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Abstract

Next generation database systems will need to provide sup-
port for both textual data and other types of multimedia
data (e.g., images, video, audio). These two types of data
differ in their characteristics, and hence require different
techniques for their organization and management. For ex-
ample, continuous media data (e.g., video, audio) requires
a guaranteed transfer rate. In this paper, we provide an
overview of 1) how database systems can be architectured
to support multimedia data, and 2) what are the main chal-
lenges in devising new algorithms to manage multimedia
data. In order to provide rate guarantees for continuous

media data, an admission control scheme must be employed .

that determines, for each client, whether there are suffi-
cient resources available to service that client. To maximize
the number of clients that can be admitted concurrently,
the various system resources must be allocated and sched-
uled carefully. In terms of disks, we use algorithms for re-
trieving/storing data from/to disks that reduce seek latency
time and eliminate rotational delay, thereby providing high
throughput. In terms of main-memory, we use buffer man-
agement schemes that exploit the sequential access patterns
for continuous media data, thereby resulting in efficient re-
placement of buffer pages from the cache. In addition to
discussing resource scheduling, we also present schemes for
the storage layout of data on disks and schemes that pro-
vide fault-tolerance by ensuring uninterrupted service in the
presence of disk failures.

1 Introduction

New advances in computing, communication and stor-
age technologies have stimulated the invention of new
multimedia applications, which in turn are pushing
these technologies to their limit. Examples of such
application domains include digital libraries, archival
and processing of images captured by remote-sensing
satellites and air photos, training and education, en-
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tertainment, medical databases containing X-rays and
MRIs and special-purpose databases that contain face
and fingerprint data. These applications deal with large
volumes of multimedia data that need to be stored ei-
ther in a database or file/storage system. Conventional
database and file systems, however, do not provide the
basic support needed for dealing with multimedia data.
The difficulty stems from the fact that multimedia data,
such as images, video and audio, differ from conven-
tional data (e.g., text) in their characteristics, and hence
require different techniques for their organization and
management. The challenge is to support all these dif-
ferent types of data under one unified umbrella. In the
following, we first discuss the need for multimedia sup-
port in database and file systems, and then the need
for database functionality to support multimedia data
effectively.

What are the characteristics of multimedia data that
complicate their storage in conventional databases or
file systems? First, multimedia data tends to be volumi-
nous. For example, a 100 minute video compressed us-
ing the MPEG-I compression algorithm requires about
1.25 GB of storage space, and a 100 minute video com-
pressed using the JPEG compression algorithm requires
about 8.3 GB of storage space. Most databases and file
systems do not provide support for such large objects.
Second, continuous media data, such as video and au-
dio have timing characteristics associated with them.
For example, video clips, which are typically stored in
units of frames, must be delivered to viewers at a certain
rate (which is typically 30 frames/sec). For video com-
pressed using the MPEG-I standard, this translates to
a data rate of approximately 1.5 Mbps. Similarly, some
of the multimedia data needs to be collected in real-
time without loosing portions of the data (e.g., images
collected by sensors, stock quotes, etc.) and real-time
storage impose timing constraints on the multimedia
data. Conventional databases and file systems are not
designed to meet the real-time characteristics of multi-
media data. Moreover, continuous media data requires
support for interactive control (e.g., VCR-like opera-
tions), synchronization between different media (e.g.,
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lipsynching) and authoring (e.g., to generate multime-
dia presentations); all of these are not supported by
conventional systems.

Due to the high storage and bandwidth requirements
of multimedia data, it is vital to manage critical
resources such as memory, disks and tapes in a manner
that provides reasonable throughput and response time
so that cost-effective systems can be built. However,
resource management and data organization methods
in conventional databases and file systems are not
amenable for achieving this.

Finally, in order to support a wide range of multime-
dia applications, it is essential that multimedia objects
can be queried and retrieved based on their content.
This, in turn, requires sophisticated feature extraction,
feature representation and indexing schemes that are
again not supported by conventional systems.

Currently, most of the multimedia data is stored in
either multimedia or conventional file systems. This,
however, raises a host of problems including difficulty
in accessing data, redundancy, inconsistency, concur-
rent access anomalies, as well as integrity, atomicity and
security problems. The impact of these problems be-
come more pronounced with the proliferation of multi-
media data and multimedia applications. Therefore, the
need for database functionality, such as query process-
ing, indexing, concurrency control, recovery, durability
and atomicity, is emerging rapidly.

The following are two possible approaches to provid-
ing database functionality for multimedia data.

1. The multimedia data as well as the metadata for it
is stored together in a single database system.

2. The multimedia data is stored in a separate file
system while the corresponding metadata for it is
stored in a database system.

Both approaches have their advantages and disadvan-
tages. The first approach implies that databases need
to be redesigned to support multimedia data along with
conventional data. Since this requires modifications to
existing databases, businesses may not be convinced
to replace their databases with a new one to accom-
modate multimedia. Furthermore, this integrated ap-
proach might be a burden for users who do not need
full-fledged multimedia support. The second approach
allows businesses to capitalize on their existing base and
purchase a multimedia storage system and the neces-
sary glue to integrate their databases with the multi-
media storage system. This approach, however, may
complicate the implementation of some of the database
functionality such as data consistency.

The remainder of this paper is organized as follows. In
Section 2, we discuss the issues for supporting content-
based queries and provide a brief survey of research done
in this arena. In Sections 3-7, we address various issues
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related to the storage and retrieval of continuous media
data.

2 Support for Content-Based Queries

Numerous multimedia applications require access to
data based on content. However, it is difficult to rep-
resent the content of most non-textual types of multi-
media data (e.g., images, video and audio) with simple
attributes. Also, multimedia objects that may widely
differ in their uninterpreted binary representations can
be perceptually similar, which makes similarity testing
a difficult task. For example, two images that differ
in pixels can be visually similar. As a result, string
matching techniques fail to identify whether a multime-
dia object has a given pattern/feature. Thus, in order
to extract features, the data is typically transformed
into a space (e.g., Hilbert space) where the distance be-
tween perceptually similar objects becomes close. Once
features are extracted, a multimedia object can be rep-
resented as a set of feature vectors. The feature vec-
tors per multimedia object can be precomputed and
stored in a database. Then, similarity queries can be
performed against the database of stored features using
distance functions that are aimed to match human per-
ception in sorting the objects in the database in the or-
der of similarity. For example, if a user wants to access
images that are similar fo an example image, its fea-
tures are compared to the ones stored in the databage
and the multimedia objects that are the best match are
returned to the user.

Features of 2 multimedia object include color, texture
(e.g., contrast, coarseness, directionality), shape, text
(i.e., a set of keywords and other text, such as annota-
tions, associated with a multimedia object) and motion.
There can also be some features specific to a particular
application domain and others based on knowledge (e.g.,
the features of center, left and right fields of a baseball
field are stored, and a query such as “hits to left fielder”
is performed based on searching “left field”) [38, 18].
An active research area is the study of issues such as
which features are best, how these features should be
extracted, represented and compared, and what simi-
larity measures are appropriate.

One of the main issues that needs to be addressed
for supporting content-based queries is high dimensional
data structures. The number of dimensions of feature
vector spaces for multimedia objects can be high (e.g.,
color space can be 64-dimensional [14]). In some
cases the number of dimensions can be above one
hundred [37]. However, most multidimensional indexing
methods, such as grid files [17] and R-trees [12] do not
scale well to high dimensions. These data structures
result in search times with exponential complexity
in the number of dimensions or a linear search as
dimensionality increases. One approach to dealing with




high dimensionality is to map the higher dimensional
feature space to a lower dimensional one using a distance
preserving transform [9]. Once the dimensionality of
the feature space is reduced, then one of the existing
multidimensional data structures, such as R*-trees [3],
can be used for indexing feature vectors. Another
approach is designing new data structures or modifying
the existing ones to scale to higher dimensions [37, 13].

There are a number of projects and systems that are
examining some of these problems, such as QBIC [10],
Photobook [29], Virage [35], Chabot [18], Informedia
[36] and MARS [15]. For example, Query by Image
Content (QBIC) supports queries based on example im-
ages, user-constructed sketches and drawings, color, tex-
ture, and keywords [10]. Queries based on color are per-
formed as follows. The system stores a color histogram
for each image in the database. The color histogram
of the example image is compared against those stored
in the database using a metric such as mean squared
difference. The system returns a set of images sorted
by this metric. Technical issues addressed by QBIC in-
clude a visual query language, graphical user interface,
indexing techniques for high-dimensional features and
similarity retrieval. Another example is Photobook {29]
which is a tool for performing content-based queries on
image databases. Features are compared using either
one of the system-provided matching algorithms or a
user-defined matching algorithm. Furthermore, an in-
teractive learning agent selects models based on exam-
ples from the user to offer assistance in choosing an
appropriate model for a given query.

While research on content-based retrieval [9, 37, 13,
10, 29, 18, 36, 15] is evolving, the following issues
remain open: the scalability of these approaches to
larger databases and/or higher dimensional multimedia
objects, integration of higher dimensional data struc-
tures into databases, appropriate concurrency control
and recovery schemes for these structures, integration
of content-based techniques into query processing, and
extensions to retrieval and data models and query lan-
guages to support content-based retrieval of multimedia
objects.

3 Continuous Media Storage and
Retrieval

Multimedia applications require support for the stor-
age and retrieval of multimedia data, which typically
consists of video, audio, text and images. As described
earlier, this data can be categorized into continuous me-
dia (CM) data (e.g., video, audio) and non-continuous
media data (e.g., text, images).

The timing characteristics and the large volumes of
CM data make the design of a multimediastorage server
a challenging task. Such a server should:

1. provide rate guarantees for the storage and retrieval

of CM data.

9. provide support for VCR operations (e.g., fast-
forward, rewind, pause).

3. provide support for retrieval of non-CM data con-
currently with CM data.

4. manage critical storage resources such as memory,
disks and tapes so as to maximize throughput and
reduce response times.

5. provide support for authoring and synchronization
between different CM data.

A multimedia server will typically employ several
secondary (e.g., disk) and tertiary (e.g., tapes, optical
disks) storage devices to permanently store the data. A
small amount of RAM is used to stage the data retrieved
from disks and tapes before it is transmitted to clients.
Cost, latency and transfer rates of these devices are as
described in the table below.

Storage Device | Cost/MB | Latency | Data Rate
Magnetic Disks 20c 25 ms | 5-8 MBps
Tapes (low end) 0.5¢ 3min | 1.5 MBps
Tapes (high end) 0.7c 2-3 min | 10 MBps

Optical Disks 10c 35ms | 1.256 MBps

Architecting a multimedia server which is cost-wise
optimal from the standpoint of minimizing storage cost
is an important and challenging research problem. Since
tapes have the least storage cost, the cost of a server can
be reduced considerably by storing CM clips primarily
on tapes. However, since tapes have very high latencies
for data access, in order to retrieve data for a large
number of CM clips concurrently, frequently accessed
CM clips should be stored on magnetic disks (that have
lower access latencies, but are more expensive than
tapes). Thus, a multimedia server consists of a storage
hierarchy with tapes at the bottom, disks in the middle
and RAM at the top. The exact configuration of the
server (e.g., the number of disks and tapes, the amount
of RAM) would need to be determined based on the
number of clips and the frequency with which they are
accessed.

In subsequent sections, we show how a storage server
can use admission control in order to provide rate guar-
antees for CM data. We address disk scheduling and
buffer management as each of these issues presents new
challenges to CM applications. First, disk scheduling is
crucial to achieving high throughputs since disks have
relatively low transfer rates (e.g., 32-60 Mbps) and a rel-
atively high latency for data access (e.g., 20-30 ms). Sec-
ond, most existing buffer page replacement algorithms
like least recently used (LRU) and most recently used
(MRU) are only approximation algorithms that ignore




inner track transfer rate raisk | 45 Mbps
Settle time tsett1e | 0.6 ms
Seek time (worst case) tseer | 17 ms
Rotational latency (worst case) | #,0s 8.34 ms

Worst case latency tiat 25.5 ms
Cost Ca $700
Capacity 2 GB

Figure 1: Disk Parameters for a Commercially Available
Disk

the data access patterns of the higher level applications.
We present a new and simple buffering scheme that ex-
ploits the sequential access patterns to CM data when
determining the next page to be replaced from the buffer
cache [24]. This reduces cache misses and hence disk
I/O’s with a consequent improvement in performance.
We then show how disk siriping can be used to distribute
the load uniformly across several disks, and present an
effective disk layout scheme that completely eliminates
disk latency. Finally, we present schemes that enable
uninterrupted retrieval of CM data even if a disk were
to fail.

4 Disk Storage Issues

A CM server is a computer system consisting one or
more processors, RAM, and disks to store data. For the
development of disk scheduling schemes, it is important
to understand the characteristics of disks, which we
first describe. Data on disks is stored in a series of
concentric circles, or tracks, and accessed using a disk
head. Disks rotate on a central spindle and the speed
of rotation determines the transfer rate of disks. Data
on a particular track is accessed by positioning the head
on (also referred to as seeking to) the track containing
the data, and then waiting until the disk rotates enough
so that the head is positioned directly above the data.
Seeks typically consist of a coast during which the head
moves at a constant speed and a settle, when the head
position is adjusted to the desired track. Thus, the
latency for accessing data on disk is the sum of seek
and rotational latency. In the table of Figure 1, we
present the notation and values employed in the paper
for the various disk characteristics (the values are for a
commercially available disk [1]).

CM clips are stored on disks in compressed form; each
CM clip C;, depending on the compression algorithm
(e.g., MPEG-1, MPEG-2), needs to be displayed at a
certain rate, ;. The server is connected to clients via
a high speed network over which clip C; is transmitted
to clients at the rate r;. Data for CM clips is retrieved
from disks in rounds of duration T', where in each round,
T - r; bits are retrieved for clip C;.

A buffer of size 2-T'-r; is allocated for a clip C; before
data retrieval for it is initiated. In addition, at the end
of the round in which the first T"- ; bits for the clip arc
retrieved, transmission of data to clients that requested
the clip is begun. Thus, during each round, 7' r; bits
for a clip are retrieved into its buffer, and concurrently,
T - r; bits for the clip are transmitted to clients.

During a round, data for the clips being serviced
is retrieved from the disk using the CSCAN disk
scheduling algorithm ({32]. CSCAN scheduling ensures
that the disk head moves in a single direction when
servicing clips during a round. As a result, random
seeks to arbitrary locations are eliminated. Note that,
in order to ensure that data for clips is retrieved at
the required rate, we require the time to service clips
during a round to never exceed T, the duration of the
round. Since, during a round, the disk head travels
across the disk at most twice, and retrieving data for
each clip, in the worst case, incurs a settle and a
worst-case rotational latency overhead, we require the
following equation to hold (Cy,Cy,...,C, are the clips
being serviced):

iT. ]
2- tseek + q- (trot + tsettle) + S T (1)
=1 Tdisk

Thus, a new client request for a clip is admitted by
the server into the system, if on adding it to the list of
clips being serviced, Equation 1 above holds and there is
at least 2T -r; bits of free buffer space available for the
clip. If s is the maximum rate among all the clips,
then the minimum number of clips that can be serviced
during a round, gmin, can be obtained by solving the
following equation.

T-r
2. tse_ek + @min * (trot + tsettle + 'Td—”fi) S T (2)
is

A number of additional problems arise when retriev-
ing data from disks. In modern disks, outer tracks have
higher transfer rates than inner tracks. By taking into
account the disk transfer rate of the tracks where CM
clips are stored, one could substantially reduce buffer
requirements. Also, to service both CM as well as non-
CM data, schemes would either have to reserve a portion
of a round or use the slack time during a round to ser-
vice non-CM requests (see [21]). Furthermore, if clips
are frequently inserted and deleted, then they must be
stored non-contiguously on disks (in fixed size blocks) to
reduce fragmentation [21]. Unlike conventional file sys-
tems that use a small block size (4KB-8KB), the block
size for clip C; must be chosen to be as close to 7'« 7y
(the data retrieved during a round) as possible, in or-
der to reduce the latency overhead. Index structures
for accessing random blocks for a clip also need to be
designed.
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A number of other schemes for handling the storage
and retrieval of continuous media data from disk have
been proposed in the literature [2, 30, 19, 31, 6].
Among the existing work, [2, 31] address the issue of
servicing non-CM data requests concurrently with CM
requests. In [21], algorithms for completely eliminating
the rotational latency of disks are proposed, while the
schemes presented in [2, 30] do not attempt to reduce
disk latency. In order to reduce buffer requirements, the
grouped sweeping scheduling (GSS) scheme for servicing
CM clips was proposed in [6]. Requests are organized
into groups; requests in each group are serviced using
elevator scheduling, while individual groups are serviced
in a given fixed-order.

5 Buffer Management Issues

By having requests share a global pool of buffer pages,
the number of I/O requests can be considerably reduced,
thereby enabling a larger number of requests to be
serviced [26]. For example, if two requests for a clip
arrive at an interval of 5 or 10 seconds, then by caching
the pages accessed by the first request, disk accesses for
the second requests can be totally eliminated.

An important research issue is that of buffer page
replacement policy. Existing page replacement policies
may be unsuitable since they exploit neither the
knowledge of outstanding requests nor the fact that
CM clip data is accessed predominantly sequentially.
For example, consider a server with 100 buffer pages
that follows the least recently used (LRU) policy (this
is followed in most conventional storage servers). Let
data retrieval for clips C; and C» (with the same rate)
be initiated at some round k. Thus, at round k + 51,
the first page of Cy and Cy are replaced to make room
for the 51st page. If a request for Cy were to arrive
in round k + 52, then with LRU, pages for the second
request for C; would need to be accessed separately from
the disks (since the page to be retrieved for the request
during a round would have been paged out during the
previous round). However, if, after the second request
for Cy arrives, instead of replacing C1’s pages, we were
to replace only pages accessed by Co, then only the first
page for C; would need to be accessed from the disk and
subsequent pages would already be present in the buffer
when they are needed, thus eliminating the need for
subsequent disk accesses for the second request for C.
Thus, a buffer page replacement policy that takes into
account requests being serviced would result in better
performance.

In [22], a new buffer replacement algorithm, BASIC,
was presented. When a buffer page is to be allocated,
BASIC selects for replacement, the buffer page that
would not be accessed for the longest period of time by
the existing clients (if each client consumed data at the
specified rate). Furthermore, if there are buffer pages

that would not be accessed by the existing clients, the
page with the highest offsei-rate ratio is selected as the
victim (e.g., the tenth page of a clip with a rate of 1.5
Mbps in a system where the page size is 32 KB will
have an offset of 288 KB and an offset-rate ratio of 288
KB/1.5 Mbps = 1.536 seconds). In [26], a demand-
based buffer allocation algorithm was presented, which
optimizes the buffer requirement of a video-on-demand
system; however, in that paper, the issue of buffer page
replacement was not considered.

6 Disk Striping Issues

Since CM clips require large amounts of storage space,
a CM server typically, employs several disks. As a
result, schemes for laying out the clips on multiple
disks are crucial to distributing the load uniformly
across the various disks thereby utilizing the disk
bandwidth effectively. For example, certain clips may
be more popular than others, and a naive approach
that stores every clip on an arbifrarily chosen disk
could result in certain disks being over-burdened with
more requests than they can support, while other disks
remain underutilized. Also, unless a clip is replicated on
several disks, the number of clients that are concurrently
accessing portions of the clip is bounded above by the
bandwidth of the disk storing the clip.

The above problems can be alleviated by using disk
striping, a popular technique in which consecutive
logical data units (referred to as stripe units) are
distributed among the disks in a round-robin fashion
(28, 11, 7, 4, 23]. Disk striping, in addition to
distributing the workload uniformly across disks, also
enables multiple concurrent streams of a clip to be
supported without having to replicate the clip.

Striping can be either fine-grained or coarse-grained.
In fine-grained striping, the striping unit is typically a
bit, a byte or a sector [11]. For clip C;, each retrieval
unit of size T - r; is distributed among all the disks (see
Figure 2(a)). As a consequence, if there are m disks,
then every retrieval involves all the m disk heads, and
the m disks behave like a single disk with bandwidth
m - rgisk- ‘This striping technique is followed in the
RAID-3 data distribution scheme [28].

In coarse-grained striping, the size of stripe units for
clip C; is much larger; it is T - r;, the amount of data
typically retrieved during a single disk access [11, 4].
Thus, in contrast to fine-grained striping in which all
disk arms are involved in data retrieval during each
access, in coarse-grained striping, usually, only a single
disk is involved. Consecutive stripe units of size T - 7;
belonging to clip C; are stored on the m disks in a round-
robin fashion (see Figure 2(b)). For large requests and
for sequential accesses to data, coarse-grained striping
distributes the workload evenly among the various disks.
This striping technique is followed in the RAID-5 data
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Figure 2: Striping Schemes

distribution scheme [28].

In environments like Movies-on-Demand where there
are a large number of requests for a few movies, retriev-
ing data for the movies periodically and having multi-
ple client requests share the retrieved data could result
in decreased response times. To illustrate, consider a
server that stores 50 movies, each of duration 100 min-
utes, and is configured to support 1000 concurrent re-
trievals for movies. Suppose requests for each movie ar-
rive every minute. Thus, every minute, a new retrieval
for each movie is initiated. As a result, after the first
20 minutes, the server has to support 20 retrievals for
each movie and thus, no further new retrievals can be
initiated for the next 80 minutes (after 80 minutes, a
new retrieval for each movie can be initiated). Conse-
quently, the average response time for each of the 80
following requests for each movie is 40 minutes, and
over all requests, the average response time is 32 min-
utes. Furthermore, the worst-case response time for a
request is 80 minutes.

Now, suppose that the server were configured such
that a new retrieval for each movie is initiated at
fixed intervals of 5 minutes. Thus, at any point in
time, the number of concurrent retrievals for each
movie is 20; the retrievals being distributed uniformly
across the duration of the movie. In this case, the
average response time for a request would be 2.5
minutes and the worst-case response time would be
5 minutes. Thus, by retrieving movies periodically
from disk, better response times can be provided to
client requests. Furthermore, by retrieving frequently
requested movies more frequently, and movies that are
seldom requested, less frequently, better over-all average
response times can be provided. Thus, the periods for
the various movies can be determined based on factors
like their popularity. Finally, letting clients know about
the periods and the exact times at which movies are
retrieved is a desirable feature for clients.

6.1 CM Clips with Different Periods

Each CM clip is associated with a period. The period P;
for a clip C; is the distance (in rounds) between rounds
in which successive retrievals for C; are initiated. Thus,
starting with a certain round s;, data retrieval for a clip
C: must be initiated during rounds s;, s; + P, 5; +2+ P,
and so on.

Depending on the data layout and the periods for clips
C1,...,Cy, it may not always be possible to retrieve
data for the clips periodically. The reason for this is
that data for a limited number of clips can be retrieved
during a round. In this section, for the coarse-grained
striping scheme (see Figure 2(b)), we show that the
problem of retrieving clips periodically is the same as
scheduling periodic tasks on a multiprocessor [33]. The
scheduling problem is NP-hard and heuristics to tackle
the problem are presented in [25].

In the coarse-grained striping scheme, the first stripe
unit of each clip C; is stored on disk 0. Successive
consecutive stripe units of size T - r; belonging to each
clip C; are stored on the disks, beginning with disk 1, in
a round-robin fashion. Thus, we only need to consider
the problem of retrieving data for the clips periodically
from disk 0. For every other disk j, the data retrieved
during a round is the T'- r; bits immediately following
the T'-r; bits retrieved for clip C; in the previous round
from disk j — 1.

For every clip C;, the first stripe unit for C; must
be retrieved from disk 0 starting at some round s; and
subsequently, at intervals of P; rounds. Furthermore, if
w; stripe units belonging to C; are stored on disk 0,
then each of the w; — 1 remaining stripe units need
to be retrieved from disk 0 at intervals of m rounds
(m is the number of disks). Thus, if the first stripe
unit for a clip C; is retrieved from disk 0 during round
u, then the w; — 1 subsequent stripe units belonging
to C; need to be retrieved from disk 0 during rounds
utm, u+2-m,. .., u+(w;i—1)-m. If gp;p, is the minimum
number of clips for which data can be retrieved from
a disk during a round (due to Equation 2), then the
problem of retrieving data for the clips periodically




is the same as that of scheduling tasks T1,...,7n on
@min processors. Bach task T; consists of w; subtasks,
each subtask has computation time 1 and the interval
between any two consecutive subtasks of a task is m.
Furthermore, the first subtask of a task T; must be
scheduled at intervals of P;.

6.2 CM Clips with Same Period

We now present a scheme that completely eliminates
disk latency and retrieves each clip with the same
period. If C is the capacity of a disk, then the period
with which each clip is retrieved is H% (that is, the
time to read an entire disk sequentially).

The scheme views the m disks as a single disk with
bandwidth m - rgisz (as in the fine-grained striping
scheme in Figure 2(a)). Let T" be an arbitrarily small
amount such that T - r; is a multiple of the unit of
retrieval from disk. The disk is viewed as a sequence of
blocks of size T+ m - 74is;. For each clip C;, consecutive
portions of size T-r; are stored in consecutive disk blocks
(of size T - m - 7gis), wrapping around to the first disk
block when the last disk block is reached (see Figure 3).
Also, the next clip is stored begining with the disk block
following the block in which the last portion of the
previous clip was stored. The algorithm for storing the
clips terminates once all clips are exhausted or if there
is no room remaining in a disk block to store the next
portion of a clip. As a result, the sum of all the portions
assigned to a block does not exceed its size T' - m - rg;sk.

It can be shown that by sequentially reading, from
start to end, the blocks of size T - m - rgisr from disk,
data for clip C; can be retrieved at a rate 7;. The reason
for this is that the time to retrieve an entire block from
disk is T (since the size of the block is T' - m - rgisk)-
Also, the time to consume a portion of size T'- r; at
rate r; is T. Thus, in the time that it takes to consume
a portion of size T" - r;, the next block containing the
next portion can be retrieved from disk. Once the disk
head reaches the end, it is repositioned to the start and
the sequential reading of disk blocks is resumed. Thus,
retrieval of each clip’s data is initiated at intervals of
rf* — the time to read an entire disk sequentially.

Repositioning the disk head to the start after it has
reached the end can be handled as described in [19, 24]
by storing an appropriate number of blocks at the end
in RAM (to mask the time it takes the head to seek
from the end to the start).

7 Fault-Tolerance Issues

For a single disk, the mean time to failure (MTTF)
is about 300,000 hours. Thus, a server, with, say,
200 disks has an MTTF of 1500 hours or about 60
days. Since data on a failed disk is inaccessible
until the disk has been repaired, a single disk failure
could result in the interruption of service, which in

many application domains is unacceptable. In order
to provide continuous, reliable service to clients, it
is imperative that it be possible to reconstruct data
residing on a failed disk in a timely fashion. Our goal
is to develop schemes that make it possible to continue
transmitting CM data at the required rate even if a disk
failure takes place.

A number of schemes for ensuring the availability
of data on failed disks have been proposed in the
literature [8, 27]. A majority of the schemes employ
data redundancy in order to cope with disk failures.
Typically, for a group of data blocks residing on different
disks, a parity block containing parity information for
the blocks is stored on a separate disk (the data blocks
along with the parity block form a parity group). In
case a disk containing a data block were to fail, the
remaining data blocks in its parity group and the parity
block are retrieved, and the data block on the failed disk
is reconstructed.

A similar approach can be employed in a multimedia
storage server to ensure high data availability in the
presence of disk failures. However, since a multimedia
server must also provide rate guarantees for CM data,
it must retrieve in a timely fashion (from the surviving
disks) the additional blocks needed to reconstruct the
required data blocks. This may not be possible unless
for every additional block either 1) it has been pre-
fetched and is already contained in the server’s buffer,
or 2) the bandwidth required for retrieving it has been
reserved a-priori on the disk containing it. In this
section, we propose schemes that exploit the sequential
playback of CM data in order to pre-fetch all the data
blocks belonging to a parity group before the first data
block of the parity group is accessed. As a result, if a
disk were to fail, for every data block to be retrieved
from the failed disk, since the remaining data blocks in
its parity group have been pre-fetched, only the parity
block for its parity group is retrieved and the data block
is reconstructed before it is accessed!. Thus, all the
data blocks to be retrieved from the failed disk during a
round are available in the buffer at the end of the round.
Also, since only a single parity block per data block
on the failed disk needs to be retrieved, the additional
load generated and the bandwidth that needs to be
reserved on each disk is reduced. In sections 7.1 and
7.2, we present two schemes for parity data placement
(a) separate parity disks are used to store parity blocks;
(b) parity blocks are distributed among all the disks.

A vast majority of the experimental, analytical, and
simulation studies for RAID-based disk arrays assumes
a conventional workload [8, 27). Reads and writes
access small amounts of data, are independent of each
other, are aperiodic, and do not impose any real-

1We assume that the cost of reconstructing the data block by
xor'ing the blocks in its parity group is negligible in comparison
to the cost of retrieving the blocks from disk.
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time requirements. In contrast, access to CM data is
sequential, periodic, and imposes real-time constraints.
Schemes that exploit the inherent characteristics of CM
data for data placement and recovery, and that enable
CM data to be retrieved at a guaranteed rate despite
disk failures were proposed in 5, 16, 34].

In (16], the authors presented the doubly-striped
mirroring scheme which distributes mirror blocks for
data blocks on a disk among all other disks. The
scheme ensures that in case of a disk failure, the
mirror blocks to be retrieved are uniformly distributed
across the remaining disks. However, the scheme has a
high (100%) storage overhead since every data block is
replicated.

In [34], the authors presented the streaming RAID
approach which uses parity encoding techniques to
group disks into fixed size clusters of p disks each with
one parity disk and p—1 data disks. A set of p—1 data
blocks, one per data disk in a cluster, and its parity
block (stored on the parity disk in the cluster) form
a parity group. The granularity of a read request is
an entire parity group; as a result, the parity block is
always available to reconstruct lost data in case a data
disk fails. The streaming RAID scheme has high buffer
requirements since it retrieves an entire parity group in
every access.

To reduce the buffer space overhead, for environments
in which a lower level of fault tolerance is acceptable, a
non-clustered scheme was proposed in [5], where disks
are organized in clusters, each cluster containing a single
parity disk. In the event of a disk failure, entire parity
groups are read, but only for parity groups containing
the faulty disk. The non-clustered scheme, however,
has the following drawback. During the transition from
retrieving individual data blocks to retrieving entire
parity groups for a failed cluster, blocks for certain
clips may be lost and thus, clients may encounter
discontinuities in playback.

7.1 With Parity Disks

In the first parity block placement policy, the m disks
are grouped into clusters of size p with a single dedicated
disk within each cluster to store parity blocks (referred
to as the parity disk). For a CM clip C; with rate r;,
data blocks of size T - r; are stored on consecutive data
disks (these exclude parity disks) using a round-robin
placement policy. The first data block of each CM
clip is stored on the first data disk within a cluster.

Furthermore, p — 1 consecutive data blocks in a single
cluster along with the parity block for them (stored on
the parity disk for the cluster) form a parity group.

As described in Section 4, an admission conirol
algorithm is used to determine if a client request for
a clip can be serviced. The determination is based on
whether there is sufficient disk bandwidth to service
the requested CM clip; if this is the case, then buffer
space is allocated for the clip and data retrieval for
the CM clip is initiated. Due to the periodic nature of
playback of audio and video clips, the server retrieves
data for clips in rounds of duration T. A service list is
maintained for every cluster, and it contains the CM
clips for which data is being retrieved from the cluster
during a round. During each round, for every service list,
p—1 consecutive blocks from the p—1 disks in the cluster
are retrieved concurrently for each CM clip in the list (a
single block is retrieved from each disk in the cluster)
using the C-SCAN disk scheduling algorithm [32]. In
order to maintain continuity of playback, the duration
of a round must not exceed T. This can be ensured by
restricting the number of CM clips in each service list so
that the time required by the server to retrieve blocks
for CM clips in the service list does not exceed T'. Since,
during a round, disk heads travel across the disk at most
twice (due to C-SCAN scheduling), and retrieving data
for each CM clip, in the worst case, incurs a settle and
a worst-case rotational latency overhead, we require the
following equation to hold for clips Ci,...,Cy in the
service list of a cluster [6, 21]:

I T.r;
Z +q- (trot -+ taetﬂe) +2:tseer T (3)
Tdisk

i=1
Since the number of data disks in a cluster is p—1, the
data retrieved for a clip C; in around is (p~ 1) - T+ .
Thus, for the next p — 2 rounds, no data is retrieved
for C; and during the p — 1** round after the current
round, the next p—1 blocks for C; are retrieved from the
next cluster. Consequently, the service list for a cluster
becomes the service list for the next cluster after p— 1
rounds. Also, for a clip Cy, transmission of data to the
client is begun at the end of the round during which
the first p — 1 blocks for the request are retrieved. As
a result, at the start of a subsequent round in which
data is retrieved for clip C; from a cluster, one block of
data is contained in the buffer. At the end of the round,
p~—1 data blocks for C; are contained in the buffer, and
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Figure 4: Uniform, flat parity block placement

during the next p — 2 rounds, one block is transmitted
to clients per round. Thus, the average buffer space
required for clip Cj is ﬂl,—"—

In case a disk were to fail, for every data block to be
retrieved from the failed disk during a round, the parity
block in its parity group is retrieved instead. Thus, for a
parity group containing a data block on the failed disk,
at the start of the round in which the first data block
in the group is transmitted, the p—2 data blocks in the
group and the parity block are contained in the buffer
(these were retrieved in the previous round). These
are used to reconstruct the missing data block on the
failed disk, and as a result, a data block on the failed
disk is always available in the buffer when it needs to
be transmitted. Furthermore, since a separate parity
disk is used to store parity blocks for parity groups
in a cluster, it is unnecessary to reserve bandwidth on
data disks. The admission control scheme only needs to
ensure that Equation 3 holds for the clips in the service
list of every cluster.

The above scheme is similar to the staggered group
scheme presented in [5]. It has much lower buffer
overhead per request than the streaming RAID scheme
in which an entire parity group for a clip is retrieved
during every round.

7.2 Without Parity Disks -

Maintaining a separate parity disk per cluster can
lead to an ineffective utilization of disk bandwidth since
most of the parity disks remain idle. To alleviate this
drawback, a uniform, flat parity placement policy can be
employed at the server [20]. In such a policy, the m disks
are grouped into clusters of p — 1 disks, and successive
CM data blocks are stored on consecutive disks using
a round-robin placement policy. Furthermore, p — 1
consecutive data blocks within a single cluster along
with its parity block form a parity group. Parity
blocks for successive parity groups within a cluster are
uniformly distributed across the remaining disks. More
precisely, the parity block for the i** data block on a disk
is stored on the (i mod (m~—(p~—1)))** disk following the
last disk of the cluster. Figure 4 depicts the uniform, flat

placement policy on a disk array with 9 disks, a cluster
size of 3 and a parity group size of 4. Dy, Dy, ... denote
consecutive data blocks and P; is the parity block for
data blocks Ds;, D3it1 and Dsipo. Note that the above
parity placement scheme is different from the improved
bandwidth scheme of [5] in which parity blocks for a
cluster are stored only in the adjacent cluster.

Data retrieval for CM clips, both in the presence and
absence of failures, is performed as described in the
previous subsection. Basically, p ~ 1 consecutive data
blocks for a clip are retrieved concurrently from a cluster
during a round, and then for the next p — 2 rounds, no
data is retrieved for the clip. However, since, unlike
the scheme presented in the previous subsection, parity
blocks are stored on disks containing data blocks and
not separate parity disks, contingency bandwidth for
retrieving the additional parity blocks in case of a disk
failure must be reserved on each disk. Let us assume
that this bandwidth is ¢ - T (0 < ¢ < 1). Thus, the
admission control procedure must ensure that for clips
Ci,...,Cy in the service list for a cluster,

¢
T. s
Z .,.d.T;: +q - (brot +1settte) +2 tseer < (1-0)-T (4)
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i=1

Notice that parity blocks for the i** data block and
the (i -+ 7 - (m — (p— 1)))** data block on a disk, j > 0,
are stored on the same disk. Thus, if during a round,
Ci,...,C) are clips in the service list of a failed cluster,
with parity blocks on the same disk ¢, then during the
round, parity blocks for Ci,...,C; must be retrieved
from disk ¢ during the same round using the reserved
contingency bandwidth o - T. Thus, the admission
control scheme must also ensure that for every service
list containing clips C4, . . ., Ci with parity blocks on the
same disk, the following equation holds:

1
T.7;
E i + l. (trot + tsettle) S o-T (5)

=1 Tdisk

We do not include 2 - f,eer in the left hand side
of Equation 5 since it has already been included in
Equation 4.

8 Concluding Remarks

In this paper, we provided an overview of how next-
generation database systems — systems that need to pro-
vide support for both textual data and other types of
multimedia data (e.g., images, video, audio}, can be ar-
chitected. We described the main challenges in devising
new algorithms to manage multimedia data. One of
the main differences between traditional databases and
next-generation databases is that the latter need to sup-
port the storage and retrieval of continuous media data,
and such data has rate guarantees associated with it.




Consequently, algorithms that provide rate guarantees
for data retrieved from secondary storage devices (e.g.,
disks) and tertiary storage devices (e.g., tapes) need to
be developed. Schemes for retrieving data from disks
must take into account seek and rotational latencies,
varying track transfer rates, bad sector remapping and
recalibration of tables due to thermal expansion, while
schemes for retrieving data from tapes must attempt
to reduce the latency for data access. Furthermore, as-
suming that CM clips are striped across multiple disks,
schemes for implementing VCR operations and retriev-
ing data for CM clips periodically (to be shared by mul-
tiple client requests) must be devised. Also, since most
of the previously proposed schemes for dealing with disk
failures do not address the issue of continuously retriev-
ing data at specific rates, algorithms for reconstructing
data on a failed disk in a timely fashion need to be de-
veloped. Finally, since accesses to CM data is typically
sequential in nature, improved buffer page replacement
policies that exploit the sequentiality of access need to
be devised. In this paper, we have presented various
schemes for dealing with these issues. These schemes
have been incorporated into the Fellini multimedia stor-
age manager implemented at Bell Labs.
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