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ABSTRACT

Speculator provides Linux kernel support for speculative exe-
cution. It allows multiple processes to share speculative state
by tracking causal dependencies propagated through inter-
process communication. It guarantees correct execution by
preventing speculative processes from externalizing output,
e.g., sending a network message or writing to the screen,
until the speculations on which that output depends have
proven to be correct. Speculator improves the performance of
distributed le systems by masking 1/0 latency and increas-
ing 170 throughput. Rather than block during a remote oper-
ation, a le system predicts the operation’s result, then uses
Speculator to checkpoint the state of the calling process and
speculatively continue its execution based on the predicted re-
sult. If the prediction is correct, the checkpoint is discarded;
if it is incorrect, the calling process is restored to the check-
point, and the operation is retried. We have modi ed the
client, server, and network protocol of two distributed le
systems to use Speculator. For PostMark and Andrew-style
benchmarks, speculative execution results in a factor of 2
performance improvement for NFS over local-area networks
and an order of magnitude improvement over wide-area net-
works. For the same benchmarks, Speculator enables the
Blue File System to provide the consistency of single-copy

le semantics and the safety of synchronous 170, yet still
outperform current distributed le systems with weaker con-
sistency and safety.
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1. INTRODUCTION

Distributed le systems often perform substantially worse
than local le systems because they perform synchronous
170 operations for cache coherence and data safety. File sys-
tems such as AFS [13] and NFS [3] present users with the
abstraction of a single, coherent namespace shared across
multiple clients. Although caching data on local clients im-
proves performance, many le operations still use synchro-
nous message exchanges between client and server to main-
tain cache consistency and protect against client or server
failure. Even over a local-area network, the performance
impact of this communication is substantial. As latency in-
creases due to physical distance, middleboxes, and routing
delays, the performance cost may become prohibitive.

Many distributed le systems weaken consistency and
safety to improve performance. Whereas local le systems
typically guarantee that a process that reads data from a

le will see all modi cations previously completed by other
processes, distributed le systems such as AFS and NFS
provide no such guarantee. For example, most NFS imple-
mentations provide close-to-open consistency, which guar-
antees only that a client that opens a le will see modi-

cations made by other clients that have previously closed
the le. Weaker consistency semantics improve performance
by reducing the number of synchronous messages that are
exchanged. Nevertheless, as our results show, even these
weaker semantics are time-consuming.

We demonstrate that, with operating system support for
lightweight checkpointing, speculative execution, and track-
ing of causal interdependencies between processes, distrib-
uted le systems can be fast, safe, and consistent. Rather
than block a process while waiting for the result of a re-
mote communication with a le server, the operating system
checkpoints its state, predicts the result of the communica-
tion, and continues to execute the process speculatively. If
the prediction is correct, the checkpoint is discarded; if it is
false, the application is rolled back to the checkpoint.

Our solution relies on three observations. First, le system
clients can correctly predict the result of many operations.
For instance, consistency checks seldom fail since concurrent

le updates are rare. Second, the time to take a lightweight
checkpoint is often much less than network round-trip time
to the server, so substantial work can be done while waiting
for a remote request to complete. Finally, modern comput-
ers often have spare resources that can be used to execute
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Figure 1: Example of speculative execution for NFS

processes speculatively. Encouraged by these observations,
and by the many prior successful applications of speculation
in processor design, we have added support for speculative
execution, which we call Speculator, to the Linux kernel.

In our work, the distributed le system controls when
speculations start, succeed, and fail. Speculator provides a
mechanism for correct execution of speculative code. It does
not allow a process that is executing speculatively to exter-
nalize output, e.g., make network transmissions or display
output to the screen, until the speculations on which that
output depends prove to be correct. If a speculative process
tries to execute a potentially unrecoverable operation, e.g.,
it calls the reboot system call, it is blocked until its specu-
lations are resolved. Speculator tracks causal dependencies
between kernel objects in order to share speculative state
among multiple processes. For instance, if a speculative pro-
cess sends a signal to its non-speculative parent, Speculator
checkpoints the parent and marks it as speculative before it
delivers the signal. If a speculation on which the child de-
pends fails, both the child and parent are restored to their
checkpoints (since the parent might not receive the signal
on the correct execution path). Speculator tracks depen-
dencies passed through fork, exit, signals, pipes, fos, Unix
sockets, and les in local and distributed le systems. All
other forms of IPC currently block the speculative process
until the speculations on which it depends are resolved.

Since speculation is implemented entirely in the operating
system, no application modi cation is required. Speculative
state is never externally visible. In other words, the seman-
tics of the speculative version of a le system are identical to
the semantics of the non-speculative version; however, the
performance of the speculative version is better.

Results from PostMark and Andrew-style benchmarks
show that Speculator improves the performance of NFS by
more than a factor of 2 over local-area networks; over net-
works with 30 ms of round-trip latency, speculation makes
NFS more than 14 times faster. We have also created a
version of the Blue File System [24] that uses Speculator
to provide single-copy semantics, in which the le consis-
tency seen by two processes sharing a le and running on
two di erent le clients is identical to the consistency that
they would see if they were running on the same client. In

addition, our version of BlueFS provides synchronous 1/0
in which all le modi cations are safe on the server’s disk
before an operation is observed to complete. Despite pro-
viding these strong guarantees, BlueFS is 66% faster than
non-speculative NFS over a LAN and more than 11 times
faster with a 30 ms delay.

2. MOTIVATION: SPECULATION IN NFS

Figure 1 illustrates how Speculator improves distributed
le system performance. Two NFS version 3 clients collab-
orate on a shared project that consists of three les: A, B,
and C. At the start of the scenario, each client has up-to-
date copies of all les cached. Client 1 modi es A and B;
client 2 then opens C and B. Client 2 should see the modi-
ed version of B since that le was closed by client 1 before
it was opened by client 2.

When an application closes a le, the Linux 2.4.21 NFSv3
client rst sends asynchronous write remote procedure calls
(RPCs) to the server to write back any data for that le
that is dirty in its le cache ] these RPCs are necessary to
provide close-to-open consistency. After receiving replies for
all write RPCs, the client sends a synchronous commit RPC
to the server. The server replies only after it has committed
all modi cations for that le to disk. The NFS client returns
from the close system call after receiving the commit reply.
The commit RPC provides a safety guarantee, namely that
no le modi cations will be lost due to a server crash after
the le has been closed. Thus, a Linux application that
modi esa lein NFS incurs a performance penalty on close
of at least two network round-trips and one synchronous disk
access. Some other operating systems have NFS clients that
do not wait for a commit reply before returning from close ||
these clients sacri ce safety, but improve performance since
they block only until replies for all outstanding write RPCs
have been received.

When an NFS client opens a le that it has previously
cached, it issues a getattr RPC to the server. The le at-
tributes returned by the server indicate whether the le has
been modi ed since it was cached (in which case the cached
copy is discarded and a new copy is fetched). Since the NFS
server is a single point of synchronization, the getattr RPC



guarantees that the cached copy is fresh; if another client
had modi ed and closed the le, the returned attributes
would show the modi cation. For instance, in Figure 1(a),
when client 2 reads le B, the attributes returned by getattr
indicate that the le was modi ed. Hence, client 2 discards
its cached copy of le B.

Cache coherence in NFS is time-consuming because a pro-
cess blocks each time a le is closed after being modi ed or
opened, as well as on directory lookups, permission checks,
and modi cations. This cost is magni ed many times during
activities such as listing a directory or compiling a program
because each activity invokes several le system operations;
for instance, most applications that show directory listings
fetch the attributes of all les within the directory to display

le types, sizes, or other metadata.

Our speculative version of NFS is shown in Figure 1(b).
Client 1 asynchronously executes write and commit RPCs,
speculating that all modi cations will succeed at the server.
Client 2 asynchronously executes the getattr RPCs, specu-
lating that its cached copy of C and B are up-to-date. When
the latter speculation fails, the calling process is rolled back
to the start of the system call that opened B. This system
call is re-executed and a new speculation begins.

Speculation improves le system performance because it
hides latency: multiple le system operations can be per-
formed concurrently, and computation can be overlapped
with 1/0. Speculation also improves write throughput. Be-
cause speculation transforms sequential operations issued by
a single thread of control into concurrent operations, it al-
lows the server to group commit such operations. Without
OS support for speculative execution, the system call inter-
face prevents these optimizations. The le system cannot
return to the application until it receives the results of a
remote operation, since that operation might fail.

3. CONDITIONS FOR SUCCESS

We believe that adding support for speculative execution
to a commodity OS kernel will eventually bene t many ap-
plications. However, we have targeted distributed le sys-
tems as the rst clients of Speculator because they exhibit
three ideal characteristics:

1. The results of speculative operations are highly
predictable. File system clients cache data in mem-
ory and on disk to improve performance. Due to ever-
increasing memory and disk capacities, today’s work-
stations can cache data for long periods of time. In
the absence of concurrent modi cations, cached data
remains valid and can be used to successfully predict
the outcome of remote operations. Speculation is a
form of optimistic concurrency, since a client detects a
con icting update by another client only when it next
accesses the modi ed le. Since concurrent updates
are rare in distributed le systems [13], we expect the
vast majority of speculations to succeed. However, our
results show that even when many speculations fail,
speculative le systems still substantially outperform
non-speculative ones.

2. Checkpointing is often faster than remote 1/0.
Speculator checkpoints are essentially copy-on-write
forks where the forked child is typically never executed.
The time to take and discard a checkpoint of a small
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Figure 2: Speculator interface

process is 52 s; considerably less than the cost of a
disk or network 1/0. Although this time is greater for
larger processes (6.3 ms for a 64 MB process), check-
point cost can be amortized across several speculations
by having those speculations share a single process
checkpoint. Thus, there is considerable time available
to execute applications speculatively when they would
normally block on le system operations.

3. Modern computers often have spare resources.
Speculative execution requires CPU cycles, and check-
point storage requires memory. Fortunately, modern
workstations typically have these resources in abun-
dance. Since 1/0 is increasingly the performance bot-
tleneck in modern computers [25], we can improve ap-
plication performance by using these spare resources
to hide 1/0 latency and improve 1/0 throughput.

4. AN INTERFACE FOR SPECULATION

Our design for speculative execution exhibits a separation
of concerns between policy and mechanism. The distrib-
uted le system determines when speculations begin, suc-
ceed, and fail. Speculator provides a lightweight checkpoint
and rollback mechanism that allows speculative process exe-
cution. Speculator ensures that speculative state is never ex-
ternalized or directly observed by non-speculative processes.

Speculator is implemented as part of the core Linux 2.4.21
kernel and consists of roughly 7,500 lines of C source code.
Figure 2 shows Speculator’s interface. A process must be
executing in kernel mode (e.g., within a system call) to use
this interface. To initiate speculative execution, a process
calls create_speculation. This function returns a spec_id
that uniquely identi es the particular speculation and a
list of prior speculations on which the new speculation de-
pends. Any process may later declare whether that spec-
ulation succeeds or fails by calling commit_speculation or
fail_speculation with that spec.id. This design enables
Speculator to remain ignorant of the particular hypothesis
that underlies each speculation, as well as the semantics
for success and failure. In turn, a Speculator client, e.g.,
a distributed le system, need not concern itself with the
details of how speculative execution is performed.

The next section describes our basic implementation of
speculative execution in the Linux kernel which allows pro-
cesses to execute speculatively in isolation. Section 6 ex-
tends this implementation by allowing multiple processes to
share speculative state. Section 7 describes how distributed

le systems use Speculator.

5. IMPLEMENTING SPECULATION

5.1 Process checkpoint and rollback

Speculator implements checkpointing by performing a
copy-on-write fork of the currently running process. It also
saves the state of any open le descriptors and copies any



signals pending for the checkpointed process. In contrast to
a normal fork, the child process is not placed on the run
queue | it is simply a vessel for storing state. If all specu-
lations on which a checkpoint depends prove to be correct,
Speculator discards the checkpoint by reclaiming the kernel
data structures associated with the child process.

If one of the speculations on which a checkpoint depends
fails, Speculator restores the process to the state captured
during the checkpoint. The process that is currently exe-
cuting speculatively, called the failed process, is marked for
termination by setting a ag in its task structure. When
the failed process is next scheduled, Speculator forces it to
exit. Speculator ensures that the failed process performs no
externally visible operations prior to termination.

The process that was forked during the checkpoint, called
the checkpoint process, assumes the identity of the failed
process. Speculator gives the checkpoint process the process
identi er, thread group identi er, and other distinguishing
characteristics of the failed process. It also changes its le
descriptors and pending signals to match the values saved
during the checkpoint. The program counter of the check-
point process is set to the system call entry point, and its
kernel stack pointer is set to the initial kernel stack frame.
Thus, after Speculator places the checkpoint process on the
run queue, the process re-executes the system call that was
being executed when the checkpoint was taken. Since the
checkpoint process steals the identity of the failed process,
this manipulation is hidden from observers outside the ker-
nel; to the user, it appears that the speculative execution
never happened.

5.2 Speculation

Speculator adds two new data structures to the kernel
to track speculative state. A speculation structure is cre-
ated during create_speculation to track the set of kernel
objects that depend on the new speculation. An undo log
is associated with each kernel object that has speculative
state ] this log is an ordered list of speculative operations
that have modi ed the object. Each entry in the log con-
tains su cient information to undo the modifying operation,
as well as references to all new speculative dependencies that
were introduced by the operation. The presence of an en-
try in an object’s undo log indicates that the object will be
rolled back to the state associated with that entry if any of
the referenced speculations fail. We say that a kernel object
depends on all speculations for which references exist in its
undo log. The speculations on which an object depends are
resolved if all speculations commit (in which case, the ob-
ject becomes non-speculative) or if any speculation fails (in
which case, the object is rolled back to a prior state).

When a previously non-speculative process calls create_
speculation, Speculator creates a new speculation struc-
ture and an undo log for the calling process. It checkpoints
the calling process as described in the previous section and
inserts an entry containing the checkpoint into its undo log.
The new entry and the new speculation structure refer to
each other. If the speculation fails, the checkpoint is used
to restore the process to its prior state. If the process calls
create_speculation again, Speculator creates a new spec-
ulation structure and appends a new entry to the process
undo log. If the previous speculation was caused by a read-
only operation such as a stat on a le in the distributed

le system, no new checkpoint is needed. In this case, the

new undo log entry shares a reference to the checkpoint con-
tained in the previous log entry. If either speculation fails,
the process is rolled back to the common checkpoint. Allow-
ing speculations to share checkpoints improves performance
in the common case where speculations succeed. Of course,
in the uncommon case where the second speculation fails,
the application must re-execute more work than if separate
checkpoints had been taken.

Speculator caps the amount of work unnecessarily re-
executed by taking a new checkpoint if the prior checkpoint
for the process is more than 500 ms old. Speculator also caps
the number of outstanding speculations at 2000 to prevent
speculation from consuming too many system resources. As
we gain more experience with the system, it may also prove
useful to limit speci ¢ resources such as the amount of phys-
ical memory used for speculation.

Currently, two operations do not share a common check-
point if the rst operation modi es state. For example, if
the rst operation is a mkdir in the distributed le system,
a common checkpoint cannot be used since the le server
might make the e ects of the mkdir visible to other clients,
then fail the second operation. When the second operation
fails, the client must roll back to the common checkpoint.
Any clients that view the new directory would see incorrect
state if the process that performed the mkdir does not recre-
ate the directory when it re-executes. If necessary, Specu-
lator could allow two mutating operations to share a check-
point by modifying the le server to atomically perform all
operations that share a checkpoint. However, this further
optimization requires substantial server modi cations, and
our performance results indicate it is not needed.

5.3 Ensuring correct speculative execution

We de ne the speculative execution of a process to be
correct if two invariants hold. First, speculative state should
never be visible to the user or any external device. Enforcing
this invariant requires that Speculator prevent a speculative
process from externalizing output to the screen, network, or
other interfaces. Second, a process should never view specu-
lative state unless it is already speculatively dependent upon
that state (because it could produce output that depends on
that state). If a non-speculative process tries to view spec-
ulative state, Speculator either blocks the process until the
state becomes non-speculative, or it makes the process spec-
ulative and rolls it back if a speculation on which that state
depends fails.

Since interactions between a process and its external en-
vironment pass through the operating system, Speculator
can prevent a speculative process from performing poten-
tially incorrect operations by blocking that process until the
speculations on which it depends are resolved. If all of those
speculations prove successful, the process is unblocked and
allowed to execute the operation (which is correct since the
process is no longer speculative). If a speculation fails, the
process is terminated.

We observe that blocking a speculative process is always
correct, but that blocking limits the amount of work that
can be done while waiting for remote operations to complete.
Our approach to developing Speculator was to rst create
a correct but slow implementation that blocked whenever a
speculative process performed a system call. We created a
new system call jump table and modi ed the Linux system
call entry point to use this table if the task structure of the



currently executing process is marked as speculative. Ini-
tially, we set all entries in this jump table to sys_spec_deny,
a function we created to block the calling process until its
speculations are resolved.

Next, we observed that system calls that do not modify
state (e.g., getpid) are correct if performed by a speculative
process. We let speculative processes perform these calls by
replacing sys_spec_deny entries with the addresses of the
functions that implement these syscalls. We also found that
several system calls modify only state that is private to the
calling process; these calls are correct to perform while spec-
ulative since their e ects are not observed by other processes
and, on speculation failure, their e ects are undone as a side
e ect of restoring the checkpoint process. For example, dup2
creates a new le descriptor that is a copy of an existing
descriptor. This state is private to a process since le de-
scriptors are not shared (except on fork, which is handled in
Section 6.8). Further, when Speculator restores the check-
point process, the e ect of dup2 is undone since the restored
checkpoint contains the descriptor state of the failed process
prior to calling dup2.

We next allowed speculative processes to perform opera-
tions on les in speculative le systems. For these system
calls, it isinsu cient to replace sys_spec_deny with syscalls
such as mkdir in the speculative jump table because the OS
may mount some le systems that support speculative exe-
cution and some that do not. For instance, one might use a
non-speculative version of ext3 along with a speculative ver-
sion of NFS ] in this case, it is correct to allow speculative
processes to modify state in NFS but not in ext3.

When a speculative process performs a le system opera-
tion, Speculator inspects the le system type to determine
whether to block the calling process or allow speculative
execution. On mount, a le system may set a ag in its
superblock that indicates that speculative processes are al-
lowed to read and write the les and directories it contains.
Another ag allows just speculative read-only operations.
All e system syscalls check these ags if the current pro-
cess is speculative to decide whether to block or permit the
operation. For example, mkdir blocks speculative processes
unless the superblock of the parent directory indicates that
mutating operations are allowed, and stat blocks unless
read-only operations are allowed. Our speculative versions
of NFS and BlueFS set the read/write ag. Because le
systems that we have not modi ed do not set either ag,
operations in those le systems block speculative processes
until their speculations are resolved.

Speculator uses a similar strategy for the read and write
system calls. When a le descriptor is opened, the type-
speci ¢ VFS open function can set ags in the Linux le
structure to indicate that speculative reads and/or writes
are permitted. If a speculative process tries to read from
or write to a le descriptor for which the appropriate ag
is not set, that process is blocked until its speculations are
resolved. The read ag is needed because read is a mutating
operation for some inode types | for instance, reading from
a Unix socket consumes the data that is read. For this inode
type, speculative reads are incorrect. For other inode types,
such as les in local le systems that do not update access
times, reads are correct since they do not change object
state.

If a speculative process writes to a tty or other external
device, its action is incorrect since it is externalizing output.

Yet, blocking such writes greatly limits the amount of work
that can be done while speculative. This led us to support
a third behavior for write: the data being written can be
bu ered in the kernel until the speculations on which it de-
pends have been resolved. Speculator rst validates such
output operations to ensure that they can be performed. It
then stores the output in a queue associated with the last
checkpoint of the current process. After all speculations as-
sociated with that checkpoint commit, the bu ered output
is delivered to the device for which it was destined. If a spec-
ulation fails, the output is discarded. Currently, Speculator
uses this strategy for output to the screen and network.

Output from a speculative process can appear before all
of the speculations for that process are resolved. Consider
a process that speculates on a remote operation, outputs a
message, and then performs another speculative operation.
Since the output depends only on the rst speculation, Spec-
ulator can deliver it to the output device once the rst spec-
ulation succeeds | Speculator need not wait for the second
speculation to succeed or fail. In a non-speculative system,
the output would be delayed while the process blocked on
the remote 1/0 operation. Thus, the condition on which
the output awaits, the completion of the remote 1/0, is the
same in non-speculative and speculative systems. In fact,
output in the speculative system often appears faster than
in the non-speculative system since the remote operations
on which that output waits complete faster. An exception
occurs if two speculations share a checkpoint since output
that depends on only one speculation must wait for both to
complete ] this is another reason Speculator limits the max-
imum time di erence between speculations that depend on
the same checkpoint.

6. MULTIBPROCESS SPECULATION

We next allowed speculative processes to participate in
inter-process communication. This signi cantly extends the
amount of speculative work done by applications composed
of multiple cooperating processes. For example, make forks
children to perform compilation and linking; these processes
communicate via pipes, signals, and les. If we limit spec-
ulation to a single process, make would often block waiting
for a signal to be delivered or for data to arrive on a pipe.

6.1 Generic strategy

Speculator’s strategy for IPC allows selected data struc-
tures within the kernel to have speculative state. Figure 3
illustrates how speculative state is propagated. In Fig-
ure 3(a), processes 8000 and 8001 both stat di erent lesin
BlueFS ] BlueFsS calls create_speculation, sends an asyn-
chronous RPC to check cache consistency, and continues ex-
ecution assuming that the cached attributes are up-to-date.
Speculations 1 and 2 track the state associated with each
speculation. Each process is marked as speculative, associ-
ated with an undo log, and checkpointed. Each undo log
entry contains the process checkpoint and a reference to the
speculation on which the process depends.

In Figure 3(b), process 8000 writes data to a le in /tmp.
This causes Speculator to propagate dependencies from pro-
cess 8000 to inode 3556. After this operation, the le con-
tains speculative state; for example, if speculation 1 fails,
process 8000 may write di erent data to the le on re-
execution. Speculator therefore creates an undo log for in-
ode 3556 and marks it as speculative. The entry in the le’s



Process
8001

Process
8000

d
(a) Process 8000 and 8001 become speculative

Ck t‘ .
Process Inode Process
8000 3556 8001
d_J @
(b) Process 8000 writes to /tmpffile (inode 3556)
Ck t‘ —
Process Process
3556 /| |write't
8000 | | ) wite] 8001
(c) Process 8001 writes to /tmp/file (inode 3556)
Process Inode Process
8000 d 35566 8001

(d) Speculation 1 fails
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undo log describes how to restore it to its previous state;
in this case, the entry describes how to reverse the write
operation that modi ed the le. The association between
speculation 1 and this entry indicates that the write opera-
tion will be undone if speculation 1 fails.

In general, Speculator propagates dependencies from a
process P to an object X whenever P modi es X and P
depends on speculations that X does not. The entry in X’s
undo log for that operation is associated with all specula-
tions on which P depended but X did not.

In Figure 3(c), process 8001 writes data to the same le.
This operation creates another entry in the inode’s undo
log | this entry is associated with speculation 2. This op-
eration also creates an entry in the process 8001 undo log
since the process may have observed speculative state as a
result of writing to the le. For example, if a speculative op-
eration changes le permissions, the return value of a later
write might depend on whether that speculation succeeds.

In general, Speculator propagates dependencies from an
object X to a process P whenever P observes X’s state and
X depends on speculations that P does not. The entry in
P’s undo log for that operation is associated with all specu-
lations on which X depended but P did not.

In our experience, almost all operations that modify kernel
objects also observe the object being modi ed (in fact, the
only exception we have seen is a signal sent by an exiting
process). Thus, mutating operations normally propagate
dependencies bi-directionally between the mutating process
and the mutated object.

Process undo entries are not needed for many operations.
For instance, an undo entry is not created for process 8000
when it modi es the le because the le depended on no
speculations.  Similarly, if process 8001 modi es the le
again after step (c), an entry is not put in its undo log
since the le and process 8001 depend on the same set of
speculations.

During commit_speculation, Speculator deletes the spec-
ulation structure and removes its association with any undo

log entries. Entries at the front of an undo log are deleted
once they depend on no more speculations. When an undo
log has no more entries, it is deleted, and its associated ob-
ject becomes non-speculative.

Figure 3(d) shows what happens when a speculation fails.
The failed speculation, speculation 1, is deleted. Each ker-
nel object that depends on that speculation is rolled back to
the state captured by the undo entry with which the failed
speculation is associated. In this example, process 8000 is
restored to its checkpoint and will retry the failed opera-
tion. Inode 3556 is restored to the state that existed before
it was modi ed by process 8000 | this is done by applying
the two inverse operations in its undo log. Process 8001 is
rolled back to its second checkpoint (because it could have
observed incorrect speculative state in inode 3556). When
process 8001 is restarted, it will attempt to write to inode
3556 again. This rollback is performed atomically during
fail_speculation.

The undo log, undo entries, and speculations are generic
kernel data structures. However, each undo log entry con-
tains pointers to type-speci ¢ state and functions that im-
plement type-speci ¢ rollback and roll forward processing.
This design allows a common implementation for the type-
independent logic associated with propagating dependen-
cies, rolling state forward, and rolling state back. We next
describe the type-speci c¢ logic for each form of IPC that
Speculator currently supports.

6.2 Objects in a distributed le system

In our design, the le server always knows the correct
state of each object ( le, directory, etc.) If a speculation
on which an object depends fails, Speculator simply inval-
idates the cached copy. When the object is next accessed,
its correct state is retrieved from the server. Thus, undo
log entries do not contain type-speci ¢ data. However, the
undo log must still track each object’s speculative dependen-
cies so as to propagate those dependencies when one process
reads a locally-cached object previously modi ed by another
speculative process.

6.3 Objects in a local memory le system

We have modi ed the RAMFS memory-only le system to
support speculative state. When a VFS operation modi es
a speculative RAMFS object, Speculator inserts an entry
in the inode’s undo log that describes the inverse operation
needed during rollback. For instance, a rmdir entry con-
tains a reference to the directory being deleted as well as
the name of the directory. The reference prevents the OS
from reclaiming the directory object until the speculation is
resolved. Thus, if a speculation on which the rmdir depends
fails, Speculator can reinsert the directory into its original
parent.

6.4 Objectsin alocal disk le system

We also modi ed the ext3 le system to support specula-
tion. While Speculator uses the same strategy for managing
ext3 inode undo logs that it uses for RAMFS, the presence
of persistent state in ext3 presents many challenges.

One challenge is dealing with the possibility of system
crashes. For instance, it would be incorrect to write specula-
tive state to disk while maintaining undo information only in
memory, since uncommitted speculative state would be vis-
ible after a crash. While Speculator could potentially write






