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Abstract

Remote file system caching tends to follow one of
two schools of thought: whole file caching and block
caching. A problem with either approach is that the
most appropriate caching strategy for an application
potentially will vary, even for files within a single ap-
plication. We have prototyped a remote file system
for the Choices object-oriented operating system that
permits the caching strategy to be user selectable on
a per file basis. Choices provides a convenient object-
oriented toolkit for building file systems, which we em-
ployed, reusing code whenever possible. An application
can suggest the most suitable approach based on anal-
ysis of its file’s behavior; the file system then caches
the file accordingly.

In our file system the client provides the driving
force in the architecture. The server maintains a
small cache, fulfills requests, and performs callbacks.
The client supports both whole file caching and block
caching. Only the client needs to be aware of the type
of caching being used for a particular file. Different
clients can provide different caching strategies at the
same time but the data within a client it is kept con-
sistent. The server and client cooperate to maintain
the consistency of the file system via callbacks.

Because of the object-oriented architecture of the
Choices file system we were able to prototype our sys-
tem in approzimately 6 weeks. There was a significant
amount of code reuse.

1 Introduction

The architecture of remote file systems tends to be
focused toward a community of users with the per-
formance optimized for the “average” user. Caching
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of files in the file system is a typical example of such
an architectural component that are global and asso-
ciated with the file system. Two strategies predomi-
nate, whole file caching and block caching. Whole file
caching, such as in Andrew[9, 4, 10] and AFS, keeps
a copy of the entire file being accessed in local client
disk space and returns it to the server (if necessary
when “finished”. lock caching, used in FS[, ]and
Sprite[ , , 0] caches only a set of blocks for the file
in both the server and possibly the client. A prob-
lem with either approach is that the most appropriate
caching strategy for an application s file is not nec-
essarily represented since the strategy is focused on
the average file. The most e ective approach poten-
tially will vary, even for di erent files within a single
application.

ur remote file system architecture allows the ap-
plication to select the file caching strategy for every
remote file it uses. When a remote file is opened the
application indicates what it expects the most desir-
able form of caching method to be based on an
analysis of the application. The file system uses this
method suggestion along with the state of the system
to determine the most appropriate caching strategy
that will be used by the file. The strategy recom-
mended by the application is the first choice but the
system may not be able to provide this choice or it
may have to change. For example, whole file caching
may be re uested but in a diskless workstation envi-
ronment only blocked based file caching can be sup-
ported. Similarly, with multiple re uests of a di erent
type the system must elect one, even if the method
has to change during operation.

ur remote file system was implemented for the
Choices ob ect-oriented operating system[ ]. The
Choices ob ect-oriented file system[l ] enables us to
reuse code from the file system and allows us to pro-
totype our remote file system rapidly. This paper pro-
vides an overview of the current architecture of our



remote file system for Choices, examines the current
design of the Choices file system framework and pro-
vides some early analysis.

oic ci 1t1

ur remote file system is built upon the file system
framework currently in Choices and an new interpro-
cess communication ( C mechanism that we added.

C s

The remote file system is implemented with a sim-
ple reliable network-transparent  C system provided
by Choices[11]. The main ob ects in the system are

essages and oxes, which are analogous to letters
and mailboxes in the real world. n this  C scheme,
a essage is the fundamental unit of communication.
A essage contains a finite length byte array, used
to transmit data from one process to another.  es-
sages are untyped the C scheme does not enforce
any particular encoding of the byte array enclosed in
a essage. The size of a  essage is limited by the
packet size of the underlying transmission medium. n
the present implementation of the  C system based
on thernet, essages may be no longer than 1 00
bytes.

A oxisa FF ueue for holding incoming es-
sages. essages may be retrieved from a ox only by
processes which are in the same domain (i.e. virtual
memory space as the process which created the ox.
The “proxy” of a ox may be exported by a process
to another to allow the other processes to send es-
sages to the ox. essages may be sent to a ox
proxy but retrieval of essages from a proxy is disal-
lowed. ox proxies are exported via the reply-to field
of essages or the global nameserver. For example,
in the client-server scenario of a distributed computer
system, when the client sends a re uest essage to
the server, the client may pass a ox proxy through
the essage s reply-to field to the server. n the same
scenario, a server may advertize its ox through the
global nameserver so that clients may fetch the ox
proxy from the nameserver and use the proxy to com-
municate with the server.

rtt s st S Cc s

The Choices ob ect-oriented file system[l , 1 ] is
structured as a framework of abstract base classes that
represent generic file system entities (such as files, di-
rectories, disk partitions and disks . These abstract

classes are specialized to implement specific file sys-
tems the System 1,1, S [14], A
and S-  S[1l ]file systems in Choices have been im-
plemented this way. ur remote file system was built
in the same way we specialized abstract classes to
represent remote file system entities, such as remote
files and directories.

We have found numerous benefits in using the file
system framework, which is essentially a toolkit for
designing and building e cient implementations of file
systems. The framework allows new file systems to be
prototyped uickly due its ob ect-oriented nature. For
example, while implementing our remote file system,
we maximized the reuse of existing code by adding
new classes at the right depth in the class hierarchy,
thereby reducing the amount of new code to be written
and cutting down development time. Another benefit
of using the ob ect-oriented framework is that the new
classes that we have introduced may be subclassed in
future to prototype other types of remote file systems

uickly.

The modularity enforced by the ob ect-oriented
framework helps to prevent the development of our
file system from a ecting the other existing file sys-
tems, while allowing multiple file systems to co-exist
in a single computer. The framework also allows our
remote file system to mount di erent file systems re-
motely (eg. a client that uses the S file system
may mount a remote S-S file system . ecause
all file systems share the same user interface within the
framework, we were able to test our remote file system
by running existing application programs without any
modifications.

t s st t s st ra

There are two main classes of file system ob ects
involved in the remote file system implementation
File b ects and emory b ect ictionaries. File b-
ects and emory b ect ictionaries in Choices are
analogous to the concept of files and directo-
ries, respectively. File b ect and emory b ect ic-
tionary are abstract classes whose concrete subclasses
represent files and directories in specific file systems.
For example, the Choices implementation of the S
filesystem uses the classes S node and S  irec-
tory, which are subclasses of File b ect and emory-

b ect ictionary, respectively.

File b ects generalize the notion of a file a
File b ect is a directly-accessible array of bytes in
a persistent store. File b ects support the read and
write operations for accessing the data in the persis-



tent array. emory b ect ictionaries are containers
that hold other emory b ect ictionaries or File b-
ects. emory b ect ictionaries support the lookup
operation, which searches for an ob ect inside the

emory b ect ictionary when given the name of the
ob ect. This operation is e uivalent to a directory
lookup.

For the remote file system, the File b ect and

emory b ect ictionary classes were specialized to
represent remote files and directories. emoteFile b-
ect is a subclass of File b ect that is instantiated on
the client host only. A emoteFile b ect corresponds
to the client s view of a remote file. ead and write
operations on a
local cache first, and if the cache is missed, the oper-
ations are forwarded to the remote file server through
a message-passing protocol based on the  C scheme
described earlier.

emote ictionary is a subclass of emory b ect-

ictionary that is instantiated on the client host only.
A emote ictionary encapsulates the client s notion
of a specific directory on a particular remote file server.
n order to carry out the emote ictionary s lookup
operation, the client and server hosts communicate
with each other through the file service protocol.

emoteFile b ect are directed to a

i t rc it ctur

ur file system performs client caching, server
caching, and maintains consistency of files. File sys-
tem consistency is achieved via a concurrency control
protocol and a cache coherence protocol. The con-
currency control protocol ensures that there are no
con icting accesses. The cache coherence protocol en-
sures that the client caches are correct.

t cac

A uni ue feature of our file system is the availabil-
ity of two client caching strategies, i.e. block caching
and whole file caching.  ur block caching strategy
works like that of Sprite, where blocks of a file are
cached in an in-memory cache. ur cache consists of
a set of fixed size bu ers. Whenever, there is a cache
miss blocks are fetched from the server to satisfy the
re uest. ur whole file caching strategy works like An-
drew, a local copy is maintained on a local disk cache
and re uests are serviced by the in-memory cache if
possible. f there is an in-memory cache miss, the re-

uest is serviced using the local copy.

The desired caching strategy provided by the file s
user should be a hint. This is because the actual

caching strategy may change as a result of other hints
provided by another user of the same file. n our case,
the file system may upgrade block caching to whole
file caching. Suppose process A opens file re uesting
block caching, then process  opens file re uesting
whole-file caching. As a result of s re uest, file
will be copied from the server to the client. f process
A accesses a block which results in an in-memory cache
miss, there is no reason for the client to get this block
from the server to satisfy the re uest, once there is a
local copy of file  on the client. ven though process
A has initially specified block caching as the desired
strategy, the caching strategy has been upgraded to
whole file caching as a result of process s caching
strategy hint. Conversely, if process A opens file
re uesting whole file caching and process  opens file

re uesting block caching, s re uest can be sat-
isfied with the local copy of ence, process 8
block caching hint is ignored and whole file caching
is used. n our remote file system, whole file caching
supersedes block caching. n other words, once a file
has been opened for whole file caching, all previous
and subse uent opens will be upgraded to whole file
caching on that server.

Another feature of our design is that the client
caching strategy is completely independent of the
server. The client is solely responsible for the caching
strategy. This scheme allows di erent caching strate-
gies or a selected set of caching strategies to be imple-
mented on di erent clients. For example, on diskless
workstations, only block caching needs to be imple-
mented. Server independent client caching also allows
us to experiment with other client caching strategies
without modifying the server. t also allows a sin-
gle server to support workstations with diverse client
caching strategies.

crr ¢ c¢ tr

Concurrency control ensures that there are no con-
icting accesses which will compromise the integrity
of the remote file system. We have chosen to imple-
ment a simple form of concurrency control since we
do not expect much contention.  ur primary con-
cern is the integrity of the file system. ur cur-
rent concurrency control scheme is to enforce the
multiple-readers single-writer ( SW policy. An
access mode is associated with each open re uest. This
access mode indicates whether the file will be modi-
fied. f the file will be modified, we consider it an open
for writing, otherwise an open for reading. We enforce
SW by blocking open re uests which will result in
con icting accesses. These blocked opens will be un-
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Figure 1 The caching facility

blocked only when the desired access can be granted.
A blocked open is usually unblocked as a result of a
close corresponding to the earlier open of the file. To
ensure fairness, open re uests are satisfied in F F
order.

ac C r (]

We have elected to use a simple scheme for cache
coherence. n our system the server is responsible for
cache coherence. nly the server knows which clients
has parts of a file cached. The server uses callbacks to
inform the client to invalidate its cache and or ush
its cache back to the server. The client simply obeys
these orders and complies as soon as possible. The
client may not be able to comply with these callback
orders immediately since the file may still be active at
the time of the callback. For example, the client can
only invalidate the cache after the file has been closed
by all its users.

A client always ushes its dirty blocks back to the
server. This may be a performance disadvantage since
dirty blocks must be sent back to the server before
they can be obtained by another client. owever, this
scheme does simplify the design of the file system and
since we do not expect much contention, this scheme
will su ce. Another advantage is that the server can
keep track of changes to the file while the dirty blocks
are being copied from one client to the next via the
server.

t ca s

A files client cache can be invalidated and or
ushed on the server s re uest via a callback if there

are other con icting re uests for the file.  owever,
this is not always true, and another mechanism is
needed to invalidate and or ush a file s client cache
when they are no callbacks. We use a timeout mech-
anism to invalidate and or wush stale files caches. A
file s cache is stale when the file has not been used
by any application on the client machine (i.e. inac-
tive for a fixed time period. We do not invalidate
or ush a file s cache immediately when the file be-
comes inactive, since the file may be accessed again
soon by another process on the same client. There-
fore, we start a timeout timer once the file becomes
inactive and when the timer expires, the client volun-
tarily invalidates and or wushes the file s cache on the
client and informs the server of these actions.

I nt tion

n this section, we describe the mechanisms we used
to implement the communication between the client
and server, our concurrency control scheme, and our
cache coherence protocol.

ST C rtec

We have defined a communication protocol, based
on Choices  C, for use by remote file servers and and
their clients. The protocol consists of several emote

rocedure Calls ( C | where each client re uest re-
uires a response. The following types of  Cs have

been defined

1. ookup - checks whether a remote file exists and
returns the file s status. The file may be created



on the server if it does not exist. This operation
returns a handle for the remote file which will be
used by the client or server to identify this file in
subse uent Cs or callbacks.

. Open - open the file for access. An access mode
is associated with each open. This access mode is
used by the server to schedule accesses to control
concurrency.

. Read - read blocks from the file specified by a file
handle.

4. Write - write blocks to the file specified by a file
handle.

. Close - used by the client to indicate to the server
the status of a file s cache. This status contains
the following ags nvalidated, Flushed, an-
dle nvalidated.

eys - used by the emote ictionary to obtain
a listing of files in a particular directory on the
server.

n addition to the above, a Callback message has
been defined. The callback message specifies the file
handle and a ag describing the action that the client
should perform on the file s client cache. For example,
the server would send the client a callback message to
re uest that the client wush a particular file s cache
back to the server and or invalidate the cache.

crr ¢ c¢ tr

ur concurrency control scheme depends on the
blocking of con icting re uests to maintain SW
and F F fairness. The decision to block and unblock
an open re uest can be made by both the server or the
client. The client makes this decision when it can de-
termine from its local state whether the open re uest
will result in con icts. therwise, the client consults
the server, and the server makes the decision. We im-
plement our concurrency control scheme by maintain-
ing two ueues on the server for each remote file, and
a ueue on each client for each remote file. The server
maintains the active ueue and the pending ueue.
The active ueue contains the file handles of all active
clients, that are defined as clients which currently have
the file open. The pending ueueisa ueue of file han-
dles which have re uested to open the file but these
opens re uests must be blocked because of con ict-
ing accesses. The client ueue contains open re uests
which are active on the client, open re uests which the

client has decided to unblock in the near future, and
callbacks received by the client.
The client can make a local decision when the new
open re uest has the same access mode as the open re-
uests on the client s ueue and there are no callbacks
on the wueue. Callbacks on the client ueue indicate
con icting open re uests. therwise, the client can-
not determine locally whether an open re uest should
be blocked or unblocked the client has to consult the
server via a Open C re uest. The server will ar-
bitrate the re uest and send a reply when the open
re uest can be unblocked. The following events illus-
trate the operation of client and server ueues

1. rocess A on client C1 opens file  for reading

rocess  on client C1 opens file  for reading

rocess C on client C opens file  for writing

4. rocesses A and close

rocess on client C opens file for writing

rocess C closes

rocess on client Cl opens file  for writing

rocess  closes

9. rocess F on client C1 opens file for reading

When process A opens , the client ueue
for on C1 will be empty, so C1 consults the server.
This is re uired since C1 does not know whether
is currently used by another client. The server knows
that is not currently in use, so it places C1 s handle
for  on the active ueue and sends a reply to C1. C1
places A s open re uest on the client ueue for and
process A can proceed with its file access.

When process  opens , Cl can deter-
mine locally that process s open re uest need not
be blocked and the server need not be consulted since
the server already knows C1 has opened  for reading.
Also, since C1 has not received any callbacks, meaning
that there are no other con icting open re uests, Cl
is safe to grant file s read access to process . s
open re uest is placed on the client ueue.

When process C opens on another
client C ;C s ueueisempty. ence, C consults the
server. Since the server knows that C1 has  open for
reading, it must block C s re uest. The server places
C sfile handle for  on the pending ueue for and
sends a callback message to C1. When C1 receives the
callback message, C1 records the callback in its ueue.
The callback cannot be serviced immediately because



process A and  are still using . Conse uently the
callback is recorded in the ueue for later servicing.
ventually, A and  will close and
their open entries will be removed from the client
ueue. The callback entry is now at the head of the
client ueue. C1 services this callback by performing
a Close C which indicates to the server that the
C1 is done with . After receiving the Close  C re-
uest, the server removes C1 s handle from the active
ueue. The server examines the pending list and de-
termines that C is waiting to open  for writing, so
C s handle is placed on the active list and an Open
C reply is sent to C . pon receipt of the reply,
C places C s open re uest in s client ueue.
When re uests to open  for writing,
C can determine locally that s open re uest should
be unblocked once C has closed  since there are no
callbacks (i.e. other re uests . s open re uest is
placed on the client s ueue and  is blocked.

When C closes | the en-
try for C is removed from C s wueue for . C no-
tices that the entry for  is now at the head of the

ueue and subse uently unblocks s open re uest.
Similarly, when  opens  for writing, the re uest is
placed on the server s pending list and the server sends
a callback to C . C records the callback on its ueue
and performs a Close C when  closes . pon
receiving the Close C re uest from C , the server
removes C from the active list, removes C1 from the
pending list, places C1 on the active list, and sends an
Open C reply to Cl1.
When F opens  for reading, C1 must
consult the server and the server will place C1 s re-
uest on the pending list. ven though C1 can deter-
mine locally that F s open re uest can be unblocked
ag soon as s has closed it must consult the server
since the server has granted read write access to Cl
and not read-only access. This additional communi-
cation with the server is re uired to notify the server
of the change in access mode such that the server can
allow concurrent readers. Conversely, if  re uests
to open  for reading and F re uests to open  for
writing, the server must be consulted since C1 cannot
determine locally if there are any other clients reading

The rules for scheduling a new open re uest on the
server are as follows

1. f the pending wueue is not empty, or open for
writing is re uested, or open for reading is re-
uested but the active ueue contains an entry for
write, then place the new re uest on the pending
ueue, else place the new re uest on the active

ueue.

f the new entry is placed on the active ueue,
send an Open C reply (i.e. the open re uest is
not blocked .

f the new entry is at head of the pending ueue,
then send the appropriate callback messages to
all clients in the active ueue.

The rules for unblocking re uests when a Close
C re uest is received are as follows

1. emove the client s entry from the active ueue.
f the active wueue is not empty, then do nothing.

f the active ueue is empty, then examine the
pending ueue. fthe head of the pending ueue
is an open for reading re uest, then move the all
consecutive open for reading re uests from the the
head of the pending wueue to the active ueue.
f the head of the pending wueue is an open for
write re uest, then move that re uest to the ac-
tive ueue. Send replies to all clients in the active
ueue.

4. f the pending ueue is not empty, examine the
entry at the head of the pending ueue and send
appropriate callbacks to all clients in the active
list.

ac C r (]

The cache coherence protocol relies on the call-
back mechanism. The server uses the active ueues
to determine the files which are cached by each client.
For each file, the active ueue for that file contains
all the clients which are using the file, i.e. have the
file cached. The server does not know how the file is
cached, it only knows that the client has cached the
file. The server pending list together with the active
list determines the appropriate callbacks to sent. ach
callback message from the server contains a file handle
to identify the file of interest to the client and two ags
indicating the action that the client should perform on
its cache. The ags are

1. Invalidate - whether the client should invalidate
its cache.

lush - whether the client should wush the dirty
blocks back to the server.



These ags may be combined to re uest both a ush
and invalidation of the client cache for a particular
file. n the above example, the server will send an
invalidate callback to C1 when process C re uests to
open  for writing. Since C1 has  open for reading,
there is no need to ush dirty blocks. When process
re uests to open for writing, the server sends a ush
and invalidate callback to C . When process F opens

for reading, the server will send a ush callback to
C1. There is no need to invalidate C1 s cache since C1
may open it for reading soon, but the cache should be

ushed back to the server so that another client may
open the file for reading.

The general rules for issuing callbacks on the server
based on the active and pending ueues are as follows

1. f areader is active and a writer is pending, send
invalidate callback(s .

f a writer is active and a reader is pending, send

ush callback.

f a writer is active and another writer is pending,
send invalidate and ush callbacks.

The callback mechanism is closely tied to the con-
currency control scheme. A callback is always issued
as soon as possible, i.e. as soon as a con ict is de-
tected. The callback is placed on the client s ueue
so that the client can service the callback as soon as
the file is closed by all users on the client. The call-
back indicates to the client that there are con icting
accesses and no further local decisions should be made
on the client. Since the caching strategy is server inde-
pendent, the client is responsible for carrying out the
appropriate actions specified by the callback. For ex-
ample, if the file is block cached, only the in-memory
cache needs to be searched to invalidate and or ush
the blocks belonging to the file. f the file is whole
file cached, then the local copy will be copied back
to the server, if modified, then the local cache will be
invalidated.

intd 1n

Figure illustrates the relationship between the
components of the client side of the remote file sys-
tem. The emoteFileSystemCache maintains the in-
memory cache and the local disk cache. f a block
of a remote file is re uired, a find operation is issued
to the emoteFileSystemCache. The emoteFileSys-
temCache cache will search the in-memory cache for
the block. fthere is an in-memory cache miss, a bu er

for the block is allocated. epending on a ag, the
find operation may copy the block from the server or
from the local copy into the bu er, or it may fill the
bu er with zeros if the block is supposed to be over-
written later. The find operation also locks the bu er
until the bu er is released, after which the bu er may
be marked to indicate that the bu er has been mod-
ified (i.e. dirty . ventually, the emoteFileSystem-
Cache will run out of in-memory bu ers, and a east-

ecently- sed bu er replacement strategy will used.
f the block to be replaced is not dirty, it is invalidated,
otherwise it is ushed to the local copy or to the file
server, depending on whether the file is whole cached

or block cached.

A emoteFile ntry is like a
mote files. t is contains information about a remote
file, such as the name of the file, the server
communicating with the server, the file handle issued
by the server, the caching strategy, the location of the
local copy if there is one, and the client ueue of the
file. The emoteFileTable simply maintains a table of

emoteFile ntries and enables the callback aemon
to locate the client ueue for a particular file. The
emoteFileTable is similar to the in-memory
node table, except it is used only by remote files.

node for re-

ox for

As mentioned earlier, the remote file system is in-
tegrated into the Choices ob ect-oriented file system
framework using the emoteFile b ect and emote-

ictionary classes.
as open, close, read, and write have been redefined
to support remote operations. For example, the open
method participates in concurrency control and main-
tains the client ueue for the file. The close method
monitors the client ueue and may start a timeout
timer if no one else is using the file. The read and
write methods obtain blocks bu ers from the emote-
FileSystemCache, which may generate C re uests
to the server to obtain blocks which are not cached
by the client. Similarly, we redefined the methods of

emory b ect ictionary to support the listing and
lookup of remote directories.

emoteFile b ect methods such

n addition to the above ob ects, there are two dae-
mons. The callback aemon receives callbacks from
the file system servers and records every callback into
the client ueue of the appropriate file. The timer ae-
mon is used to invalidate and or wush client file caches.
A file s client cache is invalidated and or ushed when
the timeout timer expires (i.e. the file is stale or when
there is a callback entry on the file s client ueue. n
the former case, the timer is started when all users
have closed the file. n the latter case, when the last
user has closed the file, the close operation forces the
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timer to expire, signalling the timer aemon to ush
and invalidate the file as soon as possible.

r rd 1n

The remote file server consists of a single process
(called the File Server Controller that interprets in-
coming re uest essages and performs file operations
accordingly. The server process accesses the following
components

1. Server ox This ox stores re uest essages
sent by clients. The server advertizes its Server
ox through the global nameserver.

ata oxes When a client wishes to write some
data to a file, it sends a Write re uest essage
to the Server ox accompanied by the data to be
written, stored within the same essage. f the
data does not fit into a single essage, the left-
over data is sent in multiple essages to the ata

ox. The server maintains a ata ox for each

. File Access Scheduler The File Access Scheduler
encapsulates the concurrency control and cache
coherence policies in the file server, and controls
the opening of files and the issuing of callbacks.
Open and Close re uests are passed by the server
process to the File Access Scheduler and replies to
Open te uests are held back until the Scheduler
has determined that the file is safe to be used by
the client, with regard to concurrency control and
cache coherence. The Scheduler maintains the
active and pending file access ueues described
earlier.

refetch Cache The server maintains a fixed-size
cache for each active file handle. This cache is
optimized for the se uential reading of data from
files. All Read re uests go through the cache first,
and in the case of a cache miss, the server fills the
entire cache by reading in consecutive blocks from
the file. Read re uests that access the last block
stored in the cache will also cause the cache to be
refilled with subse uent file blocks.

Figure illustrates the ow of essages and data

active file handle and informs the client about the among the file server components. n this diagram,
ata ox through the reply of the ookup re uest. springs represent processes, while slotted boxes and
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At the time of this writing we have only a few per-
formance results. Figure 4 exhibits the performance
due to caching. The graph plots the time taken to read
whole files of varying lengths. The file sizes range from

bytes to 1 megabyte, while the times range from
14 milliseconds to 10 seconds.

The performance data we have obtained indicate
that our server caching scheme degrades the perfor-
mance of remote file access under certain conditions.
This suggests that server caching should be a client or
application tunable parameter in the remote file sys-
tem in order to achieve maximum performance. The
caching strategy employed by the remote file server
is currently restricted to the prefetching of a fixed
number of consecutive blocks from the file, but to
suit di erent types of file access patterns we should
provide other server caching strategies. For example,
se uential file access may benefit from the prefetch-

9

OO0

I

Server components

ing strategy currently implemented, but this strategy
may cause severe performance degradation when used
for demand-paged program execution, which has been
observed to produce wildly random file access pat-
terns. deally, an application should be able to supply
a hint to the file server to select a particular prefetch-
ing strategy that will work best with the application s
file access characteristics.

We would like to implement an new access mode,
to represent write-over access, in addition to the read
and modify access modes already provided by our re-
mote file system. The new access mode would allow
further optimization of our cache coherence scheme.
For example, the ush operation could be eliminated
if an open write-over (eg. open and truncate re uest
followed an open modify or write-over re uest. At
the moment, we are still evaluating the e ectiveness
of the our current cache coherence scheme. As men-
tioned earlier, we do not expect much contention and
hence the additional complexity may not be ustified.

We experienced many benefits from the ob ect-
oriented method of constructing our remote file sys-
tem. The ob ect-oriented approach in prototyping file
systems has helped in producing our file system in a
short period of time six weeks by a three-person team
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(of which two people were unfamiliar with the file sys-
tem framework prior to the pro ect | including time for
writing and running test suites and benchmarks. The
remote file system was built with S A C Choices|[1 ]
and at present runs on a cluster of six Sun S A C
C workstations (with  megabytes of A each
connected by thernet. ue to the ob ect-oriented
nature of Choices, all file system code we have writ-
ten will port easily to other versions of Choices (e.g.
Choices for the multiprocessor ncore ultimax . We
discovered that the ob ect-oriented file system frame-
work is indeed exible enough to accomodate many
types of file systems, especially our remote file system,
which is di erent in many respects from the other file
systems that are currently in Choices.

u r

We rapidly prototyped an ob ect-oriented remote
file system for Choices. A focus of our remote file sys-
tem was to address the problem of remote file system
caching in an ob ect-oriented manner, encapuslating
the caching with the file ob ect rather than with the
file system. This allowed us to o er both block and

whole file caching and permit the most appropriate
one be provided to the application. ur file system
is built on the Choices operating system, an existing
ob ect-oriented operating system.

ur remote file system follows a client-server ar-
chitecture. The client provides the driving force in
the design of this system. The server maintains a
small cache, fulfills re uests, and performs callbacks.
The client supports both whole file caching and block
caching. nly the client needs to be aware of the type
of caching being used for a particular file. The server
and client cooperate to maintain the consistency of
the file system via callbacks.

sing the ob ect-oriented capabilities of Choices,
we reused much of the file system code leading us to an
operational prototype in approximately weeks. This
exhibits a productive use of ob ect-oriented designs.
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