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Abstract

Multimedia information systems have emerged as an essen-
tial component of many application domains ranging from
library information systems to entertainment technology,
However, most implementations of these systems cannot
support the continuous display of multimedia objects and
suffer from frequent disruptions and delays termed hiccups,
This is due to the low 1/0 bandwidth of the current disk

technology, the high bandwidth requirement of multimedia

objects, and the large size of these objects that almost al-

ways requires them to be disk resident, One approach to

resolve this limitation is to decluster a multimedia object

across multiple disk drives in order to employ the aggre-

gate bandwidth of several disks to support the continuous

retrieval (and display) of objects. This paper describes stag-

gered striping as a novel technique to provide effective sup-

port for multiple users accessing the different objects in the

database. Detailed simulations confirm the superiority of

staggered striping.

1 Introduction

During the past decade, information technology has

evolved to store and retrieve multimedia data (e.g., au-

dio, video). Multimedia information systems utilize a

variety of human senses to provide an effective means

of conveying information. Already, these systems play

a major role in educational applications, entertainment

technology, and library information systems. A chal-

lenging task when implementing these systems is to sup-

port a continuous retrieval of an object at the band-

width required by its media type [6, 10, 16]. This is

challenging because certain media types, in particular

video, require very high bandwidths. For example, the
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bandwidth required by NTSCl for “network-quality”

video is about 45 megabits per second (mbps) [8]. Rec-

ommendation 601 of the International Radio Consulta-

tive Committee (CCIR) calls for a 216 mbps bandwidth

for video objects. A video object based on the HDTV

(High Definition Television) quality images requires ap-

proximately 800 mbps bandwidth. Future demands for

even high bandwidth are expected. These bandwidth

requirements have to be compared with the typical 20

mbps bandwidth of a magnetic disk drive2, which is not

expected to increase significantly in the near future [11]

A standard technique to support a continuous display of

multimedia objects is to sacrifice the quality of data us-

ing a lossy compression technique (results in some loss

of data). While it is effective, there are applications

that cannot tolerate loss of data (e.g., medical data, the

video signals collected from space by NASA [2]). As

an alternative, one may use a lossless compression tech-

nique (e.g., Huffman, Lempel Ziv, etc.). While a good

estimate for reduction in size with these techniques is

anywhere from a factor of 2 to 15, with Iossy techniques

it ranges from a factor of 10 to 500 [3]. In any case a

range of bandwidth may be required in a system: from

a fraction of disk bandwidth to several times the band-

width of a single disk.

In order to simplify the discussion, we assume a

hierarchical storage architecture that consists of a

tertiary storage device accessible to a group of disk
drives as our hardware platform. We assume that the

stations used to display objects are independent of both

the tertiary storage device and the disk drives. The

database resides permanently on the tertiary storage

device and its objects are materialized on the disk drives

on demand (and deleted from the clisk drives wheu the

disk storage capacity is exhausted). In this study, we

focus on the 1/0 bottleneck phenomena, and assume

that the bandwidth of both the network and the network

device driver exceeds the bandwidth requirement of an

1The us ~tandard established by the National TelevlsiOn

System Committee.

2The concepts described in this paper are applicable to other

secondary storage devices.
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object. This assumption is justified considering the

current technological trends.

Assuming a fixed bandwidth for each disk (BDi$k )

in the system, and a database consisting of objects

that belong to a single media type with bandwidth

requirement ~Disp/ay, we must utilize the aggregate

bandwidth of at least J4 = [‘~~~~~’1 disk drives to

support a continuous display of an object3. This can

be achieved by a method we call s~mple strapang as

follows. First, the D disk drives in the system are

organized into R = ~ disk clusters. Next, each object

in the database (say X) is organized as a sequence of n

equi-sized subobjects (X. ,Xl ,...,X~). Each subobject

Xi represents a contiguous portion of X. When X

is materialized from the tertiary storage device, its

subobjects are assigned to the clusters in a round-robin

manner, starting with an available cluster. In a cluster,

a subobject is declustered [12, 9, 4] into A4 pieces

(termed fragments), with each fragment assigned to

a different disk drive in the cluster. When the system

displays X, it starts by using the cluster that contains

X. (say C,) to display the first portion of X. Next, it

employs Ci+l ~Od R to display X1. The system iterates

over the clusters until X is displayed in its entirety,

employing a single cluster at any given point in time.

To illustrate, assume that object X requires a 60

mbps bandwidth to support its continuous display

(~DiSPIW (X)=60 mbps). Moreover, assume that the

system consists of 9 disk drives, each with a bandwidth

of 20 mbps (13Di, ~=20 mbps). Thus, we need the

aggregate bandwidth of 3 (M = ~ ) disk drives

to support the continuous display of X. Figure

1 demonstrates how the simple striping technique

organizes the subobjects of X. In this figures, the

disk drives are partitioned into 3 clusters ( 1#] ), each

consisting of 3 (M) disk drives. Each subobject of

X (say Xl) is declustered into 3 fragments (denoted

xl *, xl 1, xl 2). A request to retrieve object X

results in the system employing cluster O to display X..

Subsequently, cluster 1 is employed to display Xl, etc.

Hence, the display of X employs only a single cluster at

each time interval, enabling the system to support three

simultaneous displays.

The fragments of a subobject (say Xl) are con-

structed using a round-robin assignment of its blocks

to each disk drive (see Figure 1), allowing the system

to overlap the display of Xl with its retrieval from the

disk drives (multi-input pipelining [5, 6]). This mini-

mizes the amount of memory required for buffering the

data. However, in practice, some memory is needed per

disk drive to eliminate hiccups that may arise due to

disk seeks incurred when the system switches from one

3FOr ~implicity ~ur initial discussion assumes that the mini-

mum bandwidth allocated to a request is BDl~k. In a later section

we show how fractions of BD,~k can be allocated.

cluster to another (described further in Section 3).

We further generalize the simple striping scheme (and

name it staggered strlptng) to support a database that

consists of a mix of multimedia objects, each with a

different bandwidth requirement. The rest of this paper

is organized as follows. In Section 2, we survey work

related to this study. Section 3 presents both simple

and staggered striping techniques. Section 4 presents

simulation results that compare striping with an earlier

technique termed virtual data replication. These

results verify the superiority of staggered striping. Our

conclusion and future research directions are contained

in Section 5

Parameter

BDtsp[aY

t f r

Bd,, k

&,,t,a,y

M,y

D

R

T.wi~.h

Tsector

S(Ci)

f.size

k

Definition

Bandwidth needed to display object

Transfer rate of a single disk drive

Effective bandwidth of a single disk

Bandwidth of tert,iary storage device

Degree of declust,ering for object A’,
B~,, P,. V(X)

‘~ = [ B~l,, ]

Number of disk drives in the system

Number of disk clusters in the system

The delay incurred when the system

switches from one cluster to another

Time required by a disk to transfer a

sector worth of data to memory

Service time of a disk cluster

Size of a fragment

Disks between X, n & X,41 “

2 Related Work

Striping [14, 1 I] and declustering [12, 9, 4] are two

popular techniques employed by both general purpose

multi-disk 1/0 subsystems (e.g., RAID [1 1]) and par-

allel database management systems (e.g., Gamma [1],

DBC/1012 [18]). Staggered striping extends these con-

cepts to multimedia information systems, and is novel

because its design enables either a multi-disk or a par-

allel system to guarantee a continuous retrieval of an

object at the bandwidth required to support its display.

In [5, 6], we extelided the concept of declustering to a

parallel multimedia system based oa the shared-notblng

architecture [17]. In [7], we extended this architecture

with a tertiary storage device and described: 1) vzrtual

data rep(zcatton as a mechanism to support multiple

users, and 2) three dynamic techniques to manage the

physical replica of objects. Virtual data replication

partitions the D disk drives in the system into R =

[~j disk clusters, and declusters an object across

the disk drives of a single cluster (i.e., assigns an

object to a single cluster). To avoid the cluster that

contains a frequently accessed object from becoming

the bottleneck for the system, dynamic techniques

were introduced to detect and replicate the frequently
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accessed objects across multiple clusters. While virtual

data replication was a significant first step to provide

support for a continuous display, the staggered striping

method is a major improvement because it avoids

formation of bottlenecks by striping an object across

the clusters instead of replicating it. This enhances

the overall performance of the system by enabling a

larger number ofobjects to become disk resident. This

observation is demonstrated further in Section 4.

Several terms will be used in the remainder of the

paper and are defined here.

Degree of Declustering (Mx): the number of

disk drives a subobject is declustered across; Mx =

[BD;::::x~l.

Fragment: unit of data transfered from a single

disk drive. Constructed bydeclustering a subobject

(Xi ) across Mx disk drives.

Subobject: a stripe of an object. It represents a

contiguous portion of the object. Its size is defined

as Mx x f.size.

Disk cluster: a group of disk drives that are
accessed concurrently to retrieve a subobject (Xi)

at a rate equivalent to BmsP/.Y(X).

Stride (k): the distance (i.e., number of disk drives)

between the first fragment of subobject Xi and the

first fragment of X;+l.

3 Two Striping Techniques

For the two striping techniques described in this section,

we assume the following:

● each object has a constant bandwidth requirement.

the display stations have a Iimlt,ed amount of

memory. This means that the data has to be

produced at approximately the same rate as its

consumption rate at a display station.

the network delivers the data to its destination

both reliably and fast enough; consequently, it is

eliminated from further consideration by this paper.

the bandwidth requirements of the objects exceeds

the bandwidth of both the tertiary storage device

and a single disk drive. This assumption is relaxed

in a later section.

We start by completing the description of the simple

striping technique which was briefly introduced in

Section 1. Next, we describe the limitations of

this technique for a database that consists of a mix

of media types, and present staggered striping as a

solution to these limitations. Subsequently, we describe

how staggered striping materializes objects from the

tertiary storage device and supports rewind along with

fast forward features. Other interesting features of

the allocation of disk bandwidth to requests are also

discussed.

3.1 Simple Striping

Assuming that all the objects in the database belong to

a single media type with a fixed bandwidth requirement,

Section 1 described the simple striping technique.

Figure 1 illustrates the placement of object X with

this technique. When the request service displays

X, it employs a single cluster at each time interval.
However, when the system switches from one cluster

(CO) to another (C’l ), the disk drives that constitute

C’l incur the seek and latency times associated with

repositioning their heads to the location containing

the referenced fragments. To eliminate hiccups that,
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might be attributed to this factor, simple striping

computes the worst case delay (termed T~WitCh ) for Cl

to reposition its heads and, relative to the consumption

rate of a display station, produces the data such that

a station is busy displaying T~W~tch worth of data when

the switch takes place (see Figure 3).

Assuming some memory is allocated for each disk

drive, the protocol for this paradigm is as follows. Upon

activation of the disk drives in a cluster, each disk drive

performs the following two steps:

1.

2.

3.

4.

m

Each disk repositions its head (this takes between O

to T$Wi~Ch seconds)

Each disk starts reading its fragment (it takes T,.ctor

seconds to read each sector)

When all disks have read at least one sector, the

synchronized transmitting of data to the display

stations is started

Disks continue reading of the complete fragment

overlapped with transmission to the display station

J .W~tCh represents the maximum duration of the first

step. T$ ~ct or is the time required to read a sector into

memory. The minimum amount of required memory is

a function of these two times and is defined as:

B~,s~ x (T,witch + T.ector) (1)

Simple striping splits time into fixed length intervals.

A time interval is the time required for a disk drive to

perform its four steps, and constitutes the service time

of a cluster (denoted S(Ci )), The duration of a time

interval is dependent on the physical characteristics of

the secondary storage device (its seek and latency times,

and transfer rate), and the size of the fragments.

To illustrate, recall the physical layout of X in Figure

1. Once a request references X, the system reads and

displays X. (using Co) during the first time interval.

The display of the object starts at step 3 of this time

interval. During the second time interval, the system

reads and displays X1 (using C’l ). The display time

of the cached data eclipses the seek and latency time

incurred by Cl (step 1), providing for a continuous

retrieval of X (see Figure 3). This process is repeated

until all subobjects of X are displayed.

Figure 2 further illustrates this object delivery scheme

for three requests referencing three different disk resi-

dent objects: X, Y, and Z. This figure demonstrates

the scheduling of clusters at midpoint of retrieval.

Subobject Xi+z is the last subobject of X. Thus, disk

cluster O does not read a subobject during both time

intervals 3 and 6, while disk clusters 1 and 2 do not

read subobjects during time intervals 4 and 5, respec-

tively. If a request were to arrive before time interval

3 referencing an object whose first subobject resides on

CLUSTER O CLUSTER 1 CLUSTER 2

~1 read Z(k+l ) read X(i+ 1) read Y(j+l)

:2 read YQ+2) read Z(IC+2) read X(1+2)

‘3

I
idle read Y(j+3) read Z(IC+3)

+4
xead Z(k+4) idle read Y(.J+4)

5
read YQ+5) read Z(k+5) idle

6
idle read Y(i+6) read Z(k+6)

● ✎

● ●

✎

✚

● ✎

Figure 2: Standard striping with 3 clusters

cluster O, then these idle tilme intervals would be used

to service the new request.

The fragment size is a parameter that has to be

decided at system configuration time. The larger the

chosen fragment size, the greater the effective disk

bandwidth. This is because after the initial delay

overhead to position the read heads (T. W,tCh), there is

little additional overhead no matter how much data is

read. More formally if tf r is the transfer rate of a single

disk, then the effective disk bandwidth Bd,,~ can be

computed as:

Bdiak = tf?’ X
j.saze

f-size + (T8WiiCh * tfr)

There is also a tradeoff between the effective disk

bandwidth and the time to initiate the display of an

object. At the instant of arrival of a new request

referencing an object X, the cluster containing .%

might be busy servicing another request while the other

clusters are idle. In this case, the request has to wait

until the cluster holding XO becomes available For

example, if a system consists of R disks clusters and

is almost completely utilized servicing R – 1 requests,

then in the worst case the latency time for a new

request is (R – 1) * S(C, ). In summary, as one

increases the size of a fragment, the display latency

time increases (undesirable) while the effective disk

bandwidth increases (desirable)

To illustrate, a typical 1.2 gigabyte disk drive [13]

consists of 1635 cylinders, each with a capacity of

756000 bytes. Its peak transfer rate is 24.19 mbps.
Its minimum, average, and maximum disk seek times

are 4, 15, and 35 milliseconds respectively. Its average

and maximum disk latency times are 8.33 and 16.83

milliseconds respectively. Typically a cylinder can be

read with an overhead of one seek and one latency.

Thus the time to read one cylinder is 250 milliseconds,

while the highest overhead due to seeks and latency is

16.83+35 = 51.83 milliseconds. If the size of a subobject

is chosen such that each of its fragments are oue cylinder
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Figure 3: Continuous data transfer from disk clusters

in size (i.e., size(subobject) = i14x * size(cylinder))

then S(Ci)= 301.83 msec. Thus, on the average, 17.2

percentage ofdisk bandwidth is wasted dueto the seek

and latency times. If two consecutive cylinders are

transferee, S(Ca) = 555.83 and the wasted bandwidth

will be only about 10 percent. In a typical system of

90 disks divided into 30 clusters of 3 disks, the worst

case transfer initiation delay would be about 9 seconds

in the case of 1 cylinder transfers and 16 seconds in the

case of 2 cylinder transfers.

Without loss of generality, and in order to simplify

the discussion, for the rest of this paper we assume that

the size of a fragment for each object z’ is two cylinders

(size(subobject) =A4i * 2 * size(cyiinder)). This is a

reasonable assumption because: 1) it wastes only about

10~0 of the disk bandwidth, and 2) the advantages of

transfering more than 2 cylinder from each disk drive is

marginal because of diminishing gains in effective disk

bandwidth beyond 2 cylinders.

When the database consists of a mix of media types

each with a different bandwidth requirement, the design

of simple striping should be extended to minimize the

percentage of wasted disk bandwidth. To illustrate,

assume that the database consists of two video objects:

Y and Z. The bandwidth requirement of Y is 120 mbps

(A4y = 6) and that of Z is 60 mbps (Mz = 3). A

naive approach to support these objects might be to

construct the disk clusters based on the media type that

has the highest bandwidth requirement, resulting in 6

disks per cluster (assuming BDi~k = 20 mbps). This

would cause the system to employ a fraction of disks in

a cluster when servicing a request that references object

Z, sacrificing 50% of the available disk bandwidth.

Staggered striping, described in the next section, is a

superior alternative as it minimizes the percentage of

disk bandwidth that is wasted.

3.2 Staggered Striping

Staggered striping is a generalization of simple striping.

It constructs the disk clusters logically (instead of physi-

cally) and removes the constraint that the assignment of

two consecutive subobjects of X (say Xi and Xi+l ) be

on non-overlapping disks. Instead, it assigns the subob-

jects such that the disk containing the first fragment of

Xi+l (i.e., X,+l,o) is k disks (modulo the total number

of disks) apart from the disk drive that contains the first

fragment of X, (i.e., X, O). The distance between ,l’i “

and Xi+l o is termed stride. If a database consists of

a single media type (with a degree of declustermg M.)

and D is a multiple of M@ then staggered striping can

implement simple striping by setting the stride to equal

to the degree of declusteriug of an objectq (k = Mx ).

Figure 4 illustrates both tile logical and physical

assignment of the subobjects of X with staggered

striping (with stride k= 1). As compared with sinlple

striping, the display of X with staggered striping differs

in one way: after each time interval, the disks employed

by a request shift k to the right (instead of Lfx with

simple striping). When the database consists of a mix of

media types, the objects of each media type are assigned

to the disk drives independently but all with the same

stride. Figure 5 demonstrates the assignment of objects

Z, X, and Y with bandwidth requirement of 40, 60, and

80 mbps, respectively (A4z =2, 11X =3, MY =4). The

stride of each object is 1. In order to display object, .Y,

the system locates the A4x logically adj scent disk drives

that contain its first subobject (disks 4, 5, and 6). If

these disk drives are idle, they are employed during the

first time interval to retrieve and display .1’o. During

the second time interval, the next f14x disk drives are

employed by shifting k disks to the right.

With staggered striping, it is easy to accommodate

objects of different display bandwidths with little loss

of disk bandwidth. The degree of declustering of objects

varies depending on their media type, However, the size

of a frag]nent (i. e , unit of tral]sfer from each disk drive)

is the same for all objects, regardless of their media type.

Consequently, the duration of a time interval is constant

for all multimedia objects. For example, in Figure 5, the

size ofsubobject YL is twice that ofsubobject Zi because

Y requires twice the bandwidth of object Z. However,

their fragment size is identical because Y, is declustered

across twice as many disks as Zi.

When displaying an object, staggered striping uses

4Virtual data replication can be implemented by k = D.
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Figure4: Staggered striping with 8disks

(b) Phys,cal d,sk layout
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Figure5: Staggered striping with 12 disks

the ideal number ofdisk drives per display during each have to wait because the nulnber of Idle disks (3) IS

time interval and thereby doesnot waste the bandwidth

of the employed disks. However, it may cause afraction

of the disk drives to remain idle even though there are

requests waiting to be serviced. This occurs when the

idle disk drives are not adjacent due to the display

of other objects. This limitation is termed bandwidth

fragmentation. Toillustrate, consider the assignmentof

X, Y, and Zin Figure5. Assume an additional object

(say W) with the same bandwidth requirement as object

Yis disk resident (A4w =4). Suppose the placement of

W. starts with disk 4 (Woo is stored on the same disk

drive containing XO.0). If the system is busy servicing

three displays referencing objects X, Y, and Z, then

there are three disk drives that are idle. Assume that

a new request arrives referencing object W. It would

less that its required numberofdisk drives (4). If ’the

display of object X now completes then there would be

a total of six disks available. However, the system is

still unable to display object W because the available

disk drives are not adjacent, to each other (they are in

groups of three separated by the display ofY’ and Z).

The system cannot service displays requiring more than

three disks until thedisplay ofeitller Y or Z completes.

It isinteresting to note that theallocation of disk re-

sources to satisfy requests now has fragmentation prob-

Iemssimilar tothose ofdynamic memory allocation. In

the remaining subsections, we discuss the bandwidth

fragmentation problem as well as other design parame-

ters and how to provide other functionality such ,as fast

forward and rewind.
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3.2.1 Fragmentation 3.2.2 Stride

Bandwidth fragmentation can be alleviated by careful

scheduling of jobs, but cannot be completely eliminated.

However, with additional memory for buffer space and

additional network capacity, the bandwidth fragmenta-

tion problem can be solved. To accomplish this, assume

that a fragment can be read from the disk into a buffer

in one time interval and, in a subsequent time interval,

the same processor node can concurrently transmit to

the network both (a) the previously buffered fragment,

and (b) a disk resident fragment (using the pipelining

scheme outlined earlier). In this section, we show how

to use buffers to utilize a set of disks that are not adja-

cent to deliver an object. We also show how to dynam-

ically coalesce bandwidth fragmented disks as interven-

ing busy disks become available.

Figure 6 illustrates an example of how our approach

works. In the figure, the white regions indicate which

disks were available for serving new requests while the

shaded regions are disks busy serving other requests. A

request arrives at time O for an object X with a degree

of declustering equal to 2. Further the stride is 1 in

this example and the initial subobject XO is stored on

disks O and 1. There are 2 free disks, but they are not

consecutive; there are 2 intervening busy disks. Disk

1 is free and is in position to read fragment XO. 1, but

disk 6 which is also free will not be in position to read

fragment XO.O until time interval 2. In order to support

bandwidth fragmented delivery of object X, disk 1 can

keep fragment XO. 1 in memory until time 2 when it can

be delivered along with fragment XO.O. Thus at time 2,

fragment XO.O is pipelined directly from disk O to the

network, while node 1 transmits fragment XO. 1 from its

buffers (while disk 1 is concurrently servicing another

request ). Similarly disk 2 reads fragment Xl. 1 at time

1, and buffers it until time interval 3 when both X1.O

and X1.1 can be delivered.

Figure 6 also illustrates how bandwidth fragmented

requests can be dynamically coalesced. Suppose at time

interval 5, the 2 intervening disks have completed their

service and become free. At that point, the bandwidth

fragmented request can be completely coalesced so

that the disks supporting the transmission of object X

are adjacent (depending on how many disks become

free, a bandwidth fragmented request may be only

partially coalesced). By the start of time interval 5,

fragments X3. 1 and X4.1 are already buffered, and have

to be delivered before reading recommences. During

time intervals 5 and 6, fragments X3.1 and X4.1 are

delivered from buffers while fragments X3.O and X4.O

are delivered directly from disk. Starting at time 7, the

coalescing has been completed and the 2 consecutive

disks pipeline the fragments directly from the disk to

the network.

The choice of a value for the stride (k) must be

determined at system configuration time. It may vary

in value from 1 to D since a value (say i) greater than

D is equivalent to z modulo D. The choice of Ii and D

is important as particular combinations of values for k

and D can result in very skewed load on the disks, both

storage capacity and bandwidth capacity

We illustrate the above points by first considering

the two extreme values for k (1 and D). Assume

a system with 10 disk drives (D=1O) and a large

object X consisting of hundreds of cylinders worth of

data. Assume that the degree of declustering for each

subobject of X is 4 (MX=4). If k=l, then the number

of unique disks employed is 10 (D), 4 at a time and

for S(Ci ) duration before moving to a new set of 4

disks. If k=D, then all subobjects of X are assigned

to the same disk drive. Hence, the number of unique

disks employed to display X is A4x, each for the entire

display time of X ( E~~Y~~/~- ) ) Assume requests for

objects X and Y arrive to both systems (one systeln

with k=l and the other with k=D) and where .% [1

and Y. o reside on the same disk. Assume that the

requests arrive in the following order: X followed by }’”.

In this case, with k= 1, Y observes a delay equivalent

to S’(Ci) (typically less tball a second). With k=D, }“

observes a delay equivalent to the display time of .1

which is very much larger and generally unacceptable.

To prevent data skew, the subobject size of every object

in the system must be a multiple of the GCD (C, reatest

Common Divisor) of D, the total number of disks, and

k, the stride. In particular, a stride of 1 guarantees no

data skew. Similarly, any choice of D and k such that,

D and k are relatively prime guarantees no data skew.

Note that with k=D, the display of each object

is very efficient because the system can cluster the

different subobjects of X on adjacent cylinders IU order

to minimize the percentage of disk bandwidth that is

wasted (saves of less than 1070 of the disk bandwidth).

Section 4 demonstrates the tradeoffs between these two

alternative values for k. The results show that saving

of less than 10% of the disk bandwidth as compared to

the high probability of collisions is not beneficial.

When k ranges in value between 1 and D, the size

of an object X determines the number of disk drives

employed to display X because the size of each fragment

is fixed (a cylinder in our case). To illustrate, assume

D=1OO and an object .Y consist of 1O(I cylinders (flf~-

= 4). With k = MX (i.e., simple striping), .\- is spread

across all the D disk drives. However, with k= 1, ZY is

spread across 28 disk drives. In this case, the expected

display latency with k = 1 is higher than with k = Alx.
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Figure 6: Utilizing bandwidth fragmented disks

3.2.3 Low Bandwidth Objects

There are object types for which BDi,pr.y < BDisk.

These might include certain types of audio or slow scan

video. Similarly, there are objects whose bandwidth

requirement is not an exact multiple of BDi$k. In these

cases there will be wasted disk bandwidth due to the

request to use an integral number of disks. For example,

an object requiring 30 mbps when BDiS~ = 20 would

waste 25 percent of the bandwidth of the two disks

used per interval. Staggered striping can be used to

more efficiently support these low bandwidth objects at

a cost of some additional buffer space. To efficiently

use disk space and disk bandwidth, we propose that

subobjects of 2 or more low bandwidth objects be read

and delivered in a single time interval. Consider two

subobjects Xi and Yj , each of which hm ~~i~P/ag =

1/2 BD~a~, and which are to be read during the same

time interval. The data in subobject Xi needs to be

delivered during the entire time interval including the

time when Yj is being read. An additional buffer can
be used to store part of Xa while subobject Yj is being

read. Similarly, part of Yj needs to be buffered while

Xi+l is being read during the next time interval. Note

that we are again assuming that a node can concurrently

transmit from a main memory buffer and from a disk

using the pipelining scheme.

Figure 7 illustrates how this is accomplished. During

the first half of the first time interval subobject XO

is read, and the first half of XO (represented as XOa)

is transmitted using pipelining. The second half of

subobject XO, XOb, is buffered for transmission during

the second half of the time interval. In the second half of

the first time interval, subobject Y. is read and both YOa

and XOb (from the buffer) are transmitted. YOb now

needs to be buffered for transmission during the first

half of the second time interval. This process continues

until the objects complete transmission.

This scheme effectively divides each disk into two

logical disks of approximately one half the bandwidth of

the original disk. This scheme can also be beneficial in

reducing the overhead due to use of an integral number

of disks. In effect, the request is now that an integral

number of logical disks be allocated to a request. For

example, an object that has l?DiSP/~Y = 3/2 B~,.k can

be exactly accommodated with no loss due to rounding

up the number of disks. In general, the waste due to

rounding is reduced.

3.2.4 Materializing Objects from Tertiary

Store

This study assumes that the bandwidth of tertiary store

is lower than the bandwidth required to display an

object. When materializing an object X, the tertiary

device cannot produce an entire subobject during each

time interval to write to a disk cluster (it produces
BT, r,, ary

BD,, pta, (~)
x size(subobject)). If an object is stored

in a sequential manner on the tertiary store, then the

bandwidth of both the disk and the tertiary store will

be wasted. This is due to the layout mismatch between

the organization of data on tertiary store and that

on the disk drives: the organization of an object on

the disk drives is not sequential. When materializing

ob”ect X, this mismatch will cause the system to write
d Teri, arg

BD,.plav(~)
of subobject X. to A4X idle disk drives in
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Figure 7: Staggered striping with low bandwidth objects

the first time interval, In the second time interval,

the system moves k disks to the right, requiring the

tertiary device to produce _ of Xl. This would

require the tertiary store to reposition its disk head.

This reposition time is typically very high for tertiary

storage devices and may exceed the duration of a time

interval. In this case, the system would be required

to materialize a different subobject every other time

interval with the tertiary spending a major fraction of

its time repositioning its head (wasteful work) instead

of producing data (useful work).

One approach to resolve the mismatch between the

tertiary store and the disks is to write the data on the

tape in the same order as it is expected to be delivered

to the disks. To illustrate, assume an object X with

bandwidth requirement of 80 mbps, If the bandwidth of

the tertiary store is 40 mpbs and the bandwidth of each

disk drive is 20 mbps, then the fragments of X could be

stored on the tertiary based on the organization of the

fragments across the disk drives: XO o, XO 1, Xl o, XI 1,

X2.0, X2,1, etc. The materialization of object X would

employ two disk drives in each time cycle. During the

first time cycle it writes the first two fragments of the

subobject XO (XO.0, and XO.1), while during the second

time cycle, it moves k disks to the right and materialized

the first two fragments of Xl (Xl o, and Xl 1) without

repositioning its head. This process is repeated until

X is materialized in its entirety. A limitation of this

technique is as follows. If the bandwidth of a disk

relative to the tertiary store were to change, then all

the data on the tertiary would have to be re-recorded.

3.2.5 Rewind and Fast-Forward Features

Thus far, we have described the delivery of an object at

a constant bandwidth (BD~SPldY). Other features such

as rewind, fast-forward, and fast-forward with scan may
also be desirable. Rewinding or fast-forwarding to any

spot in the data can be accomplished by waiting for

the set of disks servicing the request to advance to the

appropriate position. Alternatively, if the appropriate

number of disks that contain the referenced location in

an object, are idle, then the system can employ them to

service the request immediately. Even though there is a

bandwidth/layout mismatch, the user will, not observe

hiccups since the system displays no data.

Fast-forward with scanning is more complicated be-

cause there is a bandwidth/layout mismatch and images

need to be displayed. This is because the data is Iald out

for normal speed delivery, but, there is an occasional de-

mand for fast delivery of only a fraction of the data. For

example, typical fast forward scans of VHS video dis-

play approximately every sixteenth frame. In order to

provide this functionality, our approach stores a fast for-

ward replica object for each object in the system. This

replica would be a small fraction of the size of a subob-

ject. When fast forward scan is invoked, the system uses

this replica to support the display instead of the normal

speed object data. When a request. for the fast forward

replica arrives, disks at (or close to) the correct point in

the fast forward replica can start displaying the replica

instead of the normal speed object. If excess bandwidth

is not available, the system may incur a transfer initi-

ation delay when switching to the fast forward replica

(and back to the normal speed replica). This should

not be a serious problem because exact synchronous de-

livery is not expected when switching between normal

speed delivery and fast forward scanning.

4 Performance Evaluation

We have implemented staggered striping using the

CSIM [15] simulation language. In this section we

compare simple striping (special case of staggered

striping, implemented by setting k=fifx ) with an earlier

introduced technique termed virtual data replication [7]

(described in Section 2). We start by describing the

simulation model employed for both strategies and their

parameters. Next, we summarize the performance

results obtained. These results clearly demonstrate the

superiority of staggered striping.
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Disk Parameters

Storage Capacity 4.54 gigabyte

Number of Cylinders 3000
Storage Capacity ofa Cylinder 1.512 megabyte

Average Latency Time 8.33 msec

Maximum Latency Time 16.83 msec

BD~,k 20 mbps

Minimum Seek Time 4 msec

Maximum Seek Time 35 msec

Average Seek Time 15 msec

Database Parameters

~

Number of Subobjects/object

I Svstem Parameters I

Number of Dis~s (D) 1000
Number of Tertiary Devices 1

Stride (k) 5 I
BTertiarY 40 mbps

Table 1: Important simulation parameters

4.1 Simulation Model

The simulation model consists of four main modules:

the Display Station, Centralized Scheduler, Disk, and

Tertiary Storage. Each Display Station consists of a

terminal that generates the workload of the system.

Each Disk provides a 20 megabit per second bandwidth

(Bm,~=20 mbps) and consists of 3000 cylinders, each

with a capacity of 1.512 megabytes. Thus, the capacity

of each disk drive is 4.5 gigabyte5. The Tertiary

Storage device provides a 40 mbps bandwidth. The

Centralized Scheduler implements an Object Manager,

a Disk Manager, and a Tertiary Manager. The Object

Manager maintains the availability of different objects

on the disk drives. Once the storage capacity of the disk

drives is exhausted and a request references an object

that is tertiary resident, it implements a replacement

policy that removes the least frequently accessed object

with the referenced object. The Disk Manager keeps

track of the different disks and their status (busy or

idle) for each time interval. The simulation model

was configured to consist of 1000 disks. The Tertiary

Manager maintains a queue of requests waiting to be

serviced by the tertiary storage device.

The database consists of a single media type. The

bandwidth requirement of this media type is 100

megabits per second (~DiSpIay = 100 mbps, lf=5).

All objects are equi-sized and each consists of 3000

5At the time of this writing, 4 gigabyte dkk drives are com-
mercially available (e.g. from Digital) at a cost of $0.82/megabyte
of storage.

# Display Dtstrtbttiaon of Access I

Stations 10 20 43.5

Table 2: Percentage improvement in throughput (num-

ber of displays per hour) with simple striping as com-

pared to virtual data replication.

subobjects. The size of each fragment is equivalent

to the size of a cylinder (si~e(subobject) = 5 x

si.ze(cylirder)). Hence, the display time of each object

is 1814 seconds (30 minutes and 14 seconds). The size

of the database is approximately ten times the available

disk storage capacity.

Both simple striping and virtual data replication con-

struct 200 disk clusters (~ ). Virtual data replication

assigns an object to a single disk cluster. With the cho-

sen simulation parameters, at most one object can be

assigned to a cluster (the storage capacity of the cluster

is exhausted by one object). The simulation was coll-

figured to detect and replicate the frequently accessed

objects in order to avoid the formation of bottlenecks.

Simple striping also allows 200 objects to become disk

resident, however, it stripes each object over all the

available clusters.

A user employs a display station to request an object.

We assume that a display station can display only one

object at a time. In our experiments, we varied the

number of display stations from 1 to 256 in order to vary

the system load. We assumed a closed system where

once a display station issues a request, it does not issue

another until the first one is serviced. We also assume

a zero think time between the requests. This parameter

was chosen in order to stress the system and compare

striping with virtual data replication in the worst case

scenario.

We varied the distribution of access to the objects

from uniform to skewed in order to analyze the perfor-

mance of the different techniques with various working

set sizes. In each case the object reference probabilities

were modeled by a (truncated) geometric distribution.

The mean was varied to mode] different reference pat-

terns from highly skewed to more uniform. We analyzed

three different values for the mean: 10, 20, and 43.5

(resulting in approximately 100, 200, and 400 unique

objects to be referenced, respective y ).

4.2 Performance Results

61t was configured with the Minimum Response Time (MR~)
state transition diagram [i’].
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Figure 8: Obtained results

Figure 8 presents the performance of both virtual

data replication and simple striping for various system

loads, with the results for each distribution appearing in

a different graph. In general, as the distribution of ac-

cess to the objects becomes more uniform, the through-

put of the system with both techniques decreases. This

is because the probability of a request referencing an ob-

ject that is not disk resident (and incurring the overhead

of materializing the object from the tertiary storage de-

vice) increases.

For a low number of display stations (one or two),

both techniques provide approximately the same through-

put. However, as the system load increases, simple

striping outperforms virtual data replication by a wider

margin. Table 2 shows the percentage improvement

in throughput with simple striping. With a skewed

distribution of access to the objects (see Figure 8a),

simple striping outperforms virtual data replication be-

cause by striping it prevents a frequently accessed ob-

ject from causing a cluster to become the bottleneck for

the system (virtual data replication detects and resolves

bottlenecks by replicating the frequently accessed ob-

jects). When the distribution of access becomes more

uniform, simple striping continues to provide a supe-

rior performance because it allows a larger number of

unique objects to become disk resident (by replicating

the frequently accessed objects, virtual data replication

reduces the number of unique objects that are disk res-

ident).

As the distribution of access becomes more uniform
(Figure 8. b), the tertiary storage device starts to

become the bottleneck and determines the overall

processing capability of the system. This reduces the

percentage improvement observed with simple striping.

5 Conclusion and Future Research

This paper describes staggered striping as a novel tech-

nique for the placement of data in parallel multimedia

information systems. Its design enables the system to

guarantee a continuous retrieval of an object at the

bandwidth required to support its display. Moreover,

it provides effective support, for multiple users and a

database consisting of a mix of media types where each

media has a different bandwidth requirements. The

evaluation section of this paper demonstrates the su-

periority of staggered striping as compared to an earlier

introduced technique termed virtual data replication,

We believe that staggered striping is a promising

area of research and intend to extend this study

in several ways. First, we intend to extend Its

design to avoid the use of maximum seek and latency

times. This requires further simulation ajld analytical

studies to investigate the role of larger buffers to

increase our effective bandwidth. Second, we plan

to investigate scheduling policies for multiple users

to address questions such as: 1 ) Should a request

with a small display time have priority over other

requests? 2) Should a requests referencing disk resident

objects have a higher priority than those requests

referencing tertiary resident objects? 3) How can

multiple requests be scheduled fairly in order to avoid

starvation? Some of these questions have analogues in

the area of memory management, however, it 1s uot

clear if the solutions are identical. And finally, we

intend to investigate an implementation of staggered

striping. In particular, the limitations imposed by

the bandwidth of a network needs further investigation

(e.g., the aggregate bandwidth of a system consisting of

100 disks is one gigabit per second)
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