


(mirroring), although issues relevant to other RAID
levels are addressed in the design.

To handle different track sizes due to disk defects,
for simplicity Atropos skips tracks that contain more
than a threshold number of defects, which translates to
about 5% of storage overhead.

The performance for track-aligned RAIDs matches
the efficiency expectation of track-aligned extents.

Recreating Track-aligned RAIDs: Our clean-
slate validation implements track-aligned RAIDs via
modifying RAID-5 (distributed parity), retrofitting the
conventional storage data path. Thus, unmodified
applications can enjoy the performance benefit as well.
However, we had to overcome a number of
implementation constraints.

Recall from Section 2.3 that the track sizes can
differ even from the same disk model. This difference
was much more than that caused by defects.
Therefore, we need measures beyond skipping tracks.
For one, we can construct stripes with tracks of
different sizes. Although this scheme can work with
RAID-0, it does not balance load well or work well
with other RAID levels. For example, RAID-5 parity
is generated via XORing chunks (units of data striping)
of the same size. Suppose we want the chunk unit to
be set to the size of a track. If we use the largest track
size as the chunk unit, some disks need to use 1+ tracks
to form a chunk. Or we can use the smallest track size
as the chunk unit, leading to about 10% of unused
sectors for disks with larger track sizes.

Additionally, we observed that parity in RAIDs can
interact poorly with prefetching in the following way.
Take RAID-5 as an example. At the file system level,
prefetching one track from each non-parity disk
involves a prefetching window that is the size of a track
multiplied by the number of disks that do not contain
the parity information. However, as a RAID redirects
the contiguous prefetching requests from the file system
level, the actual forwarded track-size prefetching
requests to individual disks are fragmented, since reads
in RAIDs do not need to access the parity information.

Another poor interaction is the Linux plug and
unplug mechanisms associated with disk queues and
multi-device queues. These mechanisms are designed
to increase the opportunities for data reordering by
introducing artificial forwarding delays at times (e.g., 3
msec), and do not respect track boundaries. Therefore,
by making these mechanisms aware of track boundaries,
we were finally able to make individual disks in a
RAID-5 access in a track-aligned manner.

Implementation: We modified Linux software
RAID-5 to implement the track-aligned accesses. We
altered the make request function, which is
responsible for translating the RAID wvirtual disk
address into individual disk addresses. If the
translated requests crossed track boundaries, the unplug
functions for individual disk queues were explicitly
invoked to issue track-aligned requests.

To prevent the parity mechanisms from
fragmenting track-size prefetching requests, we
modified RAID-5. Whenever the parity holding disk
in a stripe was the only one not requested for that stripe,
we filled in the read request for that disk and passed it
down with all others. When this dummy request was
completed, we simply discarded the data. The data
buffer in Linux software RAID-5 is pre-allocated at
initialization, so this implementation does not cause
additional memory overhead.

Verification of performance benefits: We
compared the base case RAID-5 with a track-aligned
RAID-5 with five disks, and a chunk size of 4KB. For
the Bonnie benchmark, we used a 1-GB working set
with 128MB of RAM. Figure 8 shows that the write
bandwidth for the three system settings falls within a
similar range due to buffered writes. However, for
read bandwidth, the track-aligned RAID-5 outperforms
the conventional one by 57%.

The diff experiment compared two 512-MB files
with 128MB of RAM. Figure 9 shows that the track-
aligned RAID-5 can achieve a 3x factor speedup
compared to the original RAID-5.
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Figure 8: Bandwidth comparisons of the track-

aligned RAID-5, a RAID-5 with a prefetch window
of four tracks, and the original RAID-S, running
Bonnie with 1GB working set and 128MB of RAM.
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Figure 9: Elapsed time comparisons of the track-
aligned RAID-5, a RAID-5 with a prefetch window
of four tracks, and the original RAID-5, when
running diff comparing two S12MB files.

For the multimedia-like workload with 2GB of RAM,
the track-aligned RAID-5 demonstrates a 3.3x better
scaling in concurrency than the conventional RAID-5
(Figure 10), where a RAID-5 with a readahead window
comparable to the track-aligned RAID-5 contributes
only less than half of the scaling improvement. The
latency improvement of track-aligned RAID-5 is
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impressive considering that the RAID-5 was expected
to degrade in latency when compared to the single-disk
case, due to the need to wait for the slowest disk for
striped requests. Track-aligned accesses reduce the
worst-case rotational timing variance and can realize
more benefits of parallelism.
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Figure 10: Startup latency comparisons of the
track-aligned RAID-5, a RAID-5 with a prefetch
window of four tracks, and the original RAID-5,
with a varying number of multimedia-like request
streams.

4 Lessons Learned and Conclusions

Through clean-slate implementations of track-aligned
extents and track-aligned RAIDs, we have
demonstrated important values of independent
validations. First, the validation of research results
obtained five years ago shows the relative resiliency
and applicability of these concepts to different
platforms and generations of disks. On the other hand,
as the behaviors of disks and the legacy storage data
path become increasingly complex, extracting physical
disk geometries will likely become increasingly more
difficult. Also, as disks become less homogeneous
even within the same model, techniques such as track-
aligned RAIDs need to devise additional measures to
prevent a RAID from being limited by the slowest disk.

Second, through  exploring design and
implementation alternatives, we revealed many
unanticipated interactions among layers of data path
optimizations. On-disk prefetching, IO scheduling
and aggregation, RAID parity, file system allocation,
and file system prefetching—all have side effects on 10
access alignment and profound performance
implications.  Unfortunately, the interfaces among
data path layers are lacking in expressiveness and
control, leading to modifications of many locations to
retrofit the concepts of access alignment into the legacy
storage data path, the remedy for which is another
fruitful area of research to explore.
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