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Abstract: Redundant disk arrays are an increasingly popular way to improve I/O system perfor-
mance. Past research has studied how to stripe data in non-redundant (RAID Level 0) disk arrays,
but none has yet been done on how to stripe data in redundant disk arrays such as RAID Level 5.
In this paper we discuss the tradeoffs involved in striping data in RAID Level 5 disk arrays, partic-
ularly for write-intensive workloads. We find that the overhead of maintaining parity causes full-
stripe writes (writes that span the entire error-correction group) to be more efficient than read-
modify writes or reconstruct writes. This additional factor causes the optimal striping unit for
RAID Level 5 to be smaller for write-intensive workloads than for read-intensive workloads. We
synthesize simple design rules for how to choose an optimal striping unit for RAID Level 5 when
workload concurrency is known and also when no workload information is known. Last, we inves-
tigate how the optimal striping unit varies with the number of disks in an array. We find that the
optimal striping unit for reads in a RAID Level 5 varies inversely to the number of disks, but that
the optimal striping unit for writes varieswith the number of disks. Overall, we find that the opti-
mal striping unit for workloads with an unspecified mix of reads and writes isindependent of the
number of disks. Together, these trends lead us to recommend (in the absence of specific workload
information) that the striping unit for RAID Level 5 disk arrays with any number of disks be equal

to .

1 Introduction
For the past several decades, input/output (I/O) performance has not kept up with advances in

processing speeds. Disk arrays have been proposed and used to increase aggregate disk perfor-
mance by ganging together multiple disks in parallel [Patterson88]. Redundant disk arrays add
error-correcting codes to improve reliability. One popular type of redundant disk array interleaves
data in block-sized units known as striping units and uses parity to protect against failures. This
type of disk array is known as a RAID Level 5 (Figure 1) [Patterson88].

One of the most crucial parameters in designing a disk array is the size of the striping unit.
The striping unit determines how alogical request from a user is broken up intophysical disk
requests to the disks. This distribution profoundly affects a disk array’s performance—[Chen90]
shows that performance of a non-redundant disk array (RAID Level 0) can vary by an order of
magnitude depending on the striping unit.

Several papers address how to choose the striping unit in non-redundant disk arrays [Chen90,
Lee93a], but none have yet examined how to choose it in a RAID Level 51. The overhead of main-
taining parity in a RAID Level 5 leads to additional factors in choosing the best striping unit. The
goals of this paper are to
• quantify the effect these additional factors have in choosing the striping unit,
• create simple design rules for determining the best striping unit for a range of workloads,
• quantify how the number of disks in the array affects the optimal striping unit.

1.  [Gray90] describes a scheme called parity striping that has similar performance to a RAID Level 5 with
infinitely large striping unit. [Gray90] does not investigate different striping units for RAID Level 5 disk
arrays, however.

average�positioning�time disk�transfer�rate×
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2 Background and Previous Work

2.1  Non-Redundant Disk Arrays (RAID Level 0)
We define thestriping unit as the amount of logically contiguous data stored on a single disk

(Figure 1). A large striping unit will tend to keep a file clustered together on a few disks (possibly
one); a small striping unit tends to spread each file across many disks.

Parallelism describes the number of disks that service a user’s request for data. A higher
degree of parallelism increases the transfer rate that each request sees. However, as more disks
cooperate in servicing each request, fewer independent requests can be serviced simultaneously.
We define the degree ofconcurrency of a workload as the average number of outstanding user
requests in the system at one time. A small striping unit causes higher parallelism but supports less
concurrency in the workload; a large striping unit causes little parallelism but supports more con-
currency in the workload.

Fundamentally, disk striping affects the amount of data that each disk transfers before re-posi-
tioning (seeking and rotating to the next request). This amount of data has a drastic impact on disk
throughput. For a Seagate Elite3 disk, if a disk transfers one sector per random request, throughput
will be 0.03 MB/s; if it transfers one track per request, throughput will be 1.79 MB/s; if it transfers
one cylinder per request, throughput will be 4.16 MB/s. The choice of striping unit should maxi-
mize the amount of useful data each disk transfers per request and still make use of all disks. Large
striping units maximize the amount of data a disk transfers per access but require higher concur-
rency in the workload to make use of all disks. Small striping units can make use of all disks even
with low workload concurrency, but cause the disks to transfer less data per access.

Chen and Patterson investigates these tradeoffs in a RAID Level 0 with 16 disks [Chen90].
They find that the choice of striping unit depends heavily on the workload concurrency and only
minimally on the workload’s average request size. If concurrency is known, they find that it is pos-
sible to choose a striping unit that guarantees good performance to workloads with that concur-
rency over a wide range of sizes. Good performance in this context means getting over 95% of the
throughput at the optimal striping unit. Their choice of striping unit is expressed as a function of
the workload concurrency, the disk transfer rate, and the average disk re-positioning time:
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Figure 1: Data and Parity Layout in a RAID Level 5 Disk Array. This figures illustrates how
data is distributed in a round-robin manner across disks in a RAID Level 5 disk array. Each
number represents one data block; the size of each data block is called the striping unit. Parity
blocks have the same size and are rotated between the disks. Each parity block contains the parity
for the data blocks in its row. For example, P0 contains the parity computed over data blocks 0-3.
The specific data distribution shown here (and used throughout the paper) is called the left-
symmetric distribution [Lee93b]
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S is called the concurrency-slope coefficient and is found to be approximately for a 16-disk disk
array.

If concurrency is unspecified, a good choice for striping unit can still be made, although the
performance guarantees are weaker than when concurrency is specified. Chen and Patterson find a
good choice of striping unit to be

Z is called the zero-knowledge coefficient, since it applies when no workload information is given,
and is found to be approximately for a 16-disk disk array.

Note that the above two equations can be re-written to depend on only one composite disk
parameter—average positioning time× disk transfer rate. We call this term thedisk performance
product.

In this paper, we extend the work of [Chen90] to RAID Level 5 disk arrays. Section 2.2
describes how the choice of striping unit in a RAID Level 5 differs from that in a RAID Level 0
due to the effect of maintaining parity when performing writes in a RAID Level 5.

Lee and Katz [Lee91, Lee93a] develop an analytic model of non-redundant disk arrays and
derive an equation for the optimal striping unit to be

Taken together, [Chen90] and [Lee91, Lee93a] conclude that the striping unit depends on the
disk performance product and concurrency. [Lee91, Lee93a] conclude that the optimal striping
unit depends on request size, but [Chen90] shows that this dependence can be ignored with less
than a 5% performance penalty.

2.2  Block-Interleaved, Parity Disk Arrays (RAID Level 5)
Like RAID Level 0, RAID Level 5 disk arrays interleave data across multiple disks in blocks

called striping units (Figure 1). To protect against single-disk failures, RAID Level 5 adds a parity
block for each row of data blocks. These parity blocks are distributed over all disks to prevent any
single disk from becoming a bottleneck. The group of data blocks over which a parity block is
computed is called aparity group or stripe. In Figure 1, data blocks 0-3 and parity block P0 com-
pose a stripe.

Note that the distribution, or rotation, of parity blocks among the disks in the array is indepen-
dent of the striping unit. The amount of contiguous parity on a disk is called the parity striping
unit. There is no benefit from rotating the parity in different units than the striping unit, so all cur-
rent disk arrays set the parity striping unit equal to the striping unit1.

Reads in a RAID Level 5 are very similar to accesses (both reads and writes) in a RAID Level
0. Writes in a RAID Level 5, however, are quite different because they must maintain correct par-
ity. There are three types of writes in a RAID Level 5, depending on how the new parity is com-
puted.
• Full-stripe writes: writes that update all the stripe units in a parity group. The new parity value

for the associated parity block is computed across all new blocks. For instance, in Figure 1,
writing blocks 0-3 would be a full-stripe write. No additional read or write operations are
required to compute parity, and hence full-stripe writes are the most efficient type of writes.

• Read-modify writes: writes that compute the new parity value by 1) reading the old data blocks
from the disks to be updated, 2) reading the old parity blocks for the stripe, 3) calculating how
the new data is different from the old data, and 4) changing the old parity to reflect these differ-
ences. For instance, writing block 0 in Figure 1 could be done as a read-modify write. To com-
pute the new parity, the disk array software reads the old value of block 0 and the old value of
parity block P0. It would then compute parity by seeing how the old value of block 0 was dif-

1.  Rotating the parity in units smaller than the data striping unit lowers performance by causing more disk
accesses to update parity. Rotating the parity in units larger than the data striping unit has no performance
consequence other than making load balancing more difficult.

Striping�Unit S Average�Positioning�Time Disk�Transfer�Rate Concurrency 1−( )××× 1�sector+=
1
4

Striping�Unit Z Average�Positioning�Time Disk�Transfer�Rate××=

2
3

Disk�Performance�Product Concurrency 1−( ) Request�Size××
Number�Of�Disks
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ferent from the new value and applying these differences to the old parity block to generate the
new value of parity block P0. Read-modify writes are less efficient than full-stripe writes
because they must read the old values of the data and parity blocks.

• Reconstruct writes: writes that compute parity by reading in the data from the stripe that arenot
to be updated. Parity is then computed over this data and the new data. For instance, writing
data blocks 0-2 in Figure 1 could lead to a reconstruct write. The disk array software would
read the values of data block 3, then compute parity over the new data (blocks 0-2) and data
block 3. Reconstruct writes are less efficient than full-stripe writes.

The method used to compute parity depends on the size of a request and its starting location.
In general,writes that span a larger fraction of the stripe are more efficient than writes that span a
smaller fraction. This factor tends to make the choice of striping unit for writes in a RAID Level 5
smaller than for reads. The paper uses simulation to study the effects of the above factors and
determine guidelines to selecting the best striping unit.

3 Experimental Design

3.1  The Disk Model
We model several types of disks in our study. The default disks are IBM Lightning 3.5” disks

[IBM89]. In order to maintain the same disk array capacity, we only use the first 300 MB of each
disk. Thus the effective average seek time for the Seagate Elite3 disks is 3 times faster than if we
had spread requests over the entire disk. All disks in the array are rotationally synchronized, that
is, sector 0 passes under the read/write head at the same time for all disks. Table 1 summarizes the
relevant parameters for the disks we model in this study.

3.2  The Workload
The workload supplied to the disks is characterized by three parameters: degree of concur-

rency, request size, and read/write mix. Concurrency specifies the number of independent pro-
cesses that are simultaneously issuing requests. The number of processes is fixed during each
simulation run and each process repeatedly issues an I/O request, waits for its completion, and
immediately issues the next request. We simulate concurrencies between 1 and 20.

We used the following five distributions of request size:
• exp4KB: An exponential distribution with a mean of 4 KB
• exp16KB: An exponential distribution with a mean of 16 KB
• norm100KB: A normal distribution with a mean of 100 KB
• norm400KB: A normal distribution with a mean of 400 KB
• norm1500KB: A normal distribution with a mean of 1500 KB

The exponential distributions are intended to model requests generated by time-sharing appli-
cations and the normal distributions are intended to model requests generated by scientific applica-
tions. For both types of distributions, the request sizes generated are always a multiple of a
kilobyte and are always at least a kilobyte in size; that is, zero and negative request sizes are not
allowed. The means of the target distributions are adjusted so that the actual mean request size
seen by the array is 4 KB, 16 KB, 100KB, 400 KB, or 1500 KB. In all cases, requests are aligned
on kilobyte boundaries and are uniformly distributed throughout the disk array.

3.3  The RAID Simulator
Our study is conducted using a detailed simulator of the disk system. We opted for a simula-

tion-driven study rather than a queueing-model study because read-modify writes and reconstruct
writes in a RAID Level 5 create synchronization constraints that are very difficult to model analyt-
ically.

The RAID simulator, raidSim, is an event-driven simulator developed at Berkeley for model-
ing non-redundant and redundant disk arrays. It consists of a module for implementing a variety of
RAID levels, a module for modeling disk behavior, and a module for generating synthetic I/O
requests. The only resources modeled are disks. In particular, resources such as the CPU, disk con-
trollers and I/O busses are ignored. This allows us to focus on the intrinsic performance effects of
using multiple disks.RaidSim simulates each workload until the mean response time is within 5%
of the true mean at a 95% confidence level.

3.4  Metrics
Common disk system performance metrics are throughput and response time. With a fixed

level of concurrency and a specific request size, higher throughput always leads to faster response



Peter M. Chen & Edward K. Lee Striping in a RAID Level 5 Disk Array 5

Table 1: Disk Model Parameters. Average seek time is the average time needed to seek between two
equally randomly selected cylinders. Sustained transfer rate is a function of bytes per sector, sectors per
track and revolution time. IBM Lightning is the IBM 0661 3.5” SCSI disk drive; Seagate Elite3 is the
Seagate ST-43400N 3.5” SCSI disk drive; and Seagate Wren4 is the Seagate ST-4350N 5.25” SCSI disk
drive. The seek profile for each disk is computed using the following formula:

where x is the seek distance in cylinders and a, b, and c are chosen to satisfy the single-cylinder seek time,
average seek time, and max-stroke seek time. The square root term in the above formula models the
constant acceleration/deceleration period of the disk head and the linear term models the period after
maximum disk head velocity is reached. If cylinders-per-disk is greater than approximately 200, then a, b,
and c can be approximated using the following formulas:

where minSeek, avSeek, maxSeek, and numCyl correspond to the disk parameters single-cylinder seek
time, average seek time, max-stroke seek time, and cylinders per disk, respectively. We have compared the
model to the seek profile of the Amdahl 6380A [Thisquen88] and have found the model to closely
approximate the seek profile of the actual disk.

IBM
Lightning

Seagate
Elite3

Seagate
Wren4

Bytes Per Sector 512 512 512

Sectors Per Track 48 99 53

Tracks Per Cylinder 14 21 9

Cylinders Per Disk 949 2627 1549

Disk Capacity 311 MB 2667 MB 361 MB

Revolution Time 13.9 ms 11.1 ms 16.7 ms

Single Cylinder Seek Time 2.0 ms 1.7 ms 5.5 ms

Average Seek Time 12.5 ms 11.0 ms 16.5 ms

Max Stroke Seek Time 25.0 ms 22.5 ms 35.0 ms

Sustained Transfer Rate 1.8 MB/s 4.6 MB/s 1.6 MB/s

Effective (Simulated) Capacity 300 MB 300 MB 300 MB

Effective Average Seek Time (first
300 MB of disk)

12.2 ms 4.1 ms 14.9 ms

Effective Average Positioning Time 19.2 ms 9.7 ms 23.2 ms

Effective Disk Performance Product 33 KB 43 KB 37 KB

seekTime x( ) 0 if�x=0

a x 1− b x 1−( ) c+ + if�x>0
=

a
10minSeek− 15avSeek 5maxSeek−+

3 numCylinders
=

b
7minSeek 15avSeek− 8maxSeek+

3numCylinders
=

c minSeek=
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time. In this paper, we use throughput as the main performance metric. Most throughput values
will be given as a percentage of the maximum throughput over all striping units. For example, if
the maximum throughput over all striping units for a particular workload is 10 MB/s, and a strip-
ing unit S, yields a throughput of 3 MB/s, then the throughput for striping unit S will be given as
30% of maximum throughput.

4 Choosing the Striping Unit
 Figure 2 and Figure 3 show the throughput versus the striping unit for reads and writes over a

range of sizes and concurrencies. We vary the striping unit from 1 KB to 1 MB and make the fol-
lowing observations:
•  At any fixed striping unit, the throughput increases with larger request sizes and higher degrees

of concurrency. Increasing request sizes allow each disk to access more data per request; higher
degrees of concurrency are able to make use of more disks.

•  Reads perform uniformly better than writes due to the extra overhead of maintaining parity
when writing data.

 In order to compare trends from different workloads more easily, we scale the throughput of
each workload, expressing it as a percentage of the maximum throughput (Figure 4 and Figure 5).

If one knows the parameters of a workload, that is, the request size distribution, concurrency,
and read/write mix, one can use Figure 4 and Figure 5 to choose the striping unit which maximizes
throughput. However, in most systems, the exact workload is not known. One of, or possibly both,
the request size and the concurrency will be unspecified. Thus, it is desirable to be able to choose a
good striping unit with as little knowledge about the workload as possible. In this paper, we will
strive to maximize theminimum percentage throughput over a range of workloads. In other words,
we wish to guarantee the highest percentage of maximum throughput to all workloads in consider-
ation. For example, if the concurrency is known to be 4 but the request size is unknown, we can
use Figure 4b to choose a striping unit. In Figure 4b, over the range of request sizes, the striping
unit that maximizes the minimum percentage throughput is 40 KB. At that striping unit, all work-
loads considered yield at least 98% of their maximum possible throughput. As in [Chen90], we
find that knowing the workload concurrency is more important than knowing request size. That is,
it is possible to guarantee a higher percentage of maximum throughput if we know the workload
concurrency than if we know request size.

4.1  Read Workloads
To verify previous results we start by focusing on performance of reads in a RAID Level 5.

As in [Chen90], if we know the concurrency of a read workload, it is possible to choose a striping
unit that guarantees over 95% of the maximum throughput for any request sizes. In fact, there is a
range of striping units that guarantee 95% of maximum throughput to workloads with any request
size. Figure 6a shows the range of these striping units for read workloads as vertical lines delin-
eated by + signs. Note that higher concurrencies lead to larger striping units. This is expected from
the discussion in Section 2.2—higher concurrencies inherently use all disks, so we can then use
larger striping units to maximize the amount of data each disk transfers per logical request.

We can express our choice of striping unit as a linear function of workload concurrency by 1)
fixing the striping unit choice for a concurrency of one at 1 sector (0.5 KB), and 2) measuring the
minimum slope of any striping unit vs. concurrency line that lies entirely in the displayed range.
Our choice of striping unit in Figure 6 can then be expressed as.

or, in terms of disk parameters, as.

where Sr is called theconcurrency-slope coefficient and is independent of disk technology. For 17
IBM Lightning disks, the slope of this line is 7.3 KB and hence Sr is 0.22 (Table 2). This matches
with results in [Chen90].

Next let us consider the case where we know the workload is 100% reads but have no infor-
mation about the concurrency or request size In this case we can choose a good compromise strip-
ing unit by superimposing all the graphs in Figure 4 and using the striping unit that guarantees the
highest percentage of maximum performance to all workloads. As in [Chen90] we express this
choice as

Striping�Unit Slope Concurrency 1−( )× 1�sector+=

Striping�Unit Sr Disk�Performance�Product Concurrency 1−( )×× 1�sector+=
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Figure 2: Read Throughput for a Range of Sizes and Concurrencies. Throughput is shown as a
function of striping unit. The throughput increases as request sizes or concurrencies increase, as
expected. These results were gathered using 17 IBM Lightning disks.
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Figure 3: Write Throughput for a Range of Sizes and Concurrencies. Throughput is shown as
a function of striping unit. The throughput increases as request sizes or concurrencies increase, as
expected. These results were gathered using 17 IBM Lightning disks. Note that write throughput is
uniformly lower than read throughput (Figure 2), due to the extra overhead of maintaining parity
in a RAID Level 5.
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Figure 4: Read Performance for a Range of Sizes and Concurrencies, Shown as Percentage
of Maximum Throughput. Percentage of maximum throughput is shown as a function of the
striping unit. The circled point on each graph indicates the striping unit that guarantees the highest
percentage of maximum throughput to all workloads shown on that graph. Note that increasing
concurrency leads to larger optimal striping units.
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Figure 5: Write Performance for a Range of Sizes and Concurrencies, Shown as Percentage
of Maximum Throughput. Percentage of maximum throughput is shown as a function of the
striping unit. The circled point on each graph indicates the striping unit that guarantees the highest
percentage of maximum throughput to all workloads shown on that graph. Note that the optimal
striping unit for write-intensive workloads is smaller than for the read-intensive workloads in
Figure 4.
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For 17 IBM Lightning disks, the compromise striping unit for reads is 24 KB and hence Zr is
0.73. This striping unit guarantees at least 70% of the maximum performance to workloads with
any request size or concurrency. Again, this matches closely to previous results. Table 2 lists
results for different disk types and shows that Zr and Sr are independent of disk technology.

4.2  Write Workloads
Now that we have verified that reads in a RAID Level 5 using the left-symmetric parity place-

ment [Lee93b] lead to identical striping unit choices as I/Os in a non-redundant disk array, we turn
our attention to writes in a RAID Level 5. From the discussion in Section 2.2, we expect that the
best striping unit for write-intensive workloads will be smaller than those for read-intensive work-
loads.

Figure 6 shows the range of optimal striping units for writes as vertical bars delineated by •
signs. For write-intensive workloads, it is not always possible to choose a striping unit for a spe-
cific concurrency that yields 95% performance for all request sizes. In Figure 6a, we show the
striping unit choice that yields the best performance for all striping units for writes by • signs.
These striping unit choices are almost as good as for read-intensive workloads—they always yield
performance of at least 93%.

Note that the range of optimal striping units in Figure 6 is uniformly lower for writes than for
reads, as expected. Writes perform better when striped across more disks, since they then require
less accesses to compute the new parity. Smaller striping units thus lead to more efficient writes;
this makes the range of optimal striping units lower for write-intensive workloads than the range
for read-intensive workloads. Also note that even very high concurrency workloads do not lead to
very large optimal striping units. This ceiling on the optimal striping unit arises because writes

Figure 6: Striping Unit Chosen Versus Concurrency—17 IBM Lightning Disks. Shown here
is the range of striping units which yield at least 95% (Figure a) or 90% (Figure b) of the
maximum throughput for all request sizes (exp4KB, exp16KB, norm100KB, norm400KB,
norm1500KB) for reads and writes. The range for a workload with 100% reads is wider and
marked by + signs. The range for workloads with 100% writes is much narrower and marked by •
signs. Write workloads are not always able to attain 95% performance, so Figure a shows the
striping unit that yields the highest performance for all workloads (which is always at least 93%).
The dashed lines are the lines with smallest slope that lie entirely in the striping unit range.
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yield better performance when they utilize all the disks by issuing full-stripe writes rather than by
utilizing the workload concurrency. Of course, this must be balanced by the fact that the disk array
is more efficient when a disk transfers a larger amount of data for a logical request.

By lowering our criterion of good performance to 90% (Figure 6b), we can again use a simple
linear equation to describe our choice of striping units at each concurrency. The lower, dashed line
in Figure 6b describes the equation.

where Sw is the concurrency-slope coefficient for writes and is equal to 0.051. Thus the slope for
writes is approximately four times shallower than the slope for reads. Table 2 shows that the values
of Sw for different disks is relatively constant.

If no information is given about concurrency or request size, we can choose a good compro-
mise striping unit for write-intensive workloads as we did for reads. We superimpose all graphs in
Figure 5 and choose the striping unit that guarantees the highest percentage of maximum perfor-
mance to all workloads. For write-intensive workloads on 17 IBM Lightning disks, this compro-
mise striping unit is 6 KB, so Zw, which is the optimal striping unit divided by the disk
performance product for IBM Lightning disks, is 0.18. A 6 KB striping unit guarantees at least
73% of maximum performance to all workloads tested. We tabulate the values of Zw using other
disk technologies and find that Zw is independent of disk type.

Without knowledge of the read/write mix of the workload, it is still possible to choose a strip-
ing unit that performs reasonably well for all workloads. By superimposing the graphs in Figure 4
and Figure 5, we can find the striping unit that guarantees the best performance to all read or write
workloads of arbitrary concurrency and request size. This striping unit is 16 KB and guarantees
60% of maximum throughput to workloads with any request size, concurrency, and mix of reads
and writes. We express this choice in terms of the disk-performance product as

where Zrw is 0.48. Thus, for a 17-disk disk array and in the absence of any workload information,
we recommend a striping unit of approximately half the product of the average positioning time
and the single-disk transfer rate.

5 Varying the Number of Disks
We have expressed our recommendations for striping unit for a 17-disk disk array in terms of

coefficients S and Z and the disk performance product. Disk arrays with more or less than 17 disks
will have different values for these coefficients, because the number of disks affects the tradeoffs
discussed in Section 2.2. With more disks, smaller striping units are needed to ensure that all disks
are used. Conversely, with fewer disks, each disk is more precious, leading to larger striping units
to avoid tying up too many disks. Thus we expect that the coefficients will vary inversely to the

Table 2: Values of Concurrency-Slope and Zero-Knowledge Coefficients for 3 Disk Types. This
table shows the values of the various coefficients useful in choosing the striping unit. Over three very
different disks, the values of each coefficient is relatively independent of disk type.

Read Workloads Write Workloads
Read and Write

Workloads

Disk Type Sr Zr Sw Zw Zrw

17 Lightnings 0.22 0.73 0.051 0.18 0.48

17 Elite3 0.30 0.67 0.066 0.19 0.58

17 Wren4 0.22 0.68 0.051 0.17 0.46

Average 0.25 0.69 0.056 0.18 0.51

Striping�Unit Sw Disk�Performance�Product Concurrency 1−( )×× 1�sector+=

Striping�Unit Zrw Disk�Performance�Product×=
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number of disks in the array. Figure 7 shows that Zr does indeed vary inversely to the number of
disks. [Lee91, Lee93a] predict that the striping unit will vary inversely to the square root of the
number of disks. We find empirically that the optimal striping unit for read-intensive workloads
varies inversely to the cube root of the number of disks.

Surprisingly, Zw increases as the number of disks increases. This trend means that as the
number of disks in the array decreases, the optimal striping unit also decreases and each write
request is best striped overmore disks. To understand this, recall that limiting a write request to a
few disks causes more read-modify writes. These read-modify writes cause extra read operations
to the parity and data blocks, which increases disk utilization by a factor of 2. In a disk array with
less disks, this increased disk utilization ties up a higher fraction of the disks and severely hinders
performance. Thus, the optimal striping unit is smaller with less disks to cause more full-stripe
writes and hence decrease the number of read-modify writes.

The combination of these trends leads to a fairly constant value for Zrw at 0.5. Thus, without
any workload knowledge about request size, concurrency, or mix of reads and writes, one should
choose a striping unit equal to half the disk performance product. For our three disk types (using
the true seek time, not the shortened seek time of the first 300 MB of each disk), this leads to strip-
ing units of 18 KB for the IBM Lightning disks, 38 KB for the Seagate Elite3 disks, and 20 KB for
the Seagate Wren4 disks.

6 Conclusions
We have investigated how to stripe data in a RAID Level 5 disk array for a variety of work-

loads. We found that reads in a RAID Level 5 behaved similarly to reads and writes in a non-
redundant disk array. The resulting optimal striping unit for reads traded off two factors: 1) making
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Figure 7: How Striping Units Vary with Number of Disks. This figure shows that the zero-
knowledge coefficients Zr, Zw, and Zrw vary differently with the number of disks. Since the
striping unit is directly proportional to Z, the best striping unit varies in the same way as the
various Z coefficients. For read-intensive workloads, Zr decreases as the number of disks
increases because smaller striping units are needed to ensure that all disks are used. For write-
intensive workloads, Zw decreases as the number of disks decreases because the extra overhead
of read-modify writes becomes prohibitive when there are less disks. These two trends
effectively cancel each other out, and so the overall choice of striping unit without knowing the
read/write mix is approximately 0.5 and is independent of the number of disks. The optimal
striping units using the values of Zrw shown here guarantees approximately 60% of maximum
throughput to all workloads. For read-intensive workloads, a striping unit derived from Zr
guarantees approximately 70% of maximum throughput for all workloads. For write-intensive
workloads, a striping unit derived from Zw guarantees approximately 70% of maximum
throughput.
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use of all the disks in the array and 2) having each disk transfer as much as possible before reposi-
tioning. Write-intensive workloads led to smaller optimal striping units than read-intensive work-
loads. This was because full-stripe writes performed better than read-modify or reconstruct writes.
Smaller striping units led to more full-stripe writes and correspondingly better performance.

For both reads and writes in a RAID Level 5, concurrency was the most important workload
factor in choosing an optimal striping unit. The optimal striping unit increased with concurrency
for both reads and writes, but the rate of increase was approximately four times shallower for
writes than for reads. Again, this was due to full-stripe writes performing better than read-modify
or reconstruct writes. We also noted that even infinite levels of concurrency did not lead to arbi-
trarily large striping units for writes. This ceiling on the striping unit for writes occurred because
writes “prefer” to utilize all the disks by issuing full-stripe writes rather than by depending on the
workload’s concurrency.

Last, we investigated the effect of varying the number of disks in a RAID Level 5. We found
that the striping unit for read-intensive workloads decreased as the number of disks increased, but
that the striping unit for write-intensive workloads increased as the number of disks increased.
Both these trends sought to lower the number of disks each request occupied as the number of
disks in the array decreased. The combined effect of these opposing trends was to keep the optimal
striping unit choice without any workload knowledge of the read/write mix fairly constant at half
the disk performance product.

Thus, in the absence of any workload knowledge, we recommend a striping unit of

for RAID Level 5 disk arrays with any number of

disks.
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