


doubled to determine the number of blocks ðN Þ to be
prefetched on this access. However, N is never increased
beyond a prespecified maximum (usually 32 blocks). The
kernel then attempts to prefetch the N contiguous blocks
that follow the blocks in the previous read-ahead groupin the
file. This prefetching is called asynchronous prefetchingas the
on-demand block is already prefetched and the new
prefetching requests are issued asynchronously. In any
case, the kernel updates the current read-ahead groupto
contain the blocks prefetched on the current access.

So far, we used the previous read-ahead groupto
determine whether a file is being accessed sequentially or
not. After the prefetching associated with A2 is also issued,
the next access can benefit from prefetching if it accesses a
block either in A2’s read-ahead groupor in A1’s read-ahead
group. For this reason, the kernel also defines a read-ahead
window, which contains the current read-ahead groupand the
previous read-ahead group. The read-ahead windowis updated
at the completion of an access and its associated prefetching
and is used for the access that immediately follows.

Any further (on-demand) access to the file falls into one
of the following cases: 1) The block is within the read-ahead
window and has already been prefetched, justifying further
asynchronous prefetching, or 2) the block is outside the
read-ahead windowand synchronous prefetching is invoked.

Fig. 2 (adapted from [5]) shows the adjustment of the
read-ahead groupand the read-ahead windowunder synchro-
nous and asynchronous prefetching. In Fig. 2a, the light
gray area represents the previous read-ahead group, the dark
gray area represents the current read-ahead group, and the
read-ahead windowis also shown at the completion of an
access. If the next access (shown as black) is to a block
outside the read-ahead window, then synchronous prefetch-
ing is employed and the read-ahead windowis reset to the
new read-ahead group(Fig. 2b). If the next access is to a block
within the read-ahead window, then asynchronous prefetch-
ing is employed and the read-ahead groupand read-ahead
window are updated accordingly (Fig. 2c).

Note that, in both synchronous and asynchronous
prefetching, it is possible that some blocks in the coverage
of the read-ahead groupalready exist in the cache, in which
case, they are not prefetched but are included in the current
read-ahead group.

A subtlety with kernel prefetching is that prefetching of
multiple blocks is atomic, but the creation of ready entries
in the cache is done one by one. Linux first sequentially
creates entries in the cache, marking all entries locked,

implying that I/O has not completed on them. It then issues
prefetching, which results in these blocks being read either
at once for synchronous prefetching or sequentially for
asynchronous prefetching. It marks the entries unlockedas
the blocks arrive from the disk. In any case, a newly created
entry will never be evicted before it is marked as unlocked.

Two special situations can occur in asynchronous
prefetching. First, before the actual I/O operation on a
prefetched block is completed, an on-demand access to the
block may arrive. When this happens, the kernel does not
perform any further prefetching. This is because the disk is
already busy serving the prefetched block and, thus,
starting additional prefetching may overload the disk [5].
Second, it is possible that an on-demand accessed block is
found in the read-ahead windowbut not in the current read-
ahead group, that is, it is found in the previous read-ahead
group. Further prefetching is not performed in this case
either. For example, if the next access after the situation in
Fig. 2c is to the light gray area, then no further prefetching
will be performed.

After the kernel has issued I/O requests for blocks that it
intends to prefetch, I/O clustering is invoked to minimize
the number of disk requests that are issued by clustering
multiple I/O requests into a single disk request. When an
I/O is requested on a block, it is passed to the clustering
function, which puts the I/O request in the I/O request
queue. If this I/O request is for a block following the block
accessed by the previous I/O request (which is still in the
queue), then no new disk request is generated. Otherwise, a
new disk request is created to fetch all of the consecutive
blocks by all of the previous I/O requests accumulated in
the queue. A new disk request can also be triggered directly
(for example, via timing mechanisms) to ensure that I/O
requests are not left in the queue indefinitely.

2.2 Kernel Prefetching in 4.4BSD
The file system prefetching employed in 4.4BSD is similar to
that used in Linux. An access is considered sequential if it is
either to the last accessed block or to a block immediately
following the last accessed block, that is, access to a block B is
sequential if the last access was to block B or B-1. For
sequential accesses, the file system prefetches one or more
additional blocks. The number of blocks that are prefetched is
doubled on each disk read. However, it does not exceed the
maximum cluster size (usually 32) or the remaining blocks of
a file. If the file only occupies a fraction of the last block
allocated to it, then this final fragmented block is not
prefetched.

It may happen that a prefetched block is evicted before it
is used even once. If the accesses remain sequential, then
the block will be subsequently accessed but will not be
found in the cache (as it was prefetched and evicted),
indicating that the prefetching process is too aggressive.
This is addressed by halving the number of blocks to be
prefetched on each access whenever such an event occurs.
Finally, if the access is not sequential, then no prefetching is
used. This is in contrast to Linux, where one extra block is
always read from the disk even if the access falls outside the
read-ahead window.

3 MOTIVATION

The goal of the buffer replacement algorithm is to minimize
the number of disk I/O operations and ultimately reduce
the running time of the applications. To show the potential
performance impact of kernel prefetching on buffer caching
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Fig. 2. Prefetching in Linux. The shaded regions show the blocks of the
file that are cached and the black region shows the block being
accessed. Also shown are the read-ahead windows and read-ahead
groups before and after prefetching. (a) Before prefetching. (b) After
synchronous prefetching. (c) After asynchronous prefetching.





2i times but not more than 2iþ1 � 1 times recently. The
algorithm also maintains a history buffer, Qout. Within a
given queue, blocks are ranked by the recency of access,
that is, according to LRU. On a cache hit, the block
frequency is incremented and the block is placed at the
MRU position of the appropriate queue and its expireTime
is set to currentTime þ lifeTime. The lifeTime is a tunable
parameter indicating the amount of time that a block can
reside in a particular queue without an access. On each
access, expireTime for the LRU block in each queue is
checked and, if it is less than currentT ime, then the block is
demoted to the MRU position of the next queue.

In the presence of prefetching, MQ is adapted similarly
as in LRFU; the only issue is how we can correctly count
block access frequency in the presence of prefetching. This
is solved by not incrementing the reference counter when a
block is prefetched. MQ also maintains a ghost cache equal
to the size of the cache for remembering information about
blocks that were evicted. We modified the behavior of the
ghost cache to not record any prefetched blocks that have
not been accessed upon eviction from the cache.

ARC. The most recent addition to the recency/fre-
quency-based policies is ARC [29] (and its variant CAR
[3]). The basic idea of ARC/CAR is to partition the cache
into two queues, each managed using either LRU (ARC) or
CLOCK (CAR): The first contains pages accessed only once,
whereas the second contains pages accessed more than
once. A hit to the first queue moves the accessed block to
the second queue. Moreover, a hit to a block whose history
information is retained in the ghost cache also causes the
block to move to the second queue. Like LRU, ARC/CAR
has a constant complexity per request.

Kernel prefetching is exploited in ARC similarly as in
2Q. A prefetched block is put into the first queue with a
special flag so that, upon the subsequent on-demand access,
it will stay in the first queue. An important difference from
2Q is that, if a prefetched block is already in the ghost cache,
then it is moved not to the second queue but to the first
queue. If the block is prefetched correctly, then it will be
moved to the second queue upon the subsequent on-
demand access. This way, if prefetching brings in blocks
that are not accessed again, then they do not pollute the
second queue. Finally, ARC also implements a ghost cache.
As in MQ and 2Q, prefetched blocks that have not been
accessed upon eviction will not be put into the ghost cache.

5 ACCUSIM: ACCURATE BUFFER CACHE

SIMULATOR

We have discussed the various kernel subsystems that come
into play before an I/O access from an application is
delivered to the actual disk. The complexity of interactions
between such subsystems entails the various buffer caching
algorithms being comparatively studied in a realistic
setting. However, creating an actual kernel implementation
of the algorithm being designed and the algorithms to be
compared against can be a laborious task. In addition, even
with such a kernel implementation, it is often nontrivial to
obtain a controlled environment, for example, a fixed cache
size in the presence of a unified buffer cache, in the actual
kernel for comparing various algorithms on an even basis.
To overcome this challenge faced by cache replacement
algorithm designers, we have developed a buffer cache
simulator, AccuSim, that realistically models all of the
kernel subsystems involved in buffer cache management in
modern operating systems: the buffer cache replacement

algorithm, kernel prefetcher, and I/O clustering. In addi-
tion, the simulator interfaces with a realistic disk simulator,
DiskSim [17], to enable the comprehensive study of the hit
ratios, the number of disk requests, and the execution times
of applications under various replacement algorithms and
cache sizes. Such a simulator will greatly simplify the
otherwise difficult task of systematic and accurate evalua-
tion of various caching algorithms. In the following, we
present the design details of the simulator.

5.1 Simulator Architecture

Fig. 3 shows the main modules in the architecture of the
simulator. The simulator is driven by a trace that records the
I/O operations during the execution of an application. In
particular, for each I/O operation, the trace contains the
identifier (inode) of the file that is accessed, the offset into the
file of the first block that is accessed, the number of blocks
being accessed, the I/O issue time, and the I/O completion
time. A trace with this information can easily be collected
using the standard system call tracing tool strace, which
can be easily modified to collect only the desired information.
The trace is then processed to calculate the time difference
between the completion time of an I/O operation and the
issue time of the next, which is interpreted as the computation
time in between the two I/O operations. Afterward, the I/O
issue and completion times are discarded and the processed
trace only records the sequence of I/O operations interleaved
with the computation time between every two consecutive
I/O operations.

A limitation of the above method for trace collection is
that it does not distinguish synchronous I/O operations
from explicit asynchronous I/O operations issued by the
application and treats all applications issued asynchronous
I/Os as synchronous. Extending the simulator to handle
explicit asynchronous I/O operations from the application
is part of our future work.

To drive the simulation, the collected trace is fed to the
simulator driver, which processes the I/O information from
the trace and uses the information to drive the rest of the
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Fig. 3. The architecture of the cache replacement algorithm simulator.






