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ABSTRACT

In this paper, we describe our experience in building an in-
tegrated multimedia storage system, Prism. Our current
Linux-based implementation of Prism provides three lev-
els of service: deadline guarantees for periodic applications,
best-effort better response times for interactive applications
and starvation-free throughput guarantees for aperiodic ap-
plications. Prism separates resource allocation from resource
scheduling. Resource allocation is controlled across the ser-
vice classes by a system-wide policy and service class specific
admission controllers. Resource scheduling is done at the re-
sources. This separation allows Prism to be deployed even
when the storage system is separated on a network from the
file system.

We report on the important aspects of Prism architecture,
innovations required to build Prism on top of Linux and
lessons learned during the implementation and testing of
Prism. We present experimental results to show that Prism
achieves its goals in supporting multiple service classes within
a single system. We compare Prism against standard Linux
operating system to show the impact of our approach.

Categoriesand Subject Descriptors

D.4.2 [Operating Systems]: Storage Management; D.4.3
[Operating Systems]: Organization and Design
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1. INTRODUCTION

Multimedia data may be represented in various forms-
text, data, image, audio, and video etc. We classify the
numerous multimedia data types in to 3 classes based on
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their presentation characteristics. The periodic service class
encapsulates all continuous media streams such as video and
audio. These streams require real-time service. However pe-
riodic streams can tolerate few data blocks missing deadlines
at the presentation device and still maintain good presen-
tation quality due to error resilient coding schemes [12, 22].
There is another class of applications which require fast ser-
vice from the system in order to present a response to the
user to preserve its interactive nature. Streams with such
service requirements are categorized as interactive streams.
All data access streams not belonging to any of the service
classes are classified as aperiodic streams. An integrated
multimedia storage server services all 3 classes of data, mul-
tiplexing its limited resources among the service classes ac-
cording to their performance goals.

Prism in an integrated multimedia storage server. We
have designed Prism to accomplish the following service ob-
jectives.

o Meet soft real-time requirements of periodic streams.
e Provide prompt response for interactive streams.

e Provide best effort starvation free service for aperiodic
streams

o Maximize storage system throughput and fairness among
service classes.

We named our system after the optical instrument prism,
inorder to emphasize the basic design concept. An optical
Prism would separate a ray of white light in to its constituent
spectrum. Similarly the Prism storage server separates the
storage I/O requests arriving at the server in to many service
classes and provides service based on the service class the
request belongs to.

Current industry trends point to the need for consolidat-
ing storage of multiple servers into a single system. This
separation of file servers from storage systems requires that
appropriate multimedia support be available at both the
file servers and the storage systems. In conforming to this
trend, we have designed the Prism architecture to enable
the placement of functionality specific to the storage device
at the storage system and the functionality specific to the
file system at the file system host. Prism architecture can
also be extended to facilitate multi homed devices.

We have implemented a prototype of Prism on a Linux
based PC server. The significant contributions of this paper
are the following. First, we present the Prism integrated



multimedia server architecture. Second, we discuss our ex-
perience in implementing Prism on a Linux based PC server
and present the insights gained during this exercise. We
also present performance results to substantiate that Prism
outperforms a standard Linux based PC server in provid-
ing multiple classes of service. We will also discuss how we
interfaced NFS to Prism and present NFS performance on
Prism.

The road map of this paper is as follows. In Section 2, we
will briefly compare our work with other related multime-
dia system implementations. In Section 3, we will present
a synopsis of the resource scheduling and resource alloca-
tion policies discussed in [25, 24] that form the basis for
Prism. In Section 4, we will describe the Prism multimedia
storage system architecture. In Section 5, we will describe
the implementation details and our experiences in imple-
menting Prism on Linux 2.2 platform. In section 6, we will
present experimental results to compare Prism against stan-
dard Linux. Section 7 concludes the paper.

2. RELATED WORK

The multimedia system design points described in [9, 15,
16, 21] are similar to our research focus. The merits of pro-
viding integrated services as opposed to having partitioned
servers was discussed by Shenoy et al. in [19]. They argue
that except for certain limited combinations of loads, the in-
tegrated server outperforms the partitioned server with the
same amount of resources. Providing services for continuous
media from storage systems has been receiving wide atten-
tion. Most of the research in multimedia storage systems is
focussed on service isolation between streams belonging to
only two service classes: namely, periodic and aperiodic [13,
3, 11, 21]. These schemes typically use a deadline driven ap-
proach to provide soft real-time service for periodic streams
and best effort service for aperiodic streams. In Prism, in
addition to providing these services for periodic and aperi-
odic streams, we provide best-effort better response times
for interactive streams.

The QLinux multimedia operating system employs the
Cello disk scheduling algorithm [10]. They define 3 ser-
vice classes similar to the ones we define in this paper. In
QLinux, the Cello disk scheduler is implemented between
the block device interface and the buffer cache. The disk
scheduler is scheduled either by a kernel thread or by the ap-
plication processes. In Prism, the disk I/O scheduler is im-
plemented between the OS block device interface and the de-
vice driver and is scheduled by interrupts. Therefore, Prism
is more suitable for a distributed storage environment as the
scheduler is completely decoupled from the host operating
system.

Eclipse [2] provides differentiated service from the storage
system for multiple service classes. Eclipse ensures that all
resource consumers get the allocated bandwidth based on
cumulative bandwidth consumption. In Prism, we pay at-
tention to performance requirements of service classes over
finer time granularity.

3. BACKGROUND

Providing integrated services requires differentiating among
service classes and allocating and scheduling requests based
on the characteristics of the service required by individual
service classes. In our framework, we separate resource al-

location from resource scheduling. Resource allocation can
be enforced through a system wide policy and service class
specific admission controllers. Resource scheduling is done
at individual devices. Separating resource allocation and
resource scheduling enables, assignment of responsibilities
to modules that are better equipped to carry out specific
functions. For example, the admission controllers can bet-
ter use the access stream characteristics and could be placed
closer to the application level. The disk I/O request sched-
uler can optimize overall disk access and meet the response
time goals of each service class if placed closer to the device
level. Our current implementation of Prism focused on the
disk and storage resources. We employed Linux’s network
QOS infrastructure to schedule the outgoing transfers at the
storage server’s network interface. Scheduling of buffer and
processing resources is not discussed here.

Figure 1illustrates the system model. The request streams
belonging to various service classes have to go through the
admission controllers. The admission controllers are em-
ployed to limit resource consumption to ensure that one ap-
plication class does not dominate another application class
with lower priority treatment at the resource scheduler. The
requests which go through the admission controllers are pre-
sented to a local or remote storage device. At the storage
devices the requests from different I/O classes are pooled
and scheduled according to the response time objective of
each service class. Device level optimization techniques such
as SCAN optimization are also factored into the scheduling
decision. We have proposed an admission controlling algo-
rithm for periodic streams in [24] and disk I/O scheduling
algorithm for providing integrated services for disk I/O in
[25].

The disk I/O scheduler schedules I/O requests in two time
frames: namely mainperiod and subperiod. There are sev-
eral subperiods per mainperiod. We assume that all periodic
requests for the current main period are present before the
main period starts. Every main period, we create a com-
bined SCAN ordered list of periodic requests and available
aperiodic requests. In the absence of interactive requests,
these requests could be served in a SCAN order. In order
to provide better response times for interactive requests, ev-
ery subperiod, we allow the scheduler to disturb the SCAN
order. Smaller subperiods allow faster response times for in-
teractive requests at the cost of increased seek times. Every
subperiod, we examine the interactive list which is main-
tained in FIFO order and schedule the first interactive re-
quest. An interactive request is scheduled only if there is
sufficient slack to schedule periodic requests for the current
main period and an aperiodic request is scheduled only if
there is sufficient slack time for both periodic and interactive
requests. Service class specific admission controllers limit
the resource consumption of specific class to assigned lev-
els. This allows starvation-free service for all request classes.
The above approach forms the basis for Prism.

4. PRISM ARCHITECTURE
4.1 Designstrategy

Prism is a system architecture for a storage system that
provides integrated services. In this section, we will present
the Prism architecture, its design strategy and design issues.
We have paid special attention to minimize the changes to
the host operating system(Linux) and the Clint side oper-
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Figure 1: Prism resource allocation and resource
scheduling model

ating system and applications.

4.2 Componentsof Prism architecture

Prism provides service for periodic, aperiodic and interac-
tive streams . It is suitable to be deployed in a file server
which services a mix of service classes in one system. It
consists of the following components.

e A QOS context management module.

e An API for communicating the service class to the
QOS context manager

e File system and kernel support to accommodate pri-
oritizing requests and maintaining QOS parameters of
various streams.

e An architecture for layered drivers.

e A scheduler to schedule I/O requests to the storage
system.

e Application layer support for providing integrated ser-
vices.

o Client side support for interacting with Prism server.
Figure 2 illustrates the layout of the above components.

4.3 Application layer support, Prism API and
the QOS contextmanager

In Prism, the QOS aware file I/O operations are carried
out on opened instances of files. In most operating systems,
an opened instance of a file is identified by a file handle or
a file descriptor. There is a broad selection in associating
the service class to the accessed stream. In one extreme,
we can maintain the service class as part of the persistent
data of the file such as in the inode structures. Since persis-
tent file information is typically shared by active processes
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Figure 2: Prism server component layout

in most operating systems, all streams that access a partic-
ular file will get only one level of service at any time. Such
a scheme would limit the ability of a file to be opened in
multiple service classes by multiple users. On the other end
of the spectrum of options, the QOS information can be sent
with each I/O call. The server will need to maintain only
minimal QOS state in this scenario. However sending QOS
information per call entails changing file systems, commu-
nication protocols and even applications. Furthermore it is
likely that the admission control process will be in the data
transfer path making the I/O call overhead prohibitively
large.

Since Prism maintains the QOS context based on the
opened instance of a file it is sufficient to provide a simple
API only to start and stop a stream. This API must create
the QOS context for the started stream using the QOS con-
text manager. A disk I/O request has to percolate through
several levels before it is satisfied by the disk subsystem. In
a typical operating system these levels may include system
call interface, file system, buffer cache, virtual memory man-
ager, operating system block device support and the device
drivers [7]. If QOS aware operations are carried out at each
of these levels, access to the QOS context of the data ob-
ject is required. The task of the QOS context manager is to
make the service class information of each opened file avail-
able to various kernel entities at each layer. This operation
necessarily entails maintaining state of the accessed stream
inside the kernel. If the operations are carried out in the
server itself, the service class can easily be associated with
the accessed stream by simply labeling the stream. However
it is challenging to maintain QOS context for stateless ap-
plications such as NFS [6] ? by associating the service class
with opened stream for each independent I/O operation in
the absence of a session state. In such a case, some involve-
ment of the server front end may be required to create the
session QOS context.

Before starting a data transfer, the client has to estab-
lish a data transfer session with the server. At the Prism
server there is a server process for each service class listen-
ing to the incoming requests for that service class. Once a
request arrives, this process would spawn another process
which would henceforth handle the data transfer session.

2NFS version 2



This server side process carries out the admission control
procedures. If the stream is admitted, the server side pro-
cess will use the Prism API and create the QOS context for
the opened session. The peer process may then optionally
go on to carrying out service class specific operations during
the life time of the session. The peer process carries out the
functionality of Prism server front end depicted in Figure 2.

The Prism server front end is better implemented at the
application level instead of the kernel level since it carries
out activities intimate to the data contents of access streams.
For example the admission control operations for periodic
streams described in [24] use the access patterns of periodic
data streams. Furthermore, in the application layer there
is sufficient flexibility to modify the procedures depending
on how much they get involved in the data transfer process.
The design guideline is to minimize such involvement. For
example, in the case of the admission control procedure for
periodic streams presented in [24], admission control func-
tion is carried out only one time per session at the start of
the periodic stream. Therefore, elaborate procedures can
be used to ensure proper admission procedures. Whereas a
rate controller for interactive requests which participate in
the I/O data transfer process can be simplified to minimize
its impact.

4.4 File systemsupport,kernelsupportandthe
layered driver support

We mentioned in section 4.3 that an I/O request needs to
go through several levels in the kernel before the it is satis-
fied. At each of these layers QOS aware operations need to
be carried out. Such QOS aware operations may vary from
simply labeling a data object with the appropriate service
class to doing a detailed transformation to data. Resolving
the service class for each access stream poses a challenge
as the stream context is lost at the lower levels of the ker-
nel. For example, in Linux® operating system the access to
stream context is lost at the buffer cache level. Furthermore,
the access to the process context is lost at the device driver
level [4]. Therefore, Prism kernel and file system support
components need to resolve the service class of each data
object at each layer of the operating system. Our design
guideline was to resolve the service class as early as possible
and copy the service class to each layer below.

For algorithms that scheduled multimedia disk I/O re-
quests, the scheduler has to have the capability of accessing
all disk I/O requests. The disk I/O traffic is generated by
several entities in a typical operating system. The I/O traf-
fic may be generated by explicit disk I/O requests such as
read() or write() system calls or may be generated by oper-
ating system events such as page faults or may be generated
by house keeping procedures such as buffer cache synchro-
nization [7]. All these requests go through the operating
system block device support layer. Therefore the best loca-
tion to place the Prism scheduler is between the operating
system block device support routines and the disk device
driver. To plug in such a scheduler layer there has to be some
facilities in the operating system. For example in Microsoft
Windows NT version 4.0 operating system such facility ex-
ists in the form of filter drivers [1]. Filter drivers can be
gracefully plugged in at boot up time by modifying the I/O
request packet redirecting information database of the I/O
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manager. This can be done by modifying the configuration
registry. Some operating systems do not have the layered
driver architecture built in. For such platforms a layered
driver architecture needs to be created to deploy Prism. To
our best knowledge Linux version 2.2 operating system did
not have such layered driver architecture support.

Figure 3 illustrates the configuration of the layered driver
architecture. The normal data path is depicted in the left
hand side of the figure. The system configuration is modified
to redirect the data path through the layered driver as shown
in the right hand side of the figure. The redirection infor-
mation is modified when the layered driver is instantiated
in the system, done as a system administration task. The
device driver may want to communicate the device queue
status to the layered driver. The call back facility, which
is initialized at the driver instantiating time can be used
for this purpose. Unlike processes in the operating system,
there are no explicit schedulers for layered drivers. Layered
drivers will typically be scheduled in the interrupt context.
The main function of the call back facility is to have a way
of communicating to the scheduler, any relevant event that
occurs inside the device driver.

4.5 1/0O requestscheduler

As illustrated in Figure 3 the scheduler uses the layered
driver architecture to trap all I/O requests to the disk de-
vice. A kernel timer facility is necessary for the Prism disk
1/0 scheduler [25] to function. Most contemporary kernels
provide such timer facilities. The scheduler routines that
get invoked when a subperiod or a mainperiod event occurs
need to be reentrant as these routines would typically be
scheduled in the interrupt context. The layered driver call
back facility can be used to create a subperiod event when
the device driver request queues become empty. The sched-
uler implements its own queues which holds the I/O requests
till they are scheduled to the device. A dispatcher invoked
at every subperiod would schedule requests from the inter-
nal scheduler queues to the device queues. There needs to
be an instance of the scheduler per disk. If the scheduler is
implemented using the layered driver architecture it can be
a self contained module. There for it is possible to detach
the scheduler from the Prism server and place it at a remote
storage device away from the file server. This flexibility will
be advantageous if Prism is deployed in a network attached
storage device or a storage area network environment.



4.6 Client sidesupport

The minimal requirement from the client is to inform the
Prism server, which service class it opens the stream in.
All streams opened without such a specification will belong
to the aperiodic service class. Once the client application
decides the service class, there should be some protocol to
communicate the service class to the Prism server and estab-
lishing the QOS context of the opened stream. This simple
functionality can be easily implemented as a set of shared
library calls which the client application needs to use. In
this case, the client side binaries will have to be updated.
Moreover, in Prism the QOS context establishment process
is independent of the data I/O operations. Therefore the
client can establish the QOS context as a separate control
activity and use legacy applications to transfer data and still
receive the required QOS from the server.

5. IMPLEMENT ATION

We have implemented Prism in Linux version 2.2 plat-
form. We used the Linux standard ext2 file system for the
testbed and NFS as a test application. In this section we
will summarize our implementation experience under sev-
eral headings. In each section we will distinguish between
the lessons learnt and our innovations.

5.1 Application supportand QOScontextman-
ager

INNOVATION:QOS context manager
The QOS context manager is built into the kernel as a part
of the Virtual File system Switch(VFS) layer. When the
QOS context manager is initialized an association is made
between the file system in-core super block data structure
and the QOS information including a linked list of empty
QOS nodes. A QOS node per opened stream is identified
by the <user id,group id,client id,file inode,access
key> tuple. All this information is available at the applica-
tion. The access key is used to ensure that the client does
not violate his QOS agreement. Access key is also used to
identify between two occasions of the same client opening
the same file in multiple service classes. Creation of the ac-
cess key is up to the application front end. The QOS context
manager simply stores it. To reduce the service class resolv-
ing overhead we maintain the active QOS nodes in a hashed
linked list, hashed by the inode number and the address of
the in-core file system super block data structure.

When describing the Prism architecture we explained that
application support depends on the service class. The ape-
riodic service class is the default service class. Therefore it
does not need special treatment at the application level. For
periodic and interactive service classes the application layer
front end has to participate in two stages— QOS context
establishment stage and data transfer stage.

For both service classes we use a similar strategy for QOS
context establishment. If the application and the Prism
server are sharing the same context of a machine it is easy
to create an association between the opened stream and the
QOS context node by creating a link to the QOS node from
the opened file data structure. However when the client and
the server are not sharing the same context such as in the
case of a remote client, we have to provide a representation
of the opened stream at the server side. This can be done
using several techniques. In Prism, we do this by creating a
transient symbolic link to the opened file at the server. We

then instruct the client to access the symbolic link to receive
the desired QOS.

When the I/O request passes the admission controller
tests, the server front end process creates a symbolic link
to the data file. In the ext2 file system the symbolic link
gets an inode number different to the inode number of the
file. The inode number of the symbolic link can be used as
a part of the access key to identify the unique QOS node
of the opened file. For example when user A wants to play
the game NASCAR2000 he would communicate to the in-
teractive server front end, the name of the game and the
service class. The location of the file NASCARZ2000.eze is
transparent to the user. The Interactive daemon would cre-
ate the symbolic link NASCAR2000userA.exe to the file
NASCAR2000.exze and instruct user A to open the file
NASCAR2000userA.eze to receive interactive service. The
data transfer action for the link NASCAR2000userA.eze
need not make any adjustments to accommodate interac-
tive service.

INNOVATION: Client-Pull in a Server-Push ar-
chitecture
The disk I/O scheduler assumes server control on the time
the I/O requests would arrive at the scheduler. Further-
more, by expecting the client to conform to the access pat-
tern of its attribute file at the server, the admission control
assumes server control on the client data retrieval. Both
these assumptions fit the server-push access paradigm rather
than the conventional client-pull access paradigm.

In the conventional client-pull service model, server con-
trol can be achieved by having a separate synchronizing pro-
cess between the client and the server. Alternatively the
server-push paradigm gives full control to the server to de-
cide when the data should be dispatched and in what pat-
tern. Most clients conform to the former paradigm while it
is easy to deploy Prism in a paradigm which conform to the
latter. To bridge the gap, for each periodic stream active in
the server we create a prefetch thread. The prefetch thread
always stays ahead of the client and retrieves the data blocks
in the same pattern as the client. When the client’s request
arrives at the server it would see a hit in the buffer cache. If
the client decides to work ahead too aggressively it will be
penalized as the client accesses surpasses the server accesses
and the requests would experience disk I/O latencies. By
adopting this strategy, we conform the server to the server-
push paradigm while the client remains conforming to the
conventional client-pull paradigm. The added advantage of
the prefetch process is prefetching file meta data. Since most
operating systems cache meta data such as inodes, indirec-
tion blocks etc., the prefetch process ensures that the meta
data will be present in the caches before the client request
arrives. Therefore as far as the client is concerned, all the
data it requires are in memory when the client request ar-
rives. Hence, the storage system has effectively pushed the
data to the client.

INNOVATION: QOS context in stateless applica-
tions
In NF'S, most operations are stateless. The instance of the
open file is identified by the file handle which is opaque to
the user [6]. The challenge in deploying a stateless proto-
col such as NFS in the Prism file server is to associate each
stateless I/O operation with its QOS context. In the Linux
NFS server daemon implementation the inode number is a
part of the file handle [5]. The contents of the file handle



Client Server

1. Prism client support
sends the desired QOS to
the server front end

The server front end does
——p. @dmission control and creates
symbolic link and QOS context
Server front end may also launch

. . L - service class specific threads.
The clinet NFS client

opens symbolic link and
does 1/O operations using

NFS. \‘ For each I/O operation
o

the QOS context is resolved
using the QOS manager and
1/0O carried out.

Each I/O call to the local

file system is tagged with
appropriate service class

Client receives data

Figure 4: NFS I/O operations

are visible to the server. The Prism client side module ini-
tially contacts the Prism server front end and establishes the
QOS context for the requested stream. Figure 4 illustrates
the sequence of events that occurs in the process of a file
I/O operation. The symbolic link is the representative of
the opened stream at the server side. The application front
end will use the access key field of the QOS context man-
ager to associate the symbolic link to the file. NFS lookup
procedure at the server can be modified to force the use of
the inode number or the name of the symbolic link for the
file handle, if a QOS node is present for that symbolic link.
The access key of the QOS node can store the inode num-
ber of the data file. When the NFS I/O request arrives, the
dispatcher routine can use the inode number stored in the
QOS context manager to access the data file. Alternately,
the name space of the Prism server side file system can be
used to attribute a service class to individual files. This ap-
proach is pursued in [2, 20]. Name space based approaches
allow service class to be implicitly informed to the server. If
such a name space based approach is adopted, we can de-
ploy Prism without having to do any changes at the client
side.

The periodic admission controller was implemented as a
part of the server front end. A very rudimentary client server
QOS context establishment protocol was implemented to
test the system. However Prism architecture is flexible to
accommodate elaborate QOS negotiating protocols such as
RTSP [18]. The Prism API was implemented as wrappers
to the open() and close() system calls. The QOS service
class information is passed on as an additional argument for
these calls.

5.2 Kernel support and the scheduler

INNOVATION: Kernel modifications to copy ser-
vice class
When the I/O request transfers from one kernel layer to the
other certain amount of context is lost. At the lowest layer
the device driver only receives a request to perform an I/O
operation to a set of logical blocks. At this level it is dif-
ficult to make an association of the block addresses to the
opened instance of the file. Therefore the service class has
to be copied to every new data structure created at each
layer of the kernel. Several kernel data structures needs to
be modified to achieve this. A detailed description of the
modification to kernel data structures can be found in [23].

LESSON: Problem with synchronous data retrieval
and file prefetches
Most contemporary operating systems throttle the rate at
which each process can send I/O requests to the storage
device to achieve fairness among buffer cache space and
I/O bandwidth allocation among processes. Furthermore,
to take advantage of the spatial locality of file access data
blocks are prefetched. These prefetch algorithms favor se-
quentially accessed files. In typical prefetch algorithms the
prefetch window is aggressively increased if prefetched pages
see hits in the buffer cache.

In Linux, the first page of a multiple page request is sent to
the storage device synchronously and the subsequent pages
are requested asynchronously as a file prefetch operation
[14, 4]. In the context of Prism, this action gives rise to
two adverse effects. The scheduler assumes that periodic
requests will be present at the storage device before the
mainperiod starts. However due to the asynchronous opera-
tion the requests may arrive at the storage device at various
times disrupting the schedules. Furthermore, in the sched-
uler, periodic requests receive soft real-time service. Since
periodic files are sequentially accessed, it is possible that
prefetch algorithms favor periodic streams over the other
access streams and send to the storage device unanticipated
loads. This would disrupt the schedules created at the sched-
uler. Therefore, for periodic services, we bypassed the op-
erating system throttling and prefetch process and imple-
mented mechanisms to request the exact number of pages
per main period from the I/O device in batches.

The synchronous retrieval of file data gives rise to another
problem. If two read requests arrive for the same page within
a short window of time from different service classes, one
process will wait for the page to arrive in memory while the
other process actually retrieves the data. There could be
a priority inversion in this context. The effects of priority
inversion will be reflected in the case when the preceding
read request is of a low priority service class than the one
waiting for the page. We have not provided for this case in
our implementation. However if the page is locked and it
is of a lower priority service class we can force the system
to reissue the request with the new service class instead of
waiting for the page. The first request that completes the
page can release the lock. However sufficient controls will
have to be implemented to nullify the effects of completion
of the second request for the same page.

LESSON: Request Coalescing across service classes
In many operating systems, storage device support routines
coalesce requests to take advantage of disk device optimiza-
tion by batching requests. Furthermore, requests coalescing
may also salvage some limited request headers required to
schedule other requests. When requests are coalesced the
QOS context of some of the requests may be lost since the
data structures holding the service class information is de-
tached from these requests. Therefore it is undesirable to
coalesce requests belonging to different service classes. In
our implementation, we prevent coalescing requests belong-
ing to different service classes.

INNOVATION: Scheduler implementation for Net-
work Attached Storage(NAS)

The scheduler was implemented as a loadable module. When
the module is loaded it modifies the layered driver redirec-
tion information in the system block device data base. The
operating system block device support routines then for-



wards all requests destined to the disk to the scheduler. We
use kernel timer facilities to invoke the main period sched-
uler. The subperiod scheduler gets invoked every time the
device driver request queues get empty and when there are
requests to be scheduled. The sub period scheduler is im-
plemented as a bottom half. The call back facility in the
layered driver is used to invoke the subperiod scheduler.
The layered driver architecture and the scheduler imple-
mentation facilitates decoupling of the scheduler from the
host server and placing it in a remote network attached
storage device. The layered driver architecture enables the
scheduler to be an independent entity instead of being a
part of the kernel. Furthermore, the call back procedure
can easily be used as a flow control mechanism to synchro-
nize the flow of I/O request batches between the host and
the NAS device. The scheduler is independent of the file sys-
tem or the buffer cache and deals only with the block device
support layer data structures. Therefore the scheduler can
concentrate on device specific optimizations and scheduling.

6. PERFORMANCE EVALUATION
6.1 Testbed

We have implemented Prism architecture on a PC server
running Linux version 2.2 with the configuration described
in table 1 [8]. In our testbed, periodic applications read
50MB MPEG files. The access pattern was derived after
modifying the mpeg frame traces obtained from [17]. To
read the 50MB file according to the access trace the experi-
ment had to be run between 2.5 to 5 minutes. The block size
for periodic streams were set to 64KB. The aperiodic and
interactive access streams were simulated by bursty traffic
sources. The off time for these sources were randomly se-
lected with an average of 70ms. The number of data bytes
requested on each interval was randomly distributed be-
tween 4 and 12 KB. These random reads simulate typical
file system accesses. The performance data, unless other-
wise stated, was measured at the application. The admission
controllers were disabled when required.

6.2 Performanceof periodic streams

Figure 5 illustrates the variation of the percentages of
I/O calls and data bytes missing deadlines with the number
of periodic streams in the system. We had 10 aperiodic and
10 interactive streams active in the system. The periodic
admission controller was disabled to test the contribution
of the scheduler. We were able to admit up to 10 periodic
streams, with only 12% of I/O s missing deadlines. For
Linux, at 10 streams, up to 69% of I/O s and up to about
77% of bytes missed deadlines. Only 3 periodic streams can
be admitted for Linux, missing deadlines less than 12% . For
a larger numbers of periodic streams, the deadline misses
in Prism are caused by the load of the periodic streams
themselves.

Figure 6 illustrates the influence of the aperiodic traffic on
the periodic streams. There were 4 periodic streams and 10
interactive streams in the system. The fraction of deadline
missed for both I/O s and bytes was less than 2%. For
Linux, the percentage of data and I/O s missing deadlines
increased up to 25.5% for I/O s and 34.9% for bytes. Similar
performance figures were experienced with the variation of
the number of interactive threads. This clearly demonstrates
that the periodic streams are well insulated from aperiodic

Table 1: Testbed parameters

Processor Intel Pentium 233 MHz,
4.3ns clock

Disk capacity 4.3GB

Maximum heads 15

Maximum cylinders 8896

Track to track seek time 3ms

Average seek time 11ms

Maximum seek time 21ms

Average latency 5.5ms

Spindle speed 90 revolutions per second

Head switch time 890us

Sectors per track 63

Sector size 512

Minimum media to buffer | 68 M Bits/s

bandwidth

Maximum media to buffer | 135.5 M Bits/s

bandwidth

Total memory 196 MB

Table 2: Testbed parameters
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and interactive traffic. Increase in traffic of either service
class cannot cause periodic streams to miss deadlines.

6.3 Performanceof Interacti ve and Aperiodic
streams

Figure 7 illustrates the aperiodic and interactive response
time variation with the number of interactive streams in
the system. The periodic and aperiodic load were set to 3
streams and 8 streams respectively. The interactive stream
response time is much less than that of the aperiodic streams
because interactive requests receive preferential best effort
service at the scheduler.

At the Prism scheduler, interactive requests get prece-
dence over aperiodic requests if the available time to service
interactive requests in the current main period is not suffi-
cient. Therefore if interactive requests arrive at the sched-
uler without bounds they may starve the aperiodic requests
of service. Therefore we limit the number of interactive re-
quests coming into the scheduler by a leaky bucket rate con-
troller. If the interactive arrival rates increase to an extent
beyond the amount, the allocated bandwidth could sustain
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Figure 8: Influence of aperiodic traffic on interactive
response time

interactive requests would see queuing delays at the rate
controllers. In Figure 7 the interactive average response
times grows gradually with the amount of interactive traffic
in the system due to queuing delays at the rate controller.

Figure 8 illustrates that the amount of aperiodic traffic
has minimal effect on the interactive response times whereas
for Linux since both service classes are treated the same way
the interactive response time increases. The slight increase
in average interactive response times is due to the increase
in batch sizes scheduled to the disk each subperiod due to
the increase in aperiodic traffic.

It is also important that the frequency of interactive re-
quests experiencing high response time be as low as possible.
Our experiments showed that when the server is busy the
interactive percentile maximum response times were less for
Prism than that of a Linux PC file server. Furthermore the
cumulative frequencies for response times less than 50ms,
200ms and 500ms thresholds were much high for Prism than
for the PC Linux server.

6.4 Resourcesharing

The responsibility of the admission controller is to en-
sure that all service classes receive the allocated storage
I/0 bandwidth if bandwidth was scarce. If there is slack
bandwidth, the scheduler must make sure that low priority
requests use the idle resource. We allocated 50% for periodic
streams, 25% if interactive streams and 25% for aperiodic
streams. The system traffic consists of system disk I/O traf-
fic such as accesses cause by page faults and file meta data
retrieval. The utilization was measured at the device driver
to isolate effects of other operating system activities.

Figure 9 illustrate how various service classes share the
disk I/O bandwidth. The amount of aperiodic traffic cannot
considerably influence the periodic or interactive disk uti-
lization. However aperiodic disk utilization increases with
the aperiodic load demonstrating the work conserving na-
ture of the Prism disk scheduler. Although periodic streams
have 50% of the bandwidth, the disk utilization for peri-
odic streams is about 40%. This is primarily due to the
VBR nature of the streams and the use of worst case ser-
vice time estimates in the admission controllers. Because
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interactive requests get preferred best effort service, the in-
teractive requests receive more than the allocated share of
bandwidth. However, each time the SCAN schedule is dis-
turbed to service interactive requests the seek time is most
often charged to the interactive requests. Since the seek
operation is shared by the cluster, the other requests ex-
perience a reduction in service times. Therefore the actual
utilization of interactive requests is less than what is shown
in the figure.

We adhere to the overall bandwidth allocations fairly well.
The purpose of the bandwidth allocation is to ensure that in-
teractive requests and aperiodic requests receive fair service
at the disk. Our response time results show that we accom-
plish this objective. Furthermore it is possible for aperiodic
requests and interactive requests to utilize the unutilized
bandwidth as seen Figure. 9.

6.5 NFSperformance

We invoked the kernel level NFS daemon on the Prism
server. The Prism client and the NFS client were imple-
mented on a 500MHz machine with 128 M Bytes of memory
and 10 G Bytes of disk space. The client and the server were
connected via a public network with 10M Bytes/s of max-
imum bandwidth. The experiments were conducted during
a period when the network was relatively less busy. Even
though the network was not busy, network latencies affected
our measurement, as we retrieved several hundred MB of in-
formation from the server at server speeds. Two steps were
taken inorder to make the server the bottleneck instead of
the network. First, the client application was delayed until
sufficient buffer was built between the client and the server
so that the client application would always stay ahead of the
sever. This is synonymous with the steps taken by many
streaming applications to provide for network jitter. The
second step was to create a server load by invoking I/0 in-
tensive processes at the NFS server similar to ones we used
to test the stand alone Prism server in the previous sections.

Figure 10 illustrates the periodic stream performance for
NFS on Prism. We had one periodic stream active at the
NFS client. The periodic block size was 64KB. Up to 2.5s
worth of data was buffered at the client before the peri-
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Figure 10: Periodic service class performance on
NFS
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odic stream started to counter the network delay variation.
The experiment was conducted form Prism and Linux. For
Prism, no data blocks missed deadlines (all the datapoints
are on the x-axis in the Figure). However, for Linux the frac-
tion of data blocks missing deadlines increased from 10.15%
to 40.10%.

To determine the performance of interactive request streams
on NFS we created 2 periodic threads at the server. There
were 3 interactive threads at the NF'S client. We varied the
number of aperiodic threads accessing data from the Prism
server and measured interactive performance at the client
application. The experiment was carried out for 100s. Fig-
ure 11 illustrates the variation of the average interactive
response time per I/O at the NFS client with the number
of aperiodic threads at the server. The average interactive
response time increases only from 310.6ms to 382.5ms when
the client load is increased from 8 to 20 aperiodic streams.
Compared to more than 600% gain for Linux. Prism out-
performs Linux after a load of 12 aperiodic streams at the
server.



7. CONCLUSIONS

In this paper, we have presented the Prism architecture for
supporting integrated multimedia services in a single storage
system. We reported on our experience on building Prism
on top of Linux. We presented experimental results to com-
pare Prism with standard Linux. Our experience suggests
that a multimedia file system should (a) allow more than
one block request per process to be outstanding, (b) allow
file prefetches to be turned off, (c) allow request coalesc-
ing to be turned off and (d) allow new device schedulers to
be easily loaded into the system. Our approach of allowing
the service class to be visible to the devices (a) enabled our
Prism storage system to be separated on the network from
the file system and (b) allowed device specific optimizations
to be employed in supporting the service classes. The re-
sults have shown that Prism provides sufficient separation
of service classes and that it is possible to simultaneously
achieve multiple performance (in particular, bandwidth and
delay) objectives in a single storage system.
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