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Abstract

Several disk array architectures have been proposed

to provide high throughput for transaction processing

applications. When a single disk in a redundant ar-

ray fails, the array continues to operate, albeit in a

degraded mode with a corresponding reduction in per-

formance. In addition, the lost data must be rebuilt to

a spare disk in a timely manner to reduce the probab-

ility of permanent data loss. Several researchers have

proposed and examined algorithms for rebuilding the

failed disk in a disk array with parity.

We examine the use of these algorithms to rebuild

a mirrored disk array and compare the rebuild time

and performance of the RAID5 and mirrored arrays.

Redirection of Reads provides comparable average re-

sponse times and better rebuild times than Piggyback-

ing for a mirrored array, whereas these two algon”thms

perform similarly for a RAID5 array. In our experi-

ments compan”ng the two architectures, a mirrored ar-

ray has more disks than a RAID5 array and can sus-

tain 150% more I/Os per second during the rebuild

process. Even if the size of the RAID5 array is in-

creased to match the mirrored array, the mirrored ar-

ray reduces response times by up to 60% and rebuild

times by up to 45%.

1 Introduction

Processor and memory speeds have rapidly in-

creased over the last few years. The use of multiple

Permission to copy without fee all or part of this material is
granted provided that the copies are not mada or distributed for

direct commercial advantage, the ACM copyright notica and the
title of the publication and its data appear, and notice ie given

that copying is by permission of the Association for Computing
Machinery. To copy otherwisa, or to republish, requiras a fee
and/or specific permission.
SIGMOD 15193 iWashington, DC, USA
@1993 ACM 0.89791 -592.5 /93/0005/0317 . ..$1” .50

317

processors has further improved computer system per-

formance. The net result is a huge potential increase

in computer system performance. One reason com-

puter systems have failed to reach their maximum po-

tential is the inability of the 1/0 subsystem, and in

particular the disk subsystem, to keep up with ad-

vances in processor and memory technologies.

Transaction processing represents one application

environment whose performance is strongly depend-

ent on the disk subsystem. Transaction processing

applications require disk subsystems with both high

performance and high availability. High performance

is generally achieved by using many disk drivea to con-

currently service independent disk requests. As the

number of drives increases, some form of redundancy

should be incorporated to allow the disk subsystem

to continue servicing 1/0 requests even when a disk

has failed and is being replaced and rebuilt. In this

manner, high availability is assured.

This paper re-examines two hardware redundancy

schemes, the mirrored disk array and RAID5 disk ar-

ray, and compares the effectiveness of three algorithms

for rebuilding a failed disk. First, it evaluates the

performance of each array when a single disk has

failed. Second, it assesses the time required to r-

build the failed disk. Average response times for Re-

direction of Reads and Piggybacking are comparable

for the mirrored array. Rebuilding a mirrored ar-

ray using Piggybacking, however, often requires more

time than when using Redirection of Reads. These

two algorithms perform similarly for the RAID5 array

as concluded by Holland and Gibson [H01192]. Com-

paring the performance of the two architectures, the

mirrored disk array provides lower response times dur-
ing rebuild than the R.AID5 disk array, and it rebuilds

the failed disk faster.

The remainder of this paper is organized in seven

sections. Section 2 discusses previous work in the field.

Section 3 describes our approach to disk rebuild and
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Figure 1: Mirrored disk array

lists our assumptions. Section 4 discusses our simu-

lator and the workload we evaluated. Section 5 ex-

amines the response time during rebuild mode and

section 6 analyzes the rebuild time incurred by the

different rebuild algorithms. Section 7 presents our

conclusions and some topics for future research.

2 Previous Work

Increasing the number of concurrently active disk

drives in the subsystem is a common technique for

improving disk subsystem performance. Striping (aka

interleaving) data across disks can greatly increase the

data transfer rate [Sale86, Kim86]. A stripe unit is

the amount of data placed on each disk such that suc-

cessive stripe units contain logically contiguous data.

Disk striping allows the data for large requests to be

accessed in parallel from multiple disks. Disk strip-

ing with a large stripe unit can also be used to form

one logical disk capable of performing many concur-

rent accesses [Livn87’1. A stripe unit is chosen to bal-

ance data transfer parallelism and access concurrency

[Redd89, Chen90a]. Another important effect of disk
striping is it balances the load among all the disks in

the array [Livn87, Bate91, Gang93].

Unfortunately, increasing the number of disks also
increases the probability of data loss due to disk

failure. Several hardware redundancy schemes have

been used to improve reliability, including mirroring

[Bitt88] and disk arrays with parity [Kim86, Patt88,
Katz89, Gray90]. Mirrored disks duplicate each data

block, placing the two copies on different disks. As a

result, two disks can potentially service a given read

request. If both disks are available, the disk with the

shorter seek time can be selected to service the r~

quest. Write requests, on the other hand, must be
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Figure 2: RAID5 disk array

serviced by both disks. This paper assumes that data

is striped across each set of disks and that seek time is

used to select which disk will service a read request if

both are available. Figure 1 illustrates how data can

be arranged in a mirrored disk array.

The RAID5 disk array has become popular recently

since it requires fewer disks than a mirrored disk ar-

ray while ensuring data availability y in the event of

a single disk failure. Figure 2 illustrates how data

can be organized in a RAID5 disk array. Redundancy

is maintained in the form of parity. Write accesses

must update both the data blocks being written and

the corresponding parity blocks. In particular, single-

block writes require the old data and parity to be read,

exclusive-ORed with the new data to generate the

new parity, and then the new data and parity can be

written to their respective locations. This is called a

read-modify-wm”te operation. Read-modify-writes can

reduce the performance of RAID5 arrays when com-

pared to other architectures.

A RAID5 disk array can operate in three different

modes [Meno92]. It operates in normal mode when

all disks are available. It moves to degraded mode

when one of the disks in a disk array has failed. When

data on the failed disk needs to be accessed, corres-
ponding blocks from all surviving disks must be read

and exclusive-ORed to regenerate the lost data. Re-

sponse times in degraded mode are therefore much

higher than in normal mode.

A RAID5 array in degraded mode also cannot sur-

vive a second disk failure. Thus it is important to

rebuild the failed disk as quickly aa possible. Never-

theless, it is usually important to continue servicing

the application’s disk requests aa well. Much of the

research in the rebuild mode performance of disk ar-

rays assumes the application can afford some window
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of vulnerability and that the application prefers its

disk requests be serviced, albeit with a longer response

time. The alternative is to have the disk array post-

pone all application requests until the data on the

failed disk has been rebuilt to a spare disk. Menon

and Mattson [Meno92] analyzed response times and

rebuild times for a RAID5 disk array assuming user

requests are given priority over rebuild requests.

Several researchers have proposed and investigated

solutions for more efficiently rebuilding the failed

disk in clustered RAID arraysl [Munt90], of which

the RAID5 array is a special case. Muntz and Lui

[Munt90J compared three algorithms for rebuilding

clustered RAID arrays using an analytical model.

Their Baseline Copy algorithm simply reads blocks

sequentially from each of the surviving disks, regener-

ates the lost data and writes it to the spare disk. Read

requests to the failed disk are regenerated by the sur-

viving disks. Write requests update the parity block

on the appropriate surviving disk. In addition, these

write requests also update the spare disk.

Their first enhancement on Baseline Copy, Redir-

ection of Reads, usea the spare disk to service read

requests to the failed disk if the requested data has

already been rebuilt to the spare disk. They also pro-

posed Piggybacking rebuild requests on a normal work-

load as an additional improvement. In Piggybacking,

any disk block regenerated by an application request

to the failed disk is written to the spare disk. As

a result, this data block does not have to be regener-

ated at some later point in the rebuild process. Muntz

assumed that the rebuild time was reduced by a frac-

tion proportional to the number of blocks rebuilt via

Piggybacking.

Holland and Gibson [H01192] extended Muntz and

Lui’s work by performing simulations of the rebuild

algorithms and comparing response times and rebuild

times. They also evaluated a simpler rebuild al-

gorithm, Minimal Update, which simply reads blocks

sequentially from each of the surviving disks, regener-

ates the missing data and writes it to the spare disk.

Unlike baseline copy, however, the spare disk only ser-
vices writes which access data that has been rebuilt

to the spare disk. Holland and Gibson were able to

more precisely determine the benefits of Redirection

of Reads and Piggybacking . They found these “im-

proved” rebuild algorithms were not always beneficial,

especially when the surviving disks are not saturated

with application requests. In these cases, the sequen-
tial rebuild requests serviced by the spare disk are in-

terrupted with random reads and writes from the ap-

1also called dech@ered parit~ [Hol192]

plication. As a result, the rebuild time can actually

increase.

Another decision impacting the rebuild time is the

amount of data atomically read each time from surviv-

ing disks during rebuild, which we called the mbuiid

unit [Hou93]. We compared rebuild performance for

Minimal Update using three different rebuild units —

block, track and cylinder. Rebuilding data one block

at a time, where a block is the amount of data accessed

by a disk request and is smaller than a track, ensures

a small delay for incoming application requests and

minimally raises their response times. The drawback

is an increase in the disk array rebuild time. A cyl-

inder rebuild unit, on the other hand, decreases the

rebuild time while increasing response times. A track

rebuild unit provides a favorable balance between ap-

plication response time and rebuild time. Thus the

rebuild unit balances the servicing of application and

rebuild requests and can be different from the stripe

unit, used only to optimize application requests.

Much of the work on rebuilding RAID5 arrays can

be extended to mirrored arrays. In particular, the

algorithms proposed by Muntz and Lui can be used

to rebuild a mirrored array. We evaluate the effect-

iveness of Minimal Update, Redirection of Reads and

Piggybacking in rebuilding a mirrored array.

3 Basic Approach

When a disk in an array fails, it is imperative to

reconstruct the data on that dkk to a spare or re-

placement disk as quickly as possible to avoid data

loss. It is also necessary, however, to continue servi-

cing application requests. We assume it is more im-

portant to service application requests than rebuild

requests [Meno92]. Therefore we assign a lower prior-

ity to rebuild requests, servicing them only if there are

no pending application requests for that disk. Once a

rebuild request has been sent to a disk, the disk com-

pletes that request and then checks if there are any
pending application requests. If not, another rebuild

request may be serviced.

Unlike Holland and Gibson [H01192], who assumed

the operating system would rebuild the array, we as-

sume there is a hardware mechanism in the disk ar-

ray controller that rebuilds the array. This hardware

mechanism has buffers which hold data during the re-
build process.

We evaluate response times and rebuild times for

a mirrored disk array and compare the mirrored ar-

ray with the RAID5 array. We start with a nine-disk
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bytes per block

blocks per track

surfaces

cylinders

single track seek

average seek time

maximum seek time

rotational speed

seek time model

4096

6

14

949

2.5 ms

12.7 ms

25.5 ms

4318 RPM

2.0 + 0.01 distance +

0.46 ~=

Table 1: Disk Drive Parameters

RAID5 array. This array size was chosen to ensure

that parity consumed a small amount of disk space

relative to the data; parity accounts for only 1170 of

the total disk space in a nine-disk array. We compare

the RAID5 performance with a sixteen-disk mirrored

array since both arrays contain the same amount of

data. The mirrored array, however, has superior per-

formance to the small RAID5 array. Thus we also

evaluate a sixteen-disk RAID5 array.

low and high 1/0 rates are 75 and 125 1/0s, respect-

ively. Average response time is used to compare the

performance of the disk arrays under these workloads.

Each disk drive stores rebuild data in its own buffer

in the storage controller. The experiments in section 6

will evaluate the amount of buffer space needed in the

storage controller to provide the optimal performance.

When enough rebuild data haa been read from each

surviving disk, the storage controller regenerates the

lost data and writes it to the spare disk. Data may

be written to the spare disk at a different granular-

ity than it is read from the surviving disks. In the

experiments presented in this paper, the amount of

data written each time to the spare disk is fixed at

one track [Meno92, Hou93]. Writing data one track

at a time can take advantage of zero-latency disk ac-

cesses. It also amortizes any seek time over several

reconstructed data blocks. Writing data one cylinder

at a time also has these benefits. The drawback is

the spare disk becomes unavailable for long periods

of time and cannot service application requests that

access rebuilt data. Also, the storage controller must

store a full cylinder of rebuild data before beginning

to write reconstructed data to the spare disk.

5 Response Time

4 Simulator

Trace-driven simulation is used to evaluate the re-

sponse time and rebuild time of the mirrored and

RAID5 disk arrays. The disk drive parameters

modeled by the simulator are shown in Table 1. We

model the same IBM 0661 Model 370 disk drive as

Holland and Gibson [H01192].

The workload is a synthetically generated stream

of disk requests. The requests are uniformly distrib-

uted across the disk space since typical transaction

processing applications exhibit little or no locality in

their 1/0 streams. Each request accesses a single 4KB

block of data. The interarrival time, or time between

successive requests, is generated using an exponential
distribution. 75% of the disk requests are assumed

to be reads, again modeling a typical transaction pro-

cessing environment [Meno92].

The 1/0 rate is varied by changing the interarrival

time to create different workloads for the disk sub-
systems. When the 1/0 rate to a sixteen-disk array

is 175 1/0s per second, the disk array is lightly util-

ized. When the 1/0 rate is increased to 300 1/0s per

second, the sixteen-disk arrays approach saturation in

degraded mode. For the nine-disk RAID5 array, the

It is important to maintain low response times for

application requests during the rebuild process. To

minimize the conflict between application and rebuild

requests, application requests are assigned a higher

priority [Meno92]. Response time does increase dur-

ing rebuild mode, however, and the increase depends

mainly on the rebuild unit [Hou93]. We have ana-

lyzed the impact of the rebuild unit on RAID5 rebuild

[Hou93]. In this section we will analyze its impact on

mirrored rebuild and compare it to RAID5 rebuild.

The response times reported in this section assume

there is enough buffer space in the array controller to

store one cylinder of data from each disk. Increas-

ing buffer space to ten cylinders of data gives similar
results.

Response times for a mirrored disk array are ex-

amined first, Times for the Minimal Update, Redir-

ection of Reads and Piggybacking rebuild algorithms

using a track rebuild unit are shown in figure 3 as

a function of 1/0s per second (workload). Degraded

mode performance is provided for comparison pur-

poses. When a disk in a mirrored array fails, its du-

plicate disk must service twice ss many reads as in

normal mode. Thus the response time for the du-
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Figure 3: Response times for mirrored array using

track rebuild unit

plicate disk is higher than for the other disks. We

will refer to this duplicate disk as the partner disk in

the remainder of this paper and call its response time

the Worst Case response time for the array. The Av-

erage response time is the average over all requests.

For Minimal update, Worst Case response times are

63% - 146% higher than Average response times, while

for Redirection of Reads and Piggybacking, they are

49% - 69% higher. Comparing Redirection of Reads

and Minimal Update, Redirection of Reads reduces

Worst Case response times by 12% - 42% and Average

response times by 4% - 15%. Piggybacking provides

little improvement over Redirection of Reads, which

confirms Holland and Gibson’s results [H01192].

Another observation is that Redirection of Reads

and Piggybacking perform better than Degraded

mode at higher 1/0 rates [Munt90]. The reason is

that many requests can be serviced by the spare disk

after the desired data has been rebuilt. For these re-

quests, response time is closer to normal mode. It is

not exactly equal to normal mode since the spare disk

is still writing reconstructed data.

Figure 4 shows response times for Minimal Update

and Redirection of Reads using a cylinder rebuild unit.

Again, Degraded mode performance is provided for
comparison purposes. As can be seen, a cylinder re-
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Figure 4: Response times for mirrored array using

cylinder rebuild unit

build unit increases the response times for Worst Case

dramatically. In fact, it increases response times for

Redirection of Reads enough that even with applica-

tion requests being redirected to the spare disk, the

average response times are still greater than in D-

graded mode.

Comparing figure 4 to figure 3, Redirection of Reads

response times degrade more gracefully with heavier

workloads and Piggybacking response times actually

improve. Any requests that are redirected and ser-

viced by the spare disk do not suffer the large re-

sponse time increases that result when a surviving

disk is reading a cylinder rebuild unit of data. Piggy-

backing improves response times since a heavier work-

load means more data is rebuilt to the spare disk via

Piggybacking, which increases the chances that future

requests will be redirected to the spare disk. In ad-

dition, an increasing number of cylinders are partially

rebuilt to the spare disk, in which case only part of a

cylinder needs to be rebuilt.

Results for a block rebuild unit are similar to those

for a track rebuild unit and are not shown. A block
rebuild unit gives response times that are roughly half

a rotational latency lower compared to a track rebuild

unit. The time required to read a random block re-
build unit from a surviving disk ia about a half rota-
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Figure 5: Response times for RAID5 and mirror

using track rebuild unit

tional latency shorter than reading a full track rebuild

unit.

Response times comparing mirrored and RAID5 ar-

rays for a track rebuild unit are shown in figure 5

comparing Minimal Update, Redirection of Reads and

Piggybacking. We compare response times using a

sixteen-disk RAID5 array since a nine-disk RAID5 ar-

ray cannot operate under a workload over 1751/0s per

second. Response times for RAID5 are higher than

those for mirrored (both Worst Case and Average),

even though seek times for RAID5 have been reduced2.

In normal mode, RAID5 and mirrored perform simil-

arly for reads but RAID5 suffers when handling writes

due to the read-modify-write operation [Chen90]. In

degraded and rebuild modes, all surviving disks in the

RAID5 array receive twice the number of application
read requests due to the reconstruction of the missing

data [Meno92]. In the mirrored array, the partner disk

similarly sees twice the number of application read re-

quests. Write requests, on the other hand, affect only

the degraded RAID5 array, having virtually no effect

on the mirrored array. Write requests to the failed disk

in a RAID5 array must construct the new parity block,

2The amount of data in the two disk arrays are kept

constant and thus the RAID5 d~ks are not completely

filled with data
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Figure 6: Response times for RAID5 and mirror

using cylinder rebuild unit

which requires reading the corresponding data blocks

on all the surviving disks except the one containing

the parity block. RAID5 response times are 20% -

38% higher than Worst Case mirrored times for Min-

imal Update and 1870-5570 for Redirection of Reads

and Piggybacking, Compared to Average mirrored re-

sponse times, RAID5 response times are 9770- 238%

higher for Minimal Update and 80% - 159% higher for

Redirection of Reads and Piggybacking.

Figure 6 compares response times for a cylinder re-

build unit. Worst Case mirrored response times for

Minimal Update are higher than those for RAID5.

This is again due to the limited buffer space of one

cylinder in the controller. For a RAID5 array, the

disks work in lockstep to rebuild the spare disk and

are often idle since the fastest disk must wait for the
slowest disk to read its cylinder of rebuild data before

the spare disk can write the regenerated data. Since

the disks are often idle, their response times for ap-

plication requests is reduced. In a mirrored array, on

the other hand, only the partner disk is rebuilding the

spare disk. The partner disk only has to wait for the

spare disk to write its data, so it is generally kept busy.

The two curves converge at the highest workload since

the surviving disks are nearly saturated with applica-
tion requests and the rebuild process slows down. If

322



L -2750

#‘w -

!/
22s0 –

2000 -

1750 -

15W -

1250 -

1000 -

750 –

500 -

250

t

s---t Miaimll IJ@e. s.4f05.9

h- ‘-A &iiIcdicn Ofkds. RAU2$9

● - --0 9@ybacking - RUDS-9

0---0 Mhim&lu96#8 -sAlDs16
a- - -A SdrectionofFa6s .SAfDf-16

0---0 9iggyb4hg - MUM-16

0—0 Mimimliup6M8. Mimr
A—A B#6hwu0n0friea6$ -hfimr

0—0 F&gybackhg - Mimu

1’
f’

1’

8’

1’ /

:
*

:
1’

1’

01 ! I I t I I I I 1 I

50 7s ml 12s 1s0 175 2(KI 225 250 27S 300

mph

i
1750 -

ii

1

Moo -

12s0 -

1000 -

750 -

Soo -

2s0

t

I--- I Minimal u96mc. sAfDs.9

A- --A lMiNcti0n0fz6aib .flAIDs-9

● - --0 ~bacWig . RAIJM.9
o---o hUmimsl U96ab-RAIDS-16

a- - -A I&6imtirmofM .SMOS.16
0---0 ~baskin$-fL410f-16

0—0 Mi8imdug6#k. r8umn
A—A Rdbdk100ff@i9-M&mI

0—0 Fig6yb~ - Mimr

s
tt

t’
t’

OJ I 1 I t I I 1 1 1 )

50 7s 100 125 MO 175 20022S2S0275300

mph

Figure 7: Rebuild time as a function of 1/0s using Figure 8: Rebuild time as a function of 1/0s using

block rebuild unit track rebuild unit

the buffer space in the storage controller is increased to

ten cylinders, then RAID5 response times are higher

than Worst Case mirrored response times.

Both the block and track rebuild units give response
times that are close to degraded mode response times.

A cylinder rebuild unit, on the other hand, signific-

antly increases response times. Since the response
times for a cylinder rebuild unit are much higher, cyl-

inder rebuild will be ignored in the remainder of this

paper.

6 Rebuild Time

It is important to rebuild the data on a failed disk

as quickly as possible to minimize the possibility of

data 10SS. This section will evaluate rebuild time for

mirrored and RAID5 disk arrays considering the size

of the buffer space in the disk array controller as well

ss the rebuild unit. Results for both a nine-disk and

sixteen-disk RAID5 array are provided. The nine-disk

RAID5 array stores the same amount of data as the
sixteen-disk mirrored array and thus provides a com-

parison of equal capacity disk arrays, The sixteen-disk

arrays provide a comparison of equal cost disk arrays.

Rebuild time is shown as a function of 1/0s per
second (workload) serviced by the disk array in fig-

ures 7 and 8. The rebuild unit is a block in figure 7

and a track in figure 8. There is enough space in the

disk controller to store ten cylinders of rebuild data

from each disk. As can be seen, the nine-disk RAID5

array cannot operate under heavy workloads. This is

expected since it has fewer disks to service applica-

tion requests. In the remainder of this section, we will

only discuss the mirrored array and the sixteen-disk

RAID5 array although we will include the results for

the nine-disk RAID5 array for completeness.

In general, the mirrored array out performs the

RAID5 array because it depends only on the part-

ner disk. The disks in the RAID5 array can slip with

respect to each other as each becomes idle at different

times, The amount of slip is limited by the avail-

able buffer space in the array controller. Thus the

disks have increased idle time in the RAID5 array.

The mirrored array reduces rebuild time relative to

the sixteen-disk RAID5 array by 15% - 28% for Min-

imal Update and 0% -2670 for Redirection of Reads

and Piggybacking.

Piggybacking performs marginally better than Re-

direction of Reads. It is beneficial only if it saves the

need to write reconstructed data to the spare disk,

thereby reducing rebuild time. As pointed out by Hol-

land and Gibson [H01192], it is unlikely that an entire
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Figure 9: Rebuild time as a function of 1/0s using Figure 10: Rebuild time as a function of 1/0s

block rebuild unit using track rebuild unit

track will be rebuilt by Piggybacking. If part of a

track still needs to be rebuilt, then at least one seek

and latency is still incurred by each disk participat-

ing in the rebuild process. Thus there is little benefit

to using Piggybacking, especially at low I/o rates.

At high 1/0 rates, the surviving disks are the bottle

neck since they have many application requests that

they also need to service. In this case, Piggyback-

ing does rebuild some blocks that do not have to be

rebuilt later. As expected, the sixteen-disk and nine-

disk RAID5 arrays benefit similarly from the various

rebuild algorithms.

Figure 8 shows similar results when the rebuild unit

is a track. As the rebuild unit gets larger, the rebuild

time decreases since seek time is amortized over more

rebuild data and rotational latency is essentially elim-
inated, The mirrored array reduces rebuild times re-

lative to the sixteen-disk RAID5 array by 12% - 21%

for Minimal Update and 7% - 29% for Redirection of

Reads.

It is interesting to note that Piggybacking performs

much worse than Redirection of Reads for mirrored

disks. Piggybacking is triggered on every read request

to the failed disk that cannot be serviced by the spare

disk. For mirrored disks, one-eighth of all read re-

quests address blocks on the failed disk while the frac-

tion is one-sixteenth for the RAID5 array. Yet even

though Piggybacking rebuilds more data to the spare

disk, it is still unlikely these requests will rebuild en-

tire tracks of data to the spare disk. Since the rebuild

unit is a track, the partner disk must still rebuild any

block on a given track not rebuilt via Piggybacking.

This is not the case for a block rebuild unit since any

block rebuilt via Piggybacking does not have to be re-

built later by the partner disk. As a result, mirrored

rebuild time is greater than RAID5 rebuild by up to

5%.

Figures 9 and 10 show rebuild times when the array

controller can store one buffer of rebuild data from

each disk. The limited buffer space causes the rebuild

times to increase. RAID5 rebuild time is impacted

more than mirrored rebuild time since RAID5 rebuild
depends on the ability of the different disks to slip with

respect each other during the rebuild process. The

impact on mirrored rebuild times is less than l% for

a block rebuild unit and about l% for a track rebuild

unit. RAID5 rebuild times, on the other hand, are

increased by 2570- 40% for a block rebuild unit and

20% - 43% for a track rebuild unit. Compared to

RAID5 rebuild times, mirrored rebuild times are 25%-

45% lower for a track rebuild unit.

It may be argued that a sixteen-disk RAID5 does
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not have to rebuild the entire failed disk to the spare

disk since almost half the failed disk is not being used.

This requires the entity responsible for the rebuild pro-

cess, whether it is an array controller or the operating

system, be aware of where the valid data on the failed

disk is stored. The array controller is unlikely to keep

this information. The operating system may or may

not keep this information. Our current assumption

is that the entire failed disk should be rebuilt to the

spare disk. Naturally, this assumption bears further

investigation.

7 Conclusions

We have examined response times and rebuild times

for mirrored and RAID5 disk arrays. By assigning a

lower priority to rebuild requests, we are able to min-

imize the impact of the rebuild process on response

times, provided the rebuild unit is either a block or

track. We have determined that a mirrored array

provides substantially better average and worst case

response times when compared to a RAID5 array. We

found that a sixteen-disk mirrored array reduces av-

erage response times by 45% -6070 for a track rebuild

unit. Mirrored worst case response times were 1770-

35% lower than average RAID5 response times, We

did not report response time comparisons between the

mirrored array and the nine-disk RAID5 array simply

because the smaller RAID5 array saturates long be

fore the mirrored array reaches reasonable levels of

utilization.

Rebuild times are also lower for mirrored arrays.

Similar to RAID5 arrays [H01192], Redirection of

Reads was determined to be the best rebuild algorithm

for mirrored arrays. Unlike the RAID5 arrays, Piggy-

backing performs considerably worse than Redirec-

tion of Reads. Mirrored arrays provide the same re-

build times as smaller RAID5 arrays while sustaining

much heavier workloads. We found that a sixteen-

disk mirrored array can support roughly 150% more

1/0s per second during rebuild mode than a nine-disk

RAID5 array with equal storage capacity. Compar-

ing the best rebuild algorithms for the sixteen-disk

mirrored and RAID5 arrays, the mirrored array r~

duced rebuild times by 25% - 45% for a track rebuild

unit with one cylinder of buffer space per disk in the
array controller.

Buffer space impacts RAID5 rebuild significantly.

Mirrored rebuild, on the other hand, is almost com-

pletely insensitive to buffer size variation. Efficient

RAID5 rebuild depends on the ability of the individual

disks to “slip” with respect to each other during the

rebuild process. This is not important for mirrored

rebuild since only one disk is involved.

The mirrored array provides better response times
and rebuild times than RAID5 arrays during rebuild

mode, The main advantage of RAID5 is the lower cost.

As disk arrays become commodity items, mirrored ar-

rays may become a cost-effective solution to a wider

range of applications.

It should be noted that the advantagea offered by

the mirrored array during the rebuild process should

not depend on the entity responsible for the rebuild

process. We have assumed the storage controller is

responsible for rebuilding the failed disk. We do not

expect the results to change if the operating system is

made responsible [H01192].

More work remains to be done to evaluate r~

sponse times and rebuild times for mirrored disk ar-

rays. The worst case mirrored response times indic-

ate the need for better data layout policies. Indeed,

several researchers [Tera85, Hsia90] have proposed dif-

ferent layout policies such as interleaved declustering

and chained interleaving to reduce response times in

degraded mode. It remains to be seen how these

strategies affect the rebuild time. In particular, in-

terleaved declustering can greatly reduce rebuild time,

since all surviving disks are involved in the rebuild pro-

cess instead of just one as in the traditional mirrored

array.
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