object requires an average
of ��� megabits per second �Mbps	 bandwidth and around 
� Gbytes of storage
���� Typically� compression �e�g� MPEG	 is used to reduce the storage as well
as the network bandwidth requirement so that video object can be delivered to
end users� However� it is important to observe that the frame size �bits	 varies
signi
cantly from frame to frame� This is due to�
� Variations of information content among frames� For example� if there is a
sudden change of scene in the video 
le� then the size of a group of frames
from one scene may be much larger than the size of group of frames in
another scene�

� Nature of the compression algorithm� For example� MPEG compression 
les
have three types of frames� namely� I�frame� P�frame� and B�frame� I�frames
are coded independent of any other frames� On the other hand� B�frames are
coded by interpolating between previous and a future I or P�frame� There�
fore� the I�frames might have size which is ��� to ��� times the size of the
B�frame�
��
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Most recent research works ���� ��� �� ��� concentrated on the study of mul�
timedia storage systems which support the retrieval of a multimedia object at a
peak display bandwidth �bits�sec	� for example� assuming that the display band�
width of object is 
xed at Bdisplay Mbps throughout the duration of the display�
the storage server retrieves object using Bdisplay Mbps disk I�O bandwidth� This
approach may be applicable for low�quality video 
les� for example� if the frame
size of these video objects is not highly variable� or if users do not require a high
quality video display at their viewing stations�

However� designing a multimedia storage server using a peak display band�
width assumption has the following drawbacks�
� It is often desirable to provide users with high speed browsing functions
such as fast forward or fast rewind with viewing� To support these type of
functions� the retrieve rate may be much higher than regular display band�
width� If designers use the worst case bandwidth allocation�� then storage
I�O bandwidth is not e�ciently utilized�

� For HDTV typed of video applications� there will be a high variability in the
display bandwidth� For example� the MPEG�III for supporting HDTV has
display bandwidth that can range from � to �� Mbps ���� Again� storage I�O
bandwidth is not e�ciently utilized if the peak bandwidth allocation policy
is used�

� Using the worst case display bandwidth allocation as the disk I�O retrieval
rate� it is possible to have bu�er build up problem� For example� if bu�er is
allocated for each disk retrieval� since the object display bandwidth is less
than the retrieval rate� the number of allocated bu�er will build up� thereby
demanding more bu�er from the storage server� Since the total number of
bu�ers in the storage server is 
nite� this implies that the number of concur�
rent requests that the system can support is reduced�

In this paper� our aim is to design a VOD storage server which can support
a 
xed frame rate at the display station and at the same time� variable bit
rate retrieval in the storage subsystem� In this way� I�O bandwidth is e�ciently
utilized and therefore� the number of concurrent requests to the VOD storage
server can be increased compared to traditional VOD architectures� Also� the
VOD storage server is implemented on parallel disks such that load balancing
can be achieved� We also illustrate �	 video 
les layout policy� �	 parallel disk
scheduling policy for incoming request� �	 admission control policy and� �	 how
to support VCR typed function such as fast forward with viewing�

It is interesting to point out that in ���� authors described di�erent ways of
reducing I�O demand for the VOD storage server� The class of techniques used is
based on dynamically merging of requests to the same video object during their
display periods such that system resources �e�g�� disk I�O operations� bu�ers � � �
etc	 can be reduced� The main idea is to dynamically adjust the frame rates of
similar requests so that there is possibility to merge two or more requests into
one system request� It is important to point out that the VOD storage server we
describe in this paper can support this interesting I�O reduction techniques with
zero storage overhead� For more information about dynamic merging techniques�
please refer to ����

The organization of the paper is as follows� In Section �� we describe the
architecture of VOD storage server and video 
le layout policy� In Section ��
we describe a request scheduling algorithm that optimizes disk utilization and

� worst case bandwidth allocation is de
ned as taking the peak display bandwidth re�
quirement during the duration of display� including possibility of support fast forward
or fast rewind with viewing�



bu�er space� In Section �� we describe how to support VCR typed function such
as fast forward with viewing� Section � describes some related work in VOD
storage server and performance study is carried out in Section 
� Conclusion is
given in Section ��

� The VOD Storage Server Architecture
The VOD storage architecture we consider is a hierarchical storage architec�

ture with a tertiary tape storage device and a parallel disk array as illustrated
in Figure �� All video objects reside permanently on the tape cartridge in the
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Fig� �� Cost�e
ective multimedia storage server

tape system� This type of two�tier storage architecture provides a cost�e�ective
solution for VOD since the size of each video 
le may be very large and it is
prohibitive �in terms of cost	 to store all of them in a magnetic disk storage
system�

Upon request arrival to the VOD storage server� if the video 
le is not avail�
able in the disk storage system� then the video object is retrieved from the tape
system� via the robot arm� to the disk storage system� E�cient tape scheduling
algorithms for VOD storage system have been studied in ���� Upon retrieval from
the disk storage system� video frames are put into the bu�er so that they can
be packetized and be delivered through the network �either in form of LAN or
WAN	 to di�erent display stations� In this study� we focus on the I�O bottle�
neck phenomena and we assume that the bandwidth of the network exceeds the
display bandwidth requirement of a video object� The assumption is justi
ed
considering the current high�speed networking technologies�

Before we talk about the video 
le layout policy� We assume that there is a
database within the video 
lesystem such that upon encoding and compression
of video object� the size of each frame of the video object is kept in the database
for future access and reference� This database is important so later on we can
have an e�cient parallel disk scheduling algorithm�

A 
le layout policy is as follow� The compressed video 
le F is broken down
into equal size fragments Fi� such that F � fF� � F� � � � �� Fng and Fi � Fj �
�� Fragments are then assigned to the parallel disk in a round�robin manner�
for example� fragment Fi is assigned to disk i �modD	 where D is the number
of disks in the storage subsystem� Upon request� retrieval is done in unit of
fragment� The size of the fragment Fi is currently chosen to be two cylinders�
Note that the rationale for choosing this size is to minimize each seek and rotation
overhead for each fragment transfer�� For simplicity of presentation� we assume
that each frame is stored in exactly one fragment� That is� a frame will not be
split such that part of it is stored in fragment Fi and remaining part of the frame

� Based on the parameters we used in our study� the seek overhead for each fragment
transfer is about ����



is stored in fragment Fi��� Also� due to compression applied� di�erent fragments
may contain di�erent number of video frames�

A multimedia object is retrieved by reading fragments of the object in a
pipe�lining manner� for example� the retrieval of fragment i will be completed
before the end of the playback period of fragment i � �� Since the 
le system
has a database containing frame sizes of video object and the fragment size is

xed� To support a constant frame rate at the display station� playback time
for each fragment can be easily computed� Therefore� once the start time of a
request is determined� the deadline of a fragment retrieval of the request can be
determined by adding up the playback periods of all preceding fragments and
the request start time� We term the above scheme as round�robin striping�

� Round�robin Striping
We de
ne a task as an operation of retrieving a fragment from a disk� The

execution time of a task has three components� the seek time� the rotational la�
tency and the fragment transfer time� The 
rst two components are the overhead
within a task� Since our goal is to design a storage server which supports high
display bandwidth multimedia objects� we bound the task�s overhead such that
it is less than ��� of the transfer time of a task� For a typical ��� Gbytes hard
disk� when the fragment size is two cylinders� about ��� of the disk bandwidth
is wasted in switching overheads� In the rest of the discussion� we assume that
the execution time of a task is a constant of � seconds�

The algorithm we propose� the round�robin striping algorithm� has several
components� It 
rst 
nds an optimal execution order for the tasks in each disk
in the parallel disk subsystem� With the execution order� the execution schedule
of the tasks in a disk is then determined in a way such that the fragment bu�er
requirement is minimal� This execution schedule de
nes the start time of the
request and the retrieval and completion time of each task in a request�

Upon arrival of a request� the algorithm ScheduleRequest will be executed to
test whether the storage server can accept this new request� If the system can
accept this new request� it 
nds the execution order and execution schedule of all
tasks within the request� The algorithm ScheduleRequest is de
ned as follows�
Algorithm ScheduleRequest Assume the number of bu�er �which is used
for storing fragment after its retrieval� in the storage server is B� Given a new
playback request R for a multimedia object O and the latest time� t� such that
the requester can wait until� the algorithm determines whether object O can start
to display on or before time t and the earliest possible start time of the playback
request R�

� procedure ScheduleRequest�R � request�
var starttime � real� var success � boolean��

f If object O can start on or before t� success is set to
TRUE and starttime is set to the earliest start time
of the request� otherwise� success is set to FALSE� g

� begin

� call StartTime�� to 
nd the earliest start time of R
and the optimal execution order of tasks in each disk
without considering the fragment bu
er requirement�

� If the earliest start time � t then

� begin

� call ScheduleTask�� to 
nd the execution
schedule of all tasks in the system which
minimizes bu
er requirement�



� while �the maximum required number of
bu
er � B� and�the earliest start time � t� do

� begin

� increment the start time of R by a 
xed value�
�� call ScheduleTask�� to 
nd the execution

schedule of all tasks in the system which
minimizes bu
er requirement�

�� end

�� end�
�� if the earliest start time � t then

�� begin

�� success �� TRUE�
�� starttime �� earliest start time�
�� end

�� else

�� success �� FALSE�
�� end

We propose two algorithms for routines in line � and line 
 �or line ��	 of
algorithm ScheduleRequest� They are the StartTime and ScheduleTask algorithms
respectively�

��� Algorithm StartTime
Algorithm StartTime is responsible to 
nd the earliest start time of a request

R as well as the execution orders of all tasks in R in the parallel disks subsystem�
To schedule tasks within a disk� the earliest deadline 
rst �EDF	 algorithm is
used� We choose the EDF algorithm because the EDF algorithm is found to be
optimal for scheduling tasks in a single disk���� Temporal relation for related
tasks �belong to the same request	 that were assigned to di�erent disks are
maintained by the algorithm �via each fragment deadline	� The system maintains
a doubly linked�list which contains all tasks scheduled for the particular disk�
Tasks are arranged in an ascending order of deadlines� Algorithm StartTime
determines the start time of a new request R by the following steps� �	 set the
start time of request R to the current time� �	 given that current start time and
execution time of each tasks� determines the deadlines of each tasks of R� �	 
nd
the earliest completion time for each task of R by scheduling the task in the
unused period between the scheduled tasks �of other requests	 in the disk� �	 let
LTi be the late time task i as�

LTi��completion time of task i � deadline of tasks i	�

then the start time of request R is�

current time�execution time of the 
rst task of R�max
i�R

fLTig

Algorithm StartTime Given the linked lists of scheduled tasks in the disk
�pointed by p�� and the linked lists of tasks of a new request R �pointed by p���
the following algorithm �nds the earliest start time of request R� Please refer to
	
� for the detail of algorithm�



function StartTime� real�
begin

i � integer�
S � Set of Task�
fMaxDelay is equal to maxi�RfLTig g
MaxDelay� RemainTime � real�
p�� p� � pointer to a task in a linked list�
MaxDelay �� ����
for i �� � to D do
begin

p� �� points to the head of the list L� of all scheduled task of other
requests not equal to R in disk i in ascending order of deadlines�

p� �� points to the head of the list L� of tasks in R for disk i in ascending
order of deadlines�

while p� �� nil do
begin

S � ��
put task pointed by p� into set S�
RemainTime �� deadline of task pointed by p� � current time �

the total execution time of all tasks in set S�
while��RemainTime �� execution time of task pointed by p�	

and �p� �� nil	 do
begin

put task pointed by p� into set S�
MaxDelay � max fMaxDelay�Late Time�LT	 for task pointed by p�g�
update p� to point to next task in L��

end�
if RemainTime � � then

move p� to a previous task and remove minimum number of
tasks in R from set S such that RemainTime � � �

update p� to point to the next task in L��
end�
while �p� �� nil	 do
begin

put p� into the set S�
MaxDelay � max fMaxDelay�Late Time�LT	 for task pointed by p�g�
update p� to point to next task in L��

end�
end�
return �current time � execution time of the 
rst task of R � MaxDelay	

end

Lemma�� Algorithm StartTime requires ���N
R
� NR	 link traversals to �nd

the earliest start time of request R where NR and NR are the total number of
tasks of other requests not equal to R in the parallel disks and the number of
tasks of the new request R respectively�

Proof� please refer to ����

��� Algorithm ScheduleTask
Given the execution order of tasks� Algorithm ScheduleTask minimizes the

required bu�er space by scanning the task list of each disk in the reverse order of
task deadlines and determines the latest retrieval time of each task� The retrieval
time of a task is the time at which the task starts to execute�



AlgorithmScheduleTaskLet Ni be the number of tasks in disk i� Let Ji��� � � � � Ji�Ni

be the tasks in disk i listed in ascending order of deadlines� The retrieval time
of all tasks in the disks are determined by the following procedure�

procedure ScheduleTask��
begin

i� j � integer�
CurTime � �oat�
for i�� � to D do

begin

CurTime �� ���
for j �� Ni down to � do
begin

if �CurTime � deadline of Ji�j� then
CurTime �� deadline of Ji�j �

CurTime �� CurTime � execution time of Ji�j �
retrieval time of Ji�j �� CurTime�

end

end

end

Theorem�� Given a set of tasks that can be scheduled by the EDF algorithm�
Algorithm ScheduleTask �nds a feasible schedule of tasks that requires a minimal
bu�er space�
Proof� please refer to ����

� Interactive Playback Support
In this section� we describe how to support VCR typed functions� For sim�

plicity of presentation� we only describe support of fast forward with viewing�
Rewind with viewing can be supported using similar technique�

In order to support the fast forward with viewing operation� we can break it
up into two sub�operations� �	 viewing fast forward frames when the fast forward
button is pushed� and �	 resume normal display after the fast forward button is
released�

Let us discuss the second sub�operation 
rst� If the peak rate retrieval policy
is used� it is very simple to support resuming the normal display after the fast
forward button is released� To illustrate this point� Figure � illustrates the frag�
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ment retrieval schedule if the peak rate retrieval policy is used and D �number
of parallel disks in the system	 is equal to two� Since the system assumes a peak
retrieval rate when a request arrives at the system� the time between successive
fragment retrieval is 
xed with time T � If the fast forward operation is to skip
fragment i to fragment j � �� it is a simple operation to re�map the retrieval
schedule such that fragment k will move up j�i

D
units� For example� for disk �

in Figure �� instead of retrieving fragment f i� i � �� i � �� � � � g� fragment f j�
j � �� j � �� � � � g are retrieved instead� This is always possible because�
� the size of each fragment is the same�



� the inter�fragment time is 
xed as T �due to peak retrieval rate policy	�
� retrieval schedule of fragment can always be re�mapped �e�g�� fragment j
re�map to fragment i	 because all fragments retrieval are scheduled during
request arrival� Therefore� we are guaranteed that there is a slot available
for re�mapping fragment retrieval�
On the other hand� to support variable bit rate retrieval� time between frag�

ments retrieval is not 
xed� Figure � illustrates a variable bit rate retrieval� Now�
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since the time between fragments is not 
xed� direct re�mapping of fragments
may not be possible because� �	 since Ti�i�� �time between retrieval of fragment
i and fragment i� �	 is not equal to Tj�j��� therefore the video continuity may
not be capable of being satis
ed� �	 disk storage system is servicing other re�
quests �e�g�� requests to other video 
les	 and the presence of these requests�
schedules �which were determined at each request arrival instant	 might make
the re�mapping impossible� Therefore� direct re�mapping will create a situation
such that after the fast forward button is released� normal video display cannot
be continued�

To overcome the problem stated above� we 
rst de
ned an advanced unit�
Ua �e�g�� each Ua is equivalent to �� seconds of normal display time	� Note that
Ua is a system tunable parameter� User can now specify the number Na� which
indicates the number of Ua advance units he�she wants to fast forward� Once
this information is entered� the system treats this as a new request and try
to schedule it using the algorithm we described in the previous section� If the
request can be scheduled� it is accepted and previous allocated resources �e�g��
I�O schedule for fragment retrieval	 can be deleted� On the other hand� if request
cannot be scheduled� the system has the following options�
� reject the request and continue display the video 
le�
� increment �or decrement	 Na and try to schedule this request again� We can
repeat this approach several times� If the system still cannot schedule the
request� the system simply informs the user that the fast forward operation
cannot be scheduled�

Using this approach� the worst case that can happen is that the system rejects
fast forward with viewing request and normal video display can be continued� It
is important to point out that in our performance study� we observe that with
very high probability� fast forward with viewing request can be accepted for a
large range of system load�

Now we are in the position to answer how to support fast forward with
viewing operation� In general� there are three approaches� �� separated replicated
�les in ���� �	 fragment sampling in ��� and �	 frame sequence resampling� Each has
di�erent degrees of storage overhead and quality of service� For detail description�
please refer to ����

� Related Work
In ���� staggered striping was proposed for 
le layout architecture in support

of video on demand� We choose staggered striping for comparison because it
uses the similar concept of 
le declustering� that is� splitting up a video 
le and
laying the 
le across the parallel disk array�



First� let us brie�y de
ne the concept of staggered striping� A video object
O is split into separate sub�objects O�� O�� � � � � On where Oi�Oj � �� Each sub�
object is composed of M fragments such that fragments of the same subobject
are stored in M adjacent disks�� A stride is de
ned to be the distance �in term
of number of disk	 between the 
rst fragment of sub�object Oi and the 
rst
fragment of sub�object Oi��� Request retrieval is accomplished by retrieving a
sub�object at a time� therefore� for each sub�object retrieval� M adjacent disks
are involved in retrieving M fragments�

Staggered striping su�ers from the following problems� �	 time fragmentation
��� where there are idle disks but they cannot process waiting requests� �	 it can
only support constant retrieval rates� and �	 request may be starved �or be forced
to wait forever in the request queue	 if non 
rst�in�
rst�out �non�FIFO	 queueing
discipline is used for reducing request waiting time�

In contrast� round�robin striping is starvation�free because all requests are
scheduled when they arrive� Also� round�robin striping has the advantage that
the start time of playback of a request can be determined when the request
arrives� This information is very useful for system resource management�

In ����� a storage layout method that optimizes several concurrent requests
of the same video object is proposed� With this method� fragments of several
requests of di�erent phases of the same object can be retrieved with one disk
movement �seek and rotational movement	� The phase of a request is the point
in time at which the object is being displayed� The method can improve the
system performance when several requests retrieve the same objects� However�
the approach performs worse when many di�erent video objects are retrieved
concurrently because only a small fragment of an object is retrieved for each disk
movement� In ���� ��� several ways to support interactive playback function are
proposed� such as fast forward and backward functions by skipping fragments�
Lastly� there is an on going research work on staggered striping for a compressed
video object ����

� Performance Evaluation
In this section� we evaluate the performance of round�robin striping and

staggered striping by computer simulation for four di�erent cases� Case �	 the
required display bandwidth for the playback of an object is constant and it is
equal to � Mbytes�second� Case �	 The required display bandwidth for the play�
back of an object varies over time� The playback time is split into intervals of ��

seconds� The display bandwidth requirement within an interval is uniformly dis�
tributed between ��� Mbytes�second and � Mbytes�second� Case �	 The required
display bandwidth for the playback of an object is constant and it is equal to ��
Mbytes�second� Case �	 The required display bandwidth for the playback of an
object varies over time� The playback time is split into intervals of ��
 seconds�
The display bandwidth requirement within an interval is uniformly distributed
between � Mbytes�second and �� Mbytes�second� The main parameters of the

Parameter Cases � � � Cases � � �
Number of disks ��� ���
Disk bandwidth ��� MB	s ��� MB	s

Number of objects ��� ���
Playback period of an object ��� secs ��� secs
Fragment size ��� MB ��� MB

Table �� Main Simulation Parameters�

simulation are shown in Table �� The simulation runs for round�robin striping

�
M is also known as the degree of declustering in Staggered Striping



and staggered striping with various parameters are abbreviated in Table ��

SS�i� k� n� staggered striping with non�
fo request queueing disci�
pline� stride � k� n fragment bu
ers in storage server�
and the bandwidth requirement is that of case i�

RS�i� n� round�robin striping with n fragment bu
ers in storage
server and the bandwidth requirement is that of case i�

Table �� Abbreviations for simulation runs�

We measured the average waiting time of round�robin striping and staggered
striping by an open queueing network in which the request arrival process is
a Poison process� And we measured the maximum throughput of round�robbin
striping and staggered striping by a closed queueing network in which the number
of requests is 
xed� Tables � �Table �	 presents the average waiting time �in
seconds	 of a playback request for Cases � and � �Cases � and �	� The average
response time of a playback request is the average waiting time plus the execution
time of the retrieval of the 
rst fragment of an object� Tables � and 
 show the
maximumthroughput of staggered striping and round�robin striping for di�erent
bandwidth requirements and di�erent number of fragment bu�ers�

Arrival rate �req�hr	 ��� ��� ��� ��� �
� 
��

SS��� �� ���	 or SS��� �� ���	 ��
�� ���
� ����
 ����� ������ �����

SS��� �� ���	 or SS��� �� ���	 ����� ��

� ���
� ��
�� ����
 �����
SS��� �� ���	 or SS��� �� ���	 ��
�
 ����
 ����� 
��
� ���
�� ����
�
RS��� ���	 ����
 ��
�� ����� ����� ���
�� �
���

RS��� ���	 ����
 ��
�� ����� ����
 ��
�� ���

�
RS��� �	 ����
 ��
�� ����� ����
 ��

� ���
�

RS��� ���	 ����� ���
� ��

� ����� ����
 ������
RS��� ���	 ����� ���
� ��

� ����� ���

 ��
��
RS��� �	 ����� ���
� ��

� ����� ����
 �����

Table �� Average waiting times �in seconds� for Cases � and ��

Arrival rate �req�hr	 ��� ��� ��� ��� �
� 
��

SS��� �� ���	 or SS��� �� ���	 ����� ����� 
���� �
���
 �
��

 ������
SS��� �� ���	 or SS��� �� ���	 ����� ��

� ���
� ��
�� ����
 �����
SS��� �� ���	 or SS��� �� ���	 ��
�� ����� ��
�� ����� ���

� �
����
RS��� ���	 ����
 ��
�� ����� ���
� ����� ���
��
RS��� �	 ����
 ��
�� ����� ����� ��
�� ������
RS��� 
��	 ����� ���

 ��
�
 ����� ��
�
 ������
RS��� ���	 ����� ���

 ��
�
 ����� ����� ��
�

RS��� �	 ����� ���

 ��
�
 ����� ���

 �����

Table �� Average waiting times �in seconds� for Cases � and ��

For fast forward with viewing� we measured the waiting time of fast for�
ward request of multimedia objects� The main parameters of the simulation is
shown in Table �� Each multimedia object is a ���minute video object� The
playback period of each object is divided into ��
 second intervals� In each in�
terval� the display bandwidth requirement is uniformly distributed between ���
Mbytes�second and ��� Mbytes�second� In this simulation� a request will de�
mand a fast forward with viewing operation at time t where t is a random
variable uniformly distributed between � to 
� minutes� For each fast forward
with viewing operation� the object is scanned at � times the normal playback
speed� and the display time of fast forward with viewing is � minute� Hence�
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the average execution time of a request is equal to the display time � average
retrieval bandwidth�disk bandwidth or �����	���������minutes � ���minutes
Assuming that the VOD server has ��� parallel disks� the theoretical maximum
throughput is 
�� �������requests�hour � ����� requests�hour�

We measured the waiting time distributions for four combinations of arrival
rate and number of fragment bu�ers� Let FF �n� r	 denote a simulation run
with n fragment bu�ers in the storage server and request arrival rate r �unit is
in requests�hour	� Figure � shows probability distribution functions of waiting
time for the four combinations�

In general� we see that round�robin striping outperforms staggered striping in
most situations� Even under the constant display bandwidth assumption �case �
and �	� round�robin striping has better response time for low to moderate arrival
rate� It is important to point out that video 
le varies in fragment sizes �as we
have argued in Section �� Therefore� what we are showing is to compare round�
robin against staggered striping in some rare cases� For system throughput�
round�robin is comparable to staggered striping� For VCR�typed functions such
as fast forward� we see the system accepts fast forward with viewing request with
high probability�

	 Conclusion
In this paper� we have proposed a VOD storage server that can support

constant display frame rate at the display station and at the same time� vari�
able bit rate retrieval� We discussed the video 
le layout policy� the admission
control� request scheduling� bu�er management as well as VCR�typed functions
support� Performance studies have been carried out and we have shown that it
can have good request response and system throughput� Also� the type of VOD
can support techniques as described in ��� to reduce the I�O cost�

Parameter Case �
Number of disks ���
Disk bandwidth ��� MB	sec

Number of objects ��
Normal playback period of an object �� minutes
Fragment size ��� MB

Table 
� Simulation Parameters for Fast Forward Playback�
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