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Abstract

In this paper, we present an evaluation of some of the disk
array organizations proposed in the literature. We evalu-
ate three alternatives for sparing, hot sparing, distributed
sparing and parity sparing, and two options for data lay-
out, regular RAID5 and block designs, and systems based
on combinations of these data layout and sparing alterna-
tives. We evaluate the performance of these organizations
in various modes of operation, with different reconstruction
strategies. It is shown that parity sparing and distributed
sparing have improved performance and shorter reconstruc-
tion times over hot sparing. It is shown that both block
designs as a data layout policy and distributed sparing as
a sparing policy reduce the reconstruction time after a fail-
ure. We also study the impact of reconstruction strategies
and show that at higher workloads, choice of reconstruction
strategy has a significant impact on the performance of the
systems.

1 Introduction

With the increasing processor speeds and multiprocessor
organizations, building a balanced computer requires that
suitable improvements in the 1/O system’s performance be
made. Several studies for organizing multiple disks in an
1/O system have been reported [1, 2, 3, 4]. In disk arrays
[3], multiple smaller disks replace traditional large disks.
To achieve the same reliability of a single large disk, the
data on the smaller disks is protected by parity on another
disk. Disk arrays have been receiving increased attention
for providing a highly-available disk system. By appropri-
ately striping data across the disks in a disk array, high
performance can be achieved.

In a disk array, a group of disks, parity group, are pro-
tected by parity. When a disk fails, the data on the func-
tional disks is XOR’d to obtain the data on the failed disk.
The number of disks in a parity group is called parity group
length. When multiple parity groups are present in the disk
array, the number of disks in the array, erray width, will
be different from the parity group length. In disk arrays,
spare space is provided for reconstructing the failed data
during the reconstruction process. This spare space can be
organized in several ways. We consider three alternatives
proposed in the literature: hot sparing [3], distributed spar-
ing [5] and parity sparing [6].
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In hot sparing, a hot spare disk is used to recover from
failures. Hot sparing has some drawbacks: the failure of a
spare disk may go unnoticed since it is not used during nor-
mal operation and hence can cause an unrecoverable loss if
another disk fails after an undetected failure of the spare
disk. In a system with n disks, only n — 1 disks in the sys-
tem are utilized during normal operation. This organization
is shown in Fig. 1. In Fig. 1, each column corresponds to a
disk and each row corresponds to the data layout for a track
on the disks, D corresponding to data, P for parity and S
for spare. Let the matrix shown in Fig. 1 have { rows. Then
for a track address ¢, row i mod t gives the data layout for
that track. The representation in Fig. 1 may be augmented
by subscripts when there are multiple parity groups within

a single array.
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Fig. 1. Array organization before and after a failure

in hot sparing.

Parity sparing [6] proposes an approach where the
disk array has no spare disks. The spare disk is used to
provide a second parity disk and thus to reduce the par-
ity group length. On a failure, the parities of the two
groups are merged to obtain a single larger array with
a single parity group with a larger parity group length.
This scheme can reduce the parity group lengths by
making effective use of the spare disks during normal
operation. Parity sparing can be implemented in two
ways. The first scheme physically partitions the disks
into two smaller arrays as shown in Fig. 2 where the
disks are partitioned into two smaller arrays of width
3 and 4. Disks are physically partitioned into two ar-
rays and these two arrays function independently dur-
ing normal operation. On a failure, the two arrays are
merged into a single larger array.
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Fig. 2. Array organization before and after a failure in
parity sparing approach.

The second scheme partitions the disks into two logi-
cal arrays. In this scheme, each disk belongs to two par-
ity groups depending on the block address. For some
blocks, a disk is in parity group 0 and for others it is in
parity group 1. The membership in the parity groups
depends on the block number. The parity groups can
be so designed that each disk interacts with any other
disk in the same parity group in less than half the num-
ber of blocks. This data organization i1s based on block
designs. These arrays limit the load increase due to
a failure to less than 50% of the normal system load
before the failure. In a RAID5 disk array, if one of
the disks fails, all the functional disks in the array par-
ticipate to reconstruct the data on the failed disk and
hence these functional disks observe a load increase of
100% during a failure. The arrays designed based on
block designs, by employing two parity groups and by
proper data organization limit these increases to less
than 50% on all the remaining disks [6]. Limiting this
load increase is beneficial for quickly reconstructing the
data on the failed disk. The parity sparing approach
alone, when block designs are not employed, reduces
the parity group length but still experiences a load in-
crease of 100% on all the functional disks in the smaller
broken array. A 7-disk system employing block designs
and parity sparing 1s shown in Fig. 3. In Fig. 3, Dy
corresponds to data in parity group 0, Py corresponds
to parity of group 0, and Py corresponds to the com-
bined parity of groups 0 and 1 etc. For the example
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Fig. 3. Array organization before and after a failure
in block designs approach.

shown in Fig. 3, each disk interacts with other disks in
a parity group in only 3 out of every 7 tracks.

Distributed sparing proposes an approach where the
spare space on a disk is distributed on all the disks in
the array instead of locating it on a single disk. This
approach is shown in Fig. 4. On a failure, the data on
the failed disk is reconstructed on to the spare space
distributed over all the disks.
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Fig. 4. Array organization before and after a failure
in distributed sparing.

Compared to the hot sparing approach, parity spar-
ing and distributed sparing have the following features:
utilize all the disks in the system during normal oper-
ation and hence can improve the response times; the
problem of un-noticed hot spare failure is avoided. Dis-
tributed sparing increases the parity group length from
n — 1 to n and the parity sparing approach (whether
block designs are employed or not) decreases the parity
group lengths from n — 1 to n/2.

Block designs are a data layout policy and hence
is independent of the sparing policy. Block designs,
in general can be employed with hot sparing and dis-
tributed sparing as well. However, in a system employ-
ing block designs with two parity groups, hot spring
and distributed sparing require one additional disk for
providing spare space and hence increase the number
of non-data disks in the system to three. We restrict
ourselves to systems that employ two non-data (par-
ity /spare) disks in the system. This gives four orga-
nizations, hot sparing, parity sparing (without block
designs), block designs (parity sparing with block de-
signs) and distributed sparing. We evaluate the perfor-
mance of these four organizations in various modes of
operation, with different reconstruction strategies.

In a recent paper, Menon and Mattson compare hot
sparing, parity sparing (without block designs) and dis-
tributed sparing [5]. Based on queuing models, they
report that among these alternatives, parity sparing
and distributed sparing have several advantages over
hot sparing. They also conclude that since distributed
sparing offers shorter reconstruction times, it is supe-
rior among the three alternatives even though the per-
formance of parity sparing is superior in certain modes
of operation. Our results in this paper, based on simu-
lations, expand on their work. In this paper, we show



that parity sparing with block designs, which is not con-
sidered in that paper, has better characteristics among
the four alternatives when only two non-data disks are
employed. We also study the impact of the system size
on the choice of system organizations.

Muntz and Lui discuss several reconstruction tech-
niques for disk arrays [7]. In their paper, they propose
three reconstruction strategies termed baseline, rebuild
with redirection of reads, and piggy-backing rebuild. In
the baseline strategy, the reconstruction process re-
builds the data sequentially. With redirection of reads,
some of the read requests to already reconstructed data
are satisfied by reading the data from the spare disk
rather than reconstructing the data from the functional
disks again. In [7], a policy for this redirection with a
view to minimize the reconstruction time is proposed.
In piggy-backing rebuild, reads to data on failed disk
cause that data block to be written to the spare. In this
paper, we consider two strategies: baseline and a com-
bination of piggy-backing rebuild with redirection of
reads. We call this hybrid strategy meinimal-operation
reconstruction. This hybrid strategy always redirects
reads of reconstructed data to the spare and always
writes data to the spare whenever data is read from
the failed disk. This strategy aims at reducing the
total number of operations during the reconstruction
process and this may not necessarily result in minimal
reconstruction time. We present a comparison of the
baseline reconstruction and the minimal-operation re-
construction. Menon and Mattson [5] consider baseline
strategy for their evaluation. We consider the minimal-
operation strategy in this paper since much better re-
construction times are obtained with this strategy.

2 Simulated System

In this section, the simulated system model is de-
scribed.

We consider two disk arrays, one with 7 disks and
the second one with 16 disks. These sizes are chosen
to represent small to medium size disk arrays and since
block designs exist for these sizes. The parity, data,
and spare space organizations for the four schemes are
shown in figures 1, 2, 3, and 4 for System 2 with 7
disks. The organizations for System 1 with 16 disks
are very similar. The parity group organization for the
block designs in System 1 is shown in Fig. 5, where
0 corresponds to parity group 0 and 1 corresponds to
parity group 1.

Two reconstruction strategies are considered for re-
constructing the data on the failed disk, baseline strat-
egy and the minimal-operation strategy.

The disk parameters considered for this study are
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Fig. 5. Array organization in System 1 using block
designs approach.

shown in Table 1. We used a nonlinear model reported
in [8] to model the seek time cost function. Latency
is assumed to be uniformly distributed between 0, 16.6
ms. The disks are modeled to have two queues of re-
quests. One of the queues is the normal request queue
which is operational at all times. The second queue, the
reconstruction queue, is operational only while the data
on the failed disk is being reconstructed and when a
failed disk 1s being replaced. The normal request queue
has a higher priority over the reconstruction queue.
The requests in the reconstruction queue are served
only if the normal queue is empty. Once a reconstruc-
tion request is started, it is not preempted till comple-
tion. FEach disk functions independently of the other
disks. We used SCAN policy for serving the requests
at a disk queue.

We also used a split access operation for accessing a
block of data. In split access operation, the disk starts
servicing the request as soon as any of the requested
blocks comes under the read-write head. For example,
if a request asks for reading blocks numbered 1,2,3 4
from a track of eight blocks 1,2,...8, and the read-write
head happens to get to block number 3 first, then blocks
3 and 4 are read, blocks 5,6,7,8 are skipped over and
then blocks 1 and 2 are read. In such operation, a
disk read/write of a single track will not take more
than one single revolution. Split access operation is
shown to improve the performance of the disk system
considerably in [9].

When a data block from the failed disk is requested,
that request may be queued at a number of queues
(greater than 1) to reconstruct that block on the failed
disk. This request would be queued in the normal



Table 1. Disk parameters.

Avg. latency 8.3 ms
Avg. seek 14.2 ms
sectors/track 52
sector size 512 bytes
tracks/cylinder 14
cylinders/disk 1258
seek cost function | nonlinear

queues since this is a normal request. Such a request
queued at a number of queues is considered complete
only when all the disks finish serving that particular
block. We call such a request multi-block request. The
response time of such a multi-block request is the time
elapsed from the time the request is issued to the time
when the last block is read from the disks. The average
response time of the requests is the average of response
times of normal requests. Besides these requests, recon-
struction requests may be queued at the disk in the re-
construction queues. These requests are not considered
in calculating the response time. However, these recon-
struction requests increase the load on disks and hence
may affect the response time of the normal requests.
Only difference between a multi-block normal request
and a reconstruction request is based on whether a user
request or the reconstruction process initiated this re-
quest.

In baseline strategy, the reconstruction process re-
constructs the data on the failed disk sequentially, in-
dependent of the normal requests being served. In this
strategy, all the operations involved in reconstuction
are queued in the reconstruction queues. In minimal-
operation strategy, the normal requests to the failed
disk also cause that data to be written to the spare
space and hence the reconstruction of that block of
data. The actual operations to write the reconstructed
data on to spare space are queued in the reconstruction
queues in this scheme.

Response times are measured during different phases
of operation: normal mode, failure mode, recon-
struction mode, reconfigured mode, restoration mode.
These modes of operation are identified in [5]. Normal
mode is the period during which all the disks in the sys-
tem are functional. Failure mode is the period during
which a disk has failed and no reconstruction process
is initiated. Reconstruction mode is the period during
which reconstruction of a failed disk is in progress. Re-
configured mode is the period after the reconstruction
process finished reconstructing the data on the failed
disk, but before a new spare is brought into the sys-
tem to replace the failed disk. Restoration mode is the
period during which a new spare is brought into the sys-

tem to replace a failed disk. In our simulations, during
normal mode and reconfigured mode operations, only
normal queues are active with single block requests.
In failure mode operation, only normal queues are ac-
tive, but both single block requests and multi-block re-
quests (due to requests to the failed disk) are issued. In
reconstruction mode and restoration mode, both nor-
mal queues and reconstruction queues are active with
single and multi-block requests. During normal mode
and failure mode operation, 10,000 normal requests are
served for each data point. During the reconstruction
and restoration modes of operation, the length of the
simulation depended on the system being simulated.
The response times during these modes of operation
are the averages of response times of all normal re-
quests served during that time. Reconstruction time,
the time spent in the reconstruction mode is also mea-
sured. It is important to keep this reconstruction time
to be as small as possible to avoid possible loss of data
due to a second failure during this time.

Normal requests are the size of a track of data. When
the I/O system has a cache, performance of the I/O sys-
tem may be optimized by transferring a block of data
that may be different from the actual request size [9, 8].
We chose this block to be a track in the simulations re-
ported in this paper and hence consider all requests to
the disk system to be track requests. Reconstruction
is also done on a track basis. Normal requests are as-
sumed to be uniformly distributed over all the disks
and over all the blocks in a disk. Normal requests are
assumed to be read requests with 70% probability and
write requests with 30% probability. Requests are as-
sumed to arrive with an exponential distribution. Re-
quest rate is varied from 25 I/Os/sec to 200 I/Os/sec
for System 1 and from 16.7 I/Os/sec to 66.7 1/0s/sec
for System 2.

The simulations were carried out using CSIM [10],
a C based simulation package. The results obtained
through simulations are presented in the next section.

3 Simulation Results

3.1 Reconstruction strategy

We evaluated the two reconstruction strategies, base-
line and minimal-operation reconstruction. The re-
sults of simulation are shown in Fig. 6. The
minimal-operation reconstruction strategy yields much
shorter reconstruction times than the baseline strat-
egy at higher loads. For example, the reconstruc-
tion time drops from 3800 seconds to 1400 seconds
at 200 I/Os sec in the system employing hot sparing.
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Fig. 6. Comparison of reconstruction strategies.

In minimal-operation reconstruction, the reconstructed
data from the failed disk is written to the spare and nec-
essary updates of parity for that parity group are done.
At higher loads, the disks spend a larger fraction of the
time serving the normal requests than the reconstruc-
tion requests. Hence at higher loads, it is more impor-
tant to make use of the normal requests in assisting the
reconstruction process. Minimal-operation reconstruc-
tion strategy makes use of normal requests to achieve a
faster reconstruction. Also, due to request redirection,
the normal requests to already reconstructed data get
serviced quicker and hence allowing reconstruction re-
quests to get served quicker as well. At low workloads,
when the number of normal requests served per unit
time is not very large, this benefit has less impact on
the overall reconstruction time.

Minimal-operation strategy 1is more useful with
larger parity groups. When larger parity groups are
used, reconstructing data from the failed disk takes
more number of operations. Hence, minimal-operation
strategy is more beneficial for organizations that have
larger parity group lengths. This is clearly observed in
Fig. 6. We find that the minimal operation strategy
has more impact on System 1 with 16 disks than on Sys-
tem 2 with 7 disks. For example, the 16-disk system
with hot-sparing achieves a 65% reduction in recon-
struction time (from that of the baseline strategy) com-
pared to a 25% reduction in a 7-disk system. Among
the different organizations, hot sparing and distributed

sparing (which have larger parity group lengths) benefit
more from minimal-operation reconstruction strategy
than the parity sparing based approaches.

When baseline strategy is considered, block designs
approach has better reconstruction times than the
other organizations. This contrasts with the results of
[5] where distributed sparing was shown to have best
reconstruction times since block designs were not con-
sidered in that study. When minimal-operation recon-
struction strategy is considered, block designs approach
has better reconstruction times in System 1 and the
distributed sparing approach has better reconstruction
times in System 2. In parity sparing approaches, [n/2]
disks have to be read and one of the disks (second parity
disk) has to be read and written yielding [n/2]42 oper-
ations per reconstructing a single block of data. Due to
load imbalances in reconstruction process, the number
of operations may be slightly higher. In the distributed
sparing case, n— 2 disks are read and the reconstructed
data is written to the spare disk. These n—1 operations
are incurred only for n — 1 tracks out of every n tracks
since there is no work to be done when spare space
is present on the failed disk. When n is small, these
numbers are almost equal and the distributed sparing
approach, because of better load balance during the
reconstruction process, achieves shorter reconstruction
times. But when n is large, as in the 16-disk system,
the parity sparing approach has far fewer operations
to perform to reconstruct the data and hence achieves
better reconstruction times.

At lower loads, the system organizations have a
higher impact on reconstruction time than the recon-
struction strategies. For example, in System 1, a reduc-
tion of 36.5% is obtained by employing block designs
data layout in a parity sparing approach compared to
a possible gain of only 1.5% with different reconstruc-
tion strategies. The reconstruction strategies have a
larger impact on reconstruction time at higher loads.
For example, in System 1 employing hot sparing, the
reconstruction time is reduced by approximately 65%
at 200 I/Os/sec when baseline strategy is replaced by
a minimal-operation strategy. This is compared to a
reduction of 1.5% at 25 1/0s/sec.

As observed from the figure, minimal-operation
strategy has considerably better reconstruction times
than the baseline strategy. Since the reliability of
the disk array is quite dependent on the reconstruc-
tion time, we think minimal-operation strategy, even
though more complex, is preferable to baseline strat-
egy.

Since the reconstruction times are better with
minimal-operation strategy, in the rest of the paper, we
present results for this strategy alone. This favors the
comparisons 1n favor of the organizations that employ



larger parity group lengths: hot sparing and distributed
sparing.

3.2 Normal-mode performance

Response times, during normal operation, of the two
systems considered in this paper are shown in Fig. 7.
It is observed that the system with hot sparing per-
forms worse than the other three systems. The system
with hot sparing employs only n — 1 disks, n being
the total number in the system, for serving normal re-
quests. Other systems, by employing all the n disks,
improve the response times. The throughput of the sys-
tem should improve roughly by a factor of n/n—1, i.e.,
by 16.6% for the 7-disk system and 6.6% for the 16-disk
system. Hence, these systems obtain same throughput
at lower response times when compared to hot sparing.
For example, at 200 I/Os/sec in System 1, the per-
formance difference between hot sparing and the other
systems ranged from 5% to 6.4% and in System 2 at
66.7 1/Os/sec, the performance improvements are in

the range of 11% to 13%.
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Fig. 7. Performance during normal operation.

3.3 Failure-mode performance

Fig. 8. shows the response times of the two systems
when disk 0 failed. The parity sparing and the block
designs approach have better average response times
since a failure affects only a fraction of the disks in the
array. In the other two approaches, the failure of a disk
affects all the other disks in the array and hence we see
a larger impact on performance. This impact on per-
formance is more pronounced at higher loads. At lower
request rates, the increased workload due to a failure
does not affect the disk utilizations drastically enough
to affect the performance of the various organizations.
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Fig. 8. Performance during failure-mode operation.

3.4 Reconstruction-mode performance

Fig. 9. shows the average response times of normal
requests during the reconstruction process. The recon-
struction process is given a lower priority compared to
normal requests. Comparing figures 8 and 9, we ob-
serve that the average response times during the re-
construction process are better than the average re-
sponse times during the failure mode even though there
is more activity at the disks during the reconstruction
process. As the reconstruction process progresses, any
requests to already reconstructed data are served by
passing the reconstructed data from the appropriate
disk. As more and more data blocks get reconstructed,
more and more requests to the failed disk get served
in this fashion rather than through reconstructing the
data on demand. Hence, as the reconstruction process
progresses, the average response times improve. This
improvement is visible by the improvement in average
response times during the reconstruction process com-
pared to that during the failure mode operation.

Parity sparing and block designs have better re-
sponse times during the reconstruction phase because
of their smaller parity group lengths. The load on the
disks during reconstruction is directly proportional to
the parity group lengths. Hence, smaller parity group
lengths result in smaller load on the system and hence
better performance. We also observed better failure-
mode response times for these organizations for the
same reason.

Reconstruction period varies among the different sys-
tem organizations. Average response time in this mode
is the average of the normal request response times over
the entire period of the reconstruction mode. The re-
sponse times reported in Fig. 9 are averaged over dif-
ferent lengths of time since the individual reconstruc-
tion periods were different among the different organi-
zations.
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Fig. 9. Performance during reconstruction phase.

3.5 Reconfigured-mode performance

The performance of the various organizations after the
data on the failed disk has been reconstructed is shown
in Fig. 10. It is observed that all the systems have
nearly the same response times. This is due to the
fact that all the systems after reconfiguration are orga-
nized like a RAIDbS array. The performance of all the
organizations degrades to about the same as the hot
sparing organization before a failure. The performance
of the hot sparing organization before and after failure
is the same since the system with that organization is
the same before and after the failure.
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Fig. 10. Performance after reconfiguration.

3.6 Restoration-mode performance

The performance of the various organizations when a
failed disk is replaced by a good disk is shown in Fig.
11. The parity sparing approach and the block de-
signs approach have slightly worse performance than
distributed sparing. In parity sparing and block design
approaches, restoring the system to original organiza-
tion involves reading from roughly about half the num-
ber of disks in the array and updating the two parity
disks appropriately. In distributed sparing, this pro-

cess involves copying the tracks from appropriate disks
to the restored disk i.e., 1t involves a lot less activity.
Hence, the observed difference in performance. In a hot
sparing organization, this process of restoring the sys-
tem does not involve any movement of data from one
disk to another and hence that system has same re-
sponse times as observed during normal performance.
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Fig. 11. Performance during restoration.

3.7 Restoration time

Fig. 12. shows the time it takes to bring back the sys-
tem to original state once the failed disk is replaced.
It is observed that parity sparing and the block de-
signs approaches have considerably longer restoration
periods. Restoration time is not as critical as the re-
construction time. During restoration, loss of another
disk does not result in the loss of availability of data.
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Fig. 12. Restoration times for various organizations.

4 General Discussion

We observed that parity sparing, block designs and
distributed sparing approaches have significant perfor-
mance advantage over hot sparing in small arrays. We
also observed shorter reconstruction times with block
designs and distributed sparing.



The relative advantages of distributed sparing and
block designs approach combined with parity sparing
depended on such factors as the number of data disks
in the system, number of spare/parity disks etc. When
the number of disks in the array is large, we found
that the block designs approach had better characteris-
tics than the distributed sparing approach. Distributed
sparing achieved shorter reconstruction times by bet-
ter distribution of load during the reconstruction mode
and block designs data layout achieved shorter recon-
struction times by reducing the impact of a failure on
the load of the system.

Even though block designs data layout can be applied
with distributed sparing, more than two spare/parity
disks are needed in the system. FEven with such high
overhead, these systems provide only a single failure
protection and hence it is unlikely that block designs
and distributed sparing would be employed together.
Parity sparing approach enabled employing block de-
signs data layout with only two spare/parity disks.
As shown in [6], block designs approach has diminsh-
ing performance gains with increased number of parity
groups and it is unlikely that larger than two parity
groups would be employed in a single array.

Block designs and distributed sparing were both ob-
served to reduce the reconstruction time significantly
over the hot sparing approach. These schemes achieve
the reduction in reconstruction time in different ways.
Block designs approach reduces the overall load on the
system and this results in the reconstruction requests
getting served quickly. Distributed sparing achieves a
balanced load during reconstruction and this results
in shorter reconstruction times. We observed that the
parity placement has significant impact on the recon-
struction times. Some block designs have good parity
placements and it is important to choose these parity
placements for improved performance. Of these two
schemes, distributed sparing is easier to implement.

If the disk reliabilities keep improving, arrays with
larger parity group lengths may be built. This reduces
the overhead of parity. If this is the case, the block
designs approach has more promise since it is observed
that this approach offers shorter reconstruction times
and better performance as the size of the array grows.
On the other hand, [11] reports that smaller disk arrays
have better performance in transaction processing ap-
plications. The choice of array size is dictated by these
two conflicting goals of reducing the overhead of parity
and sustaining good performance. Our results indicate
that the choice of array size may determine the choice
of array organization.

5 Conclusions

In this paper, we presented results from simulations to
show how the various disk array organizations perform
in various modes of operation. Our results extend or
differ from previous work in the following ways: (1) we
presented a more comprehensive evaluation of the vari-
ous organizations through simulations; (2) we proposed
a new reconstruction strategy called minimal-operation
reconstruction strategy and showed that it has signif-
icantly better performance than baseline strategy; (3)
we showed that the reconstruction strategy, at higher
loads, has more impact on reconstruction times than
the various organizations considered ; (4) we showed
that among the various organizations, distributed spar-
ing and block designs approach combined with parity
sparing have performance comparable to or better than
the other organizations in all modes of performance and
(5) showed that the choice between these two organi-
zations depended on the size of the disk array.
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