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ABSTRACT — One of the most important criteria in eval-
uating a video-on-demand system is the maximum number of
video streams that can be simultaneously supported. There
are several bottlenecks which limit this capability, such as
storage I/O, network bandwidth, and CPU processing over-
head. In this paper, we focus on the performance modelling of
disk drives in a multi-stream video-on-demand system. We in-
vestigate three types of storage subsystems, namely the single-
disk single-bus, the multi-disk single-bus and the multi-disk
multi-bus. To derive the maximal number of video streams,
the data size per /0 request and the required buffer size for
each video stream is formulated. The result shows that the
number of video streams is limited due to the unavoidable
mechanical delay of the disk drives. The performance im-
provement by using data stripping on an array of disk drives
is also shown to be limited since unavoidable overhead still
exists. To verify the correctness of the analysis, an inexpen-
sive video-on-demand system based on personal computers
and Ethernet is demonstrated. The experimental result is
shown to be very close to the analytical result.

1 Introduction

The design of a video server is emerging as a key technol-
ogy.in the trend toward integrated multimedia services such
as video-on-demand, teleshopping, broadcasting and distance
learning. One of the important requirements in designing a
video server is the ability to support a large number of simul-
taneous video clients watching the movies stored in the server.
To achieve this goal, parallel retrieving of the video storage
has been introduced and the switch-based delivery networks
were used, for example, the use of RAID (Redundant Array
of Inexpensive Disks) systems and the ATM (Asynchronous
Transfer Mode) networks. In [1] and [2], a PC-based video
server has been designed to support 40 video streams. In
[3], and [4], a high performance workstation with large /O
bandwidth is designed as a video server which supports up
to 300 video streams. However, there is no direct evidence
to show the maximum number of video streams that a single
disk drive or a disk array can support. In [5], a simulation-
based evaluation on the performance of disk drives was given
and the results show that a larger request size would produce
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more number of video streams.

In this paper, we use an analytical approach to evaluate
the performance of the disk drives which are connected to a
server using the Small Computer Systems Interface (SCSI)
bus. There are three connection types assumed between the
server and the storage, namely the single-disk single-bus, the
multi-disk single-bus and the multi-disk multi-bus. To derive
the maximal number of video streams, the data size per /O
request and the buffer size for each video stream is formulated.
The result shows that the number of video streams is limited
due to the unavoidable mechanical delay of the disk drives.
The performance improvement by using data stripping on
an array of disk drives is also shown to be limited since
unavoidable overhead still exists, i.e., the disk seeking delay
and the SCSI bus contention. To verify the correctness of
the analysis, an inexpensive video-on-demand system based
on personal computers and Ethernet is demonstrated. The
experimental result is shown to be very close to the analytical
result.

This paper is organized as follows. A system description
and assumptions on disk drives are given in Sections 2 and
3, respectively. The performance analysis on the disk access
and the stream buffer size for video-on-demand systems is
given in Section 4. A PC-based video-on-demand testbed is
introduced in Section 5. Experimental result as well as analyt-
ical result for three types of storage-to-server connections are

given in Section 6, followed by a short conclusion in Section
7.

2 System Description

An abstract model of a video server for video-on-demand
systems is shown in Figure 1. There are n video streams in
the system and each stream has a temporary buffer for storing
the video data. The storage subsystem consists of the SCSI
bus and the disk drives attached to it. A scheduler is created
for accessing the video files in the storage subsystem. The
scheduler has three functions as listed as follows.

1. Reads a block of video data from the disk drives via
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Figure 1: The abstra¢t model of a video server.

SCSI bus,

2. Puts the block of video data into the temporary buffer,
and

3. Repeat the above two functions for all the video streams
in the system.

Each temporary buffer corresponds to a video stream which
1s transmitting the video data into the network at a sustain-
able bit rate, « bits per second. Let the block size that the
scheduler reads each time from the disk drive be B bytes.
Then, the scheduler is required to perform its functions fast
enough such that the sustainable bit rate produced by each
video stream can be satisfied. The scheduler performs its
functions in a round-robin fashion among the video streams.
Since the number of active video streams is n, then the total
system requirement is therefore to maximize the value of n.

3 Disk Drive Assumption

The disk drives in our video-on-demand systems are as-
sumed to be connected to the server via the SCSI bus. The
host adapter on the bus would first issue a read command to
the disk drive if there are requests for data transfer from the
user. The disk drive receives the command and then discon-
nect with the host adapter in order to leave the bus free. Then
the disk drive would interpret the command and move the
read-write head to the right position, reconnect with the host
adapter to gain the bus access permission, and transfer the
data to the host adapter. By each command, a black of data
can be transferred and the block size is usually independent
with the requested size from the user. For a simple analysis,
we assume that these two blocks are identical in their size.
Each single disk drive transfers their data in a speed which
is slower than the maximum bus transfer rate. Usually, this
can be improved by a read-ahead operation which preloads
the data into the temporary buffer in the disk controller, and
if the next request matches with the preloaded data, then the
data can be transferred using the maximum bus rate. How-
ever, the read-ahead operation is not effective because there
are multiple video streams requesting for data transfer and the
request pattern is very discontinueous.
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Figure 2: The single-disk single-bus case.

Each read operation unavoidably suffer from a constant
delay which may include the time of issuing a command and
the interpretation of the command (D1), the disk mechanical
delay (D2), and the bus contention delay (D3). After then,
the data can be transferred. D1 is a constant delay and it is
typically around 1.0 ms. D3 grows as more disk drives are
connected to the same SCSI bus. D2 includes several parts,
namely the speedup period (S1), the seeking period (S2), the
slowdown period (S3), the settle period (S4) and the rotation
delay (R1) [6]). Typical values for the above time periods are
S1(< 1.0ms), S2 (1 - 10 ms), S3 (< 1.0 ms), S4 (1 - 3 ms),
and R1 (2 - 5 ms). Let d,,, denote the overall waiting time
before transferring data. Then, we have

dm = D1 + D2+ D3 )

where
D2=51+4+52+53+54 + Rl 2)

In the multi-stream environment, D2 may vary from time
to time since D2 is related to the movie location and there are
many movies to be accessed. Assume that all the movies are
selected randomly. Thus, we may think that D2 is randomly
selected in between a minimum value and a maximum value.

There are three individual cases to be discussed, namely
the single-disk single-bus, the multi-disk single-bus and the
multi-disk multi-bus. We describe these three cases as follows.

3.1 Single-Disk Single-Bus

The case for single-disk single-bus is described in Figure
2, where the only disk drive communicates with the host
adapter via a SCSI bus. Each read operation includes two
waiting times, namely the initial wait d,,, and the data transfer
time. As pointed previously, the data is not transferred using
the full bus bandwidth, but using a slower disk raw transfer
speed, denoted as r.5,. And let ry,, denote the transfer
rate using the full bus bandwidth. This case is the most
convenient way to build up an inexpensive video-on-demand
system. However, the performance and the storage capacity
are limited.
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Figure 3: The multi-disk single-bus case.

3.2 Multi-Disk Single-Bus

In Figure 3, the diagram for multiple disk drives connected
to one SCSI bus is shown. We assume that a data stripping
method is performed on these disk drives, that is, the files are
interleaved and stored in these disks. When a read request
comes, the host adapter would generate a read command for
each disk to send the required portion of the block. Since
there are multiple disks, there are opportunities for the disks
to transfer data without waiting. For example, one of the disk
drives can keep on transferring data while the other drives
can perform the command interpretation, seeking, and other
necessary tasks. Therefore, delay D2 in this case is assumed
to be equal to zero but delay D3 is greater than that for the
case of the single disk due to bus contention. However, the
data is still transferred in the disk raw transfer speed. This
case is a fast and cheap way to extend the storage of the
video-on-demand system.

3.3 Multi-Disk Multi-Bus

In this case, there is a disk array controller performing
the stripping functions as if there is only one disk on the
bus, as shown in Figure 4. Each disk can transmit their
data concurrently to the disk controller since there is one
dedicaied bus for each disk drive. The disk controller has a
very large memory space to store the data from every disk
drive. Therefore, the disk controller can transmit the data
using the full bus bandwidth. However, the disk array suffers
from the initial waiting time as the case of single disk since
each disk of the array is accessed independently. This case
can result in a better performance but the cost is higher.

4 Performance Analysis

4.1 Data Block Size Per /O

Let r, denote the data transfer rate (r; = Ppys OF Traw ).
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Figure 4: The multi-disk multi-bus case.

Assume that there are n video streams, the relation of the
parameters in the previous assumption can be derived as fol-
lows. The latency for the scheduler to move a block of video
data for one video stream includes the hard disk mechanical
delay and the data transfer delay, that equals to

B
dm +— .
Ts
Since there are n video streams, the time interval between
moving two blocks of video files for a specific video stream
is B
ne(dm+ =) .
s
During the above time interval, there are B bytes of video data
being transferred. Thus, we have the following equation.

8-B 3)
2 —a
n-(dm + £)
Rewrite the above equation, we have
a-n-d
B=——5 “)

s

Defining the bandwidth utilization of the SCSI bus as y,
then we can calculate p as follows.

n-a

= 5
By Equations (3) and (5), we have
8-B
_ adarE) ¢ _ B ©)
B= 8- Ppus _—dm‘rbus"‘B‘L,l,’.":‘a

4.2 Buffer Size for Each Stream

In Figure 5, we describe the model for our analysis un
the buffer size for each video stream. The video stream is
assumed to use a constant bit rate of a bits/sec for sending
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out the video data. The length of the buffer, denoted as L, is
assumed to be
L=1-B )

The video data are read into the buffer block by block, where
the block size is B. Usually, the scheduler would fill up the
buffer before sending the first video data into the network.
To keep up with the quality of the constant bit rate service,
the buffer should not be empty at any time when the movie is
played. To obtain the worst-case analysis, we use a very strict
assumption. Therefore, we have a property that the time for
sending out all the data in the buffer should be greater than the
time for the buffer to collect [ blocks of data. Let inter-arrival
time for two consecutive block be represented by a random
variable, i.e., z1, 7, 23, - - -, 2; for all the blocks in the buffer.
Let P, represent the probability of continuity for each video.
Then, we have

[-B-8

P.=Pr{zi+2+ -+ < }
To minimize the buffer required by each stream, we need to
find a minimum [ such that probability P, is maximized.

For each random variable z;, i=1 to I, we could divide it
into three parts, namely the dynamic mechanical delay, the
constant mechanical delay and the data transfer delay. Then,
for all i=1 to I, we have

B-n

Ts

=y +k-n+ ®)
where n is the number of streams, k is the constant mechani-
cal delay, and % is the data transfer delay. For all i=1 to [,
y; 1s another random variable which determines the dynamic
mechanical delay (DM) and is affected by the disk seeking,
rotation, and other dynamic features. For simplicity, we as-
sume that y; is uniformly distributed between the range of 0
to DM .. Then, we have

l-B-8
Prizi+z+ -+ < }
l-B-8
= Priym+yp+---+u< 7
1-B.
lk-n— f”} )
= Priyi+yp+-+u<l-A} (10)
where B.3 B
A== _p.op-2" (11)
a Ty

Since we want to serve as many streams as possible, the value
of n should be set to a maximum value ng such that A > 0.
That is,

B-
T3

nozmax{nlg—aﬁ—lmn— n>0}
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Figure 5: Buffer size model for video-on-demand systems.

Each random variable y; is in the range (0, DMy4z).
When DM . > |- A, Equation (10) may be rewritten into

Priyi+y+---+y <l -A}

(1-A) 1 .
I (DMmas) (12)
1, 1A

= 1 (o) ¥

The above equation is explained in Figure 6(a), where [
is assumed to be 2 for simplicity. The probability is equal to
the fraction of the shaded area to the square area bounded by
DMpaz. When A < DM e < - A, Equation (10) may be
rewritten into

Pri{yi+y+ - -+u <!l A}
It A (1-A-- DMpar ) 1
I I
1
(DMpmaz )}
(1-AY  (I-A= DMpg,) 1

= (- (=1 )'(DMmam)'

(14

(15)

The above equation is explained in Figure 6(b). When
DMpae < A, Equation (10) is always equal to 1, as shown
in Figure 6(c).

In either case, we need to find an [ such that Equation (10)
approach 1.

5 PC-based Video-on-Demand Testbed

An experimental video-on-demand testbed is currently
built up in CCL/ITRI, as shown in Figure 7. The platforms
for both client and server are simply personal computers. We
select an Acer Altos 9000 PC with Intel Pentium 100 CPU as
the platform. For video server, we use Microsoft Windows
NT as the operating system in order to serve the multiple
video streams. The scheduler is implemented in the server
and we select 5400 r.p.m disk drives for the storage subsys-
tem. For the client, we use Microsoft Windows 3.1 with an
MPEG-1 decoder attached. The clients are connected to the
server via Ethernet. We successfully demonstrate 4 clients
on the same Ethernet watching the movies from the server.
The video files are transmitted using the TCP/IP protocol. At
the client site, the shareware Trumpet 2.0B is selecied as the
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Figure 7: PC-based experimental video-on-demand testbed.

TCP/IP protocol stacks. All the components used are very
cheap and available very easily.

We also observe the performance of the scheduler in re-
sponse to the analytical result. We store 32 large movie files
in the disk drives and each file is about 50 Mbytes in length.
Each stream is generated by randomly selecting the movies
from the disk drive.

6 Experimental Results

6.1 The Block Size per VO
6.1.1 Single-Disk Single-Bus

For the single disk case, we assume the following values
for the required parameters.
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Figure 8: Performance of the single-disk single-bus subsys-
tem.

I. a = 1.5Mbps (for MPEG-1 streams),

2. dym = DI(1ms)+D3(2ms) +51(0.5ms) +S52(6ms)
+53(0.5ms) +54(2ms) +R1(3ms) = 15ms.

3. Traw = 4 M Bytes/sec.
4. rpys = 10 M Bytes/sec.

We plot that curve of block size B with respect to n in Fig-
ure 8. In this case, a larger size of B, i.e., 512K Bytes, could
produce a larger number of video streams. The experimental
result is also shown in Figure 8, where the maximum block
size B is 512Kbytes. When B > 128K Bytes, n remains
in a steady value of 18. The experimental result is very close
to the analytical result and this implies the correctness of the
proposed analysis.

6.1.2 Multi-Disk Single-Bus

In this case, we adopt the same assumption as the single
disk case for the values of the required parameters except that
of d,,, since we assume that D2 is zero and D3 must be larger
due to the bus contention. Let D3 be twice as large as the
case for single disk. Then, we have d,,, = 5ms. In Figure
9, the curve for block size B and the number of streams n is
plotted. The result is slightly better than that for single disk
case. However, the difference is not much when the block size
is greater than 256K bytes. The experimental result is also
shown in Figure 9 indicated by a sequence of cross points.
The behavior of the experimental result is very close to the
result for the single disk case as well as the analytical result.

6.1.3 The Multi-Disk Multi-Bus Case

We adopt the same assumption as the single disk case for
the values of the required parameters. However, in this case
the disk array controller can transmit its data at the full speed
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Figure 9: Performance of the multi-disk single-bus subsys-
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Figure 10: Performance of the multi-disk multi-bus subsys-
tem.

of the bus. Thus, r, is equal to rpy in this case. In Figure
10, the curve for block size B and the number of streams n is
plotted. The result is better than that for single and multiple
disks case. When B = 512K Bytes, the number of streams
can be up to 40. For n to remain in a steady performance, the
block size should be larger than that in the case for single or
multiple disks case, i.e., 512K Bytes or 1024K Bytes. We
didn’t show the experimental result for this case since we
currently can not find a disk array of this type.

6.2 Bandwidth Utilization

The bandwidth utilization according to Equation (6) for
the three cases is shown in Figure 11. For the first two cases
(single and multiple disks), the utilization is not high because
the disks are transferring their data in the raw disk speed.
The case for multi-disk multi-bus gains a higher utilization
because the maximum speed of the bus is used. Furthermore,
the multi-disk multi-bus case should come with a larger block
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Figure 11: Bandwidth utilization of the three storage subsys-
tem.

size, i.e., 1024/ Bytes or more, in order to gain a steady
performance. For the other two cases, the performance is
steady when the block size is around 128\ Bytes.

6.3 Buffer Size for Each Stream

To find the minimum buffer length, we assume the follow-
ing values for the required parameters.

1. B = 32,64 Kbytes,
. n =10, (for B = 32K)and n = 14, (for B = 64R),
. a = 1.5Mbps (for MPEG-1 streams),

2

3

4. rs = 4 M Bytes/sec.
5. k= 8mes,

6

. DM 00 = S5ms to 35ms,

In Figure 12, we plot the result of the buffer length by
using B = 32K bytes, n = 10. In this case, A = 0.010667.
When DMy, < 25ms, probability P, approaches 1 when
! is greater than 15. Therefore, in this case, the buffer size
can be set to 15 - 32 K = 480K bytes in order to guarantee a
continous transmission under the restriction that the variation
of the dynamic disk seeking time is smaller than 25ms. The
other case by using B = 64N bytes and n = 14 is similar
to the first case, as shown in Figure 13. However, DM 4z
is limited to be within 10ms in order to have a maximum
probability of continuity. To let P, = 1, [ should be greater
than 5 when DM 0 = 10ms. When DAL, > 10ms,
there is no chance for P, equal to 1. An important observation
is that a smaller size of block B is better for guaranteeing the
stream continuity. From the analysis in Section 4.1, we obtain
that a larger size of request block is helpful in supporting more
number of streams. Therefore, it is possible to find the best
size of B to support a maximum number of streams and each
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stream is transmitted continuously. For example, to select
B = 64Kbytes and [ = 5 can have n = 14, while selecting
B = 32RK’bytes and [ = 15 can only have n = 10.

7 Conclusion

In this paper, a storage performance evaluation on the num-
ber of streams in a multi-stream video-on-demand system is
provided. We assume three cases for the storage subsystem
which are connected with the video-on-demand system. For
extending the storage in a video-on-demand system, multiple
disks can be connected on a SCSI bus to form an array. How-
ever, the improvement on performance is not significant due
to some deterministic overhead of the SCSI bus. A more effi-
cient method to extend the storage is to use a dedicated array
coniroller on the bus, where data can be retrieved concur-
rently from the multiple disks. However, the required block
size per /O operation should be large, i.e., 1024 K Bytes or
above, in order to obtain a steady performance. Furthermore,
to guarantee the continuity of each stream, a buffer space is
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necessary for saving the video data before sending them into
the networks. From our analysis, a smaller size of each I/O
block is better for the continuity of each stream. By com-
promising these two factors, a best block size of each I/O
operation to support the maximum number of streams in the
VoD system can be obtained.
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