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Abstract—When a set of disks with different capabilities must be
configured as a RAID system in low-cost clusters, applying albck
placement technique that takes advantage of disks with higir
capabilities (AdaptRaid) is the key to maximize the array pdential
(capacity and performance). However, the AdaptRaid practtal
application requires adaptability mechanisms because theurrent
applications need expandable and reliable storage systemsrking
in a 24/7 manner. This paper presents an algorithm that offes a
reliability mechanism when recovering a damaged disk, upgade
mechanisms when adding or replacing disks, and a transition
mechanim from an installed RAID system to an AdaptRaid one.
Focusing on the increase of parallelism and without interryting the
normal operation, the mechanisms change a RAID or AdaptRaid
block placement to an AdaptRaid one to greatly improve the arays
potential and achieve a balanced load. We examine the algtiim
effects on the array normal operation. The evaluation revels that
the mechanisms improve the performance and reliability of arays
producing a low overhead.

I. INTRODUCTION

New data is growing annually at the rate of 30% [1]. In order

to satisfy such increasing demand on data-capacity with HI®

performance, the storage systems are periodically updrbagleadding
disks, replacing old disks, replacing damaged disks, dtis practice,
as well as a constant improvement observed year after yaheidisks
capabilities [2], have both caused the development of bgéreous
storage environments.

The heterogeneous storage is especially common in lowetasters
as a consequence of the upgrades performed periodicallgidiggand
replacing nodes to meet the constantly growing computiggirements
of scientific or general-purpose applications.

Currently, the heterogeneous approaches such as Logichal
ume/Disks Managers [3], [4] and heterogeneous arrays fdtinmedia
environments [5], [6] have fast upgrade processes, butusedn
unbalanced load over the disk arrays.

The low-cost clusters are vulnerable to load imbalanceckrésults
in performance degradation. Therefore, disks with differapabilities
are configured as homogeneous RAID5 [7] because the datenpent
based on striping used by this configuration offers a loadrwmahg,
fault-tolerance and efficiency. However, RAID5 configusatiassumes
that all disks have the lowest common speed and the slowesioo
capacity resulting in a wasted potential (capacity andéfgomance).

Upgrading a disk array at a reasonable cost, preserving #iDRR
benefits (a balanced load, fault-tolerance and efficiency) taking
advantage of disk heterogeneity is, for low-cost clustersrenments,
an optimal way to upgrade the array potential.

to be moved. Therefore, a mechanism able to minimize theheaer
by gradually using the new disks bandwidth is the key in thénen
applicability of this solution.

We present an algorithm that, at reasonable cost and withtert
rupting the array normal operation, upgrades from an ilestahrray
block placement to a heterogeneous one. The new block ptatem
preserves the RAID5 benefits, takes advantage of disk hyteeity,
maximizes the parallelism offered by the array and avoidg an
posteriori capacity management process.

The algorithm is able to handle the disk heterogeneity aedegwe
the RAID5 benefits because it uses the AdaptRaid5 technigléo[
determine the new block placement of arrays.

The new block placement gives parallelism and heterogeheibe-
fits and the algorithm offers a mechanism to gradually proditf these
benefits and the bandwidth of new disks to reduce the upgreetbead
until it is eliminated.

Currently, there are not available results about the effe€tonline
upgrading the data placement for the scientific and gempengdese
applications. We examine the algorithm effects on the diglaya
normal operation for this kind of applications. The evalmtreveals,
and it is the most significant part of this work, that the mecbms
improve the performance and reliability of the arrays pmdg a low
overhead during a short time.

This paper is divided into 7 Sections. Section 2 presentsnibst
relevant works on the upgrade techniques for storage sgst8ettion
3 presents a brief overview on AdaptRaid5 thechnique; Sect
shows in full detail the upgrade algorithm; Section 5 présethe
methodology used to obtain the results presented in theeegtfinally
our conclusions are presented in the Section 7.

The mechanisms to replace failed disks in RAID systems have

been deeply studied. They mainly consist on finding new phece

Valgorithms that allow a better performance while the dardadjsk is
being reconstructed [9], [10] and [11]. In all these caseséplacement
of a failed disk does not imply a reorganization of data buy endata
recovery of the failed disk.

With the addition of new disks in homogeneous arrays, a full
reorganization is needed [12] unless the same number of meks d
(or virtual disks) is added to the end of the existing array [Fhis
mechanism represents a limitation in the potential pdrsittethat can
be achieved because its aim is optimizing the array capacigddition,
it requires a data redistribution to balance the array lazdi the user
intervention to manage the added capacity.

On the other hand, there has been some effort in multimedia
environments in defining algorithms based on random [13}] [dr
pseudorandom [15] placement that allow the addition of nésksd
to the array and only move the data that goes to the new disks
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The solution to achieve this kind of upgrade is quite simpleleaving the rest of the data unmoved. Nevertheless, thdésgosts are

upgrade from an installed block placement to a heterogenena that
maximizes the array potential.

However, this solution is only available for homogeneousys, and
in an offline manner in which a backup, restore and reload efatinay
are required. In addition, the online application of thikigon produces
a high overhead because the migration process delays thenimg
I/0 requests and this effect is increased when all data bldekve

only usable in environments that use large blocks, such dsmedia
environments.Since the complexity in block managemeneases with
small size blocks, this solution is not feasible for scigntnd general-
purpose applications, which commonly are suitable in lostclusters
environments.

With heterogeneous disk arrays such as AdaptRaid, we fiahthe
need to find a solution to change/replace/add disks and aeaiti
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Fig. 1. Distribution of data and parity blocks according to the iitive
idea.

We want to emphasize that the upgrade proposal of this #hgori
does not require human intervention once the upgrade pocas
finished, which is a very important property because the muereors
have been identified as a significant source of unmaskednsyatkires
[16].

I1l. ADAPTRAID5 OVERVIEW
A. AdaptRaid5 Block Placement

The intuitive idea The intuitive idea is to place more data blocks

on disks with higher capabilities because these disks cem saore
blocks for each unit of time. Following this idea, and as fegular
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Fig. 2. Example of pattern repetition.

IV. AN ALGORITHM TO UPGRADE THE BLOCK
PLACEMENT OF ARRAYS

In this section, we describe the algorithm that upgradesbtbhek

RAIDS5, all D disks hold as many stripes as the number of blocks thatlacement of the arrays, as well as the online-and-backgrenecha-

fit on the disks with low capabilities. When these disks ang the
remaining disks can be used as if they were a disk arrapfardisks.
The distribution continues until all the disks are full oftala

A side effect of this distribution is that the system may tegu
stripes with varied lengths such as an array viitldisks where F of
them with higher capabilities will have stripes with1 blocks (plus the
parity block). It will also have stripes witk-1 blocks plus the parity
block. For each stripe, the parity block is placed in the sawstion
it occupied in the regular array and with as many disks asetlaee
blocks in the stripe.

Figure 1 shows the distribution of blocks in a four-disk grrahere
disks 3 and 4 have higher capabilities than the others. b ftgure,
every block is labeled with the stripe number followed by achl
number in the array (e.g. 0,2 represents data block 2, Idaatestripe
0). Parity blocks are simply labeled with an x and their resige stripe.

nisms used to maximize the array potential and reduce theadpg
overhead. To this end, we describe the above mentioned dpgra
scenarios, as well as the mechanisms used by the algoritheadn
scenario.

Finally, we describe the mechanisms that the algorithm uées a
disk failure occurs during the upgrade process.

A. Adding new disks to the array

First of all, we will present a mechanism that allows the &ddiof
N disks to an array (RAID5 or AdaptRaid5).

As we have mentioned above, the algorithm upgrades from an
installed array block placement to an AdapRaid5 one. Thegefin
order to add new disks to the array, the algorithm defines mitems:
the first one based on the original array configuration andsdwend

Patterns If the algorithm is applied as we have described it so farone based on a configuration that optimizes the new-diskabdées.

we observe that longer stripes are placed in the lower poriothe

address space of the array while the shorter ones appeae imigher

portion of the address space. The requests that fall in therlpart of

the address space can use more disks (longer stripes) Waitedquests
that fall in the higher part of it only use a small subset of thgks

(shorter stripes). This can be a problem if the file systesstto place
together all the blocks of a file, which is the usual practit@][

Therefore, a given file may have most of its blocks in the lopet
of the address space (long stripes) while another file mawg ladlvits
blocks in the higher part of the address space (short sjripéhough
the global access in the system will correspond to an avetiage
the first file will have a faster access time (more paralleljswhile
the second one will have a slower access time (less pasatigliFor
this reason, an even distribution of long and short strigesvar the
array will reduce the variance between the access timesidifferent
portions of the disk array.

To achieve this stripes distribution, a pattern was intoeduto the
algorithm. At the beginning, the algorithm assumes thatdisks are
smaller than they actually are (but with the same propostiarsize) and
distributes the blocks in this smaller array. This disttibn becomes
the pattern that is repeated until all disks are full.

The resulting distribution has the same number of stripeshas
previous version of the algorithm. Each disk also has theesanmber
of blocks as in the previous version. The only differencehit tshort
and long stripes are distributed all over the array. An eXanap this
pattern repetition can be seen in Figure 2. The pattern lestaed can
be repeated in disks thousands of times larger than the esemed in
Figure 1. This concept of the patterns also serves to find hiysigal
location of a given block.

Figure 3 shows how the algorithm defines both patterns to aush3
disks to the original array (Figure 2). The new pattern maz@s the
new-disks usage because they have higher capabilitieghkaoriginal
array ones.

Once the patterns have been defined, the algorithm can kert t
upgrade process by converting stripes from the old pattesiripes in
the new one.

This process implies two kind of requests:

The first requesis a read operation and only uses the old disks.
The size of this request is equal to the number of blocks thétbe
reorganized and has to be a multiple of a full stripe in the ey
(to avoid unnecessary small writes).

The second request a write operation that is sent exactly after the
first request finishes. It uses the same blocks read by thedysiest
to write a full stripe in the large array.

Stripes are converted in a sequential order and atomicaith w
respect to regular file-system requests.

During the gradual assimilation process of disks someesrifse the
new disks and some others only use the original set of didkssd two
sets of stripes divide the array in the three following areasllustrated
in Figure 4.

The original area It does not include any block in the new disks
and the stripes are "small”. It contains all the blocks thatehnot been
reorganized yet.

The reorganized arealt contains the blocks allocated according to
the new AdaptRaid5 pattern and the stripes are "large”. itaias all
the reorganized blocks.

The void area It includes a copy of the blocks that have already
been reorganized in the new array but have not been rewsiten
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Fig. 3. Original configuration (to the left) and the new pattern (teetright) defined to add 3 ND disks. The new pattern has stripehree
different lengths.

Original Array New array (new disks included)
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Fig. 4. Array before (to the left) and after (to the right) that 6 bkschave been reconvert to the new array with 3 new disks.

The management of these areas is crucial to serve user reqies C. Transition from RAID5 to AdaptRaid5

during the upgrade. o _ This scenario appears when we want to change the block ptattem
The algorithm uses a redirection mechanism that allowsugtfd  of a heterogeneous set of disks. For instance, we could eivestalled
serving user requests with the reorganized area (whichdeslthe new Ra|D5 configuration that does not take the disk heteroggnisito
disks and an AdaptRaid5 placementhe reorganized area delivers  5ccount or we could already have an AdaptRaid5 one, but wé tean
better service times than original one. Therefore, it improves the change the parameters of the configuration. In both caseshawe
array performance allowing a gradual reduction in the upgrade  to move blocks around to match the desired new configuration.
overhead until it is eliminated. o _ this scenario, although no new disks are added, the mechatus
On the other hand, the replicated blocks in void area arensite®n  perform this reorganization is very similar to the previouses: the
to avoid extra data migration and, strictly, are only ovéiten when  zigorithm converts an original array configuration into avrane. The

they have already been reorganized. o _ ~ new configuration is improved and the disks in the array redpuetter
The stripe conversions are only initiated during idle pésito avoid g the system needs.

interferences and minimize the upgrade overhead as muchsasfe.
Studies [18],[19] have shown that the idle times are longughoto .
perform background tasks. D. Workload issues

The algorithm maintains both patterns during the assiiitgtrocess E. Replacing a damaged disk

of new disks until all the data have been properly placEten the When a disk failure is detected in RAID5, the array can be
old pattern can be eliminated, leaving only the new oneThis tored to fault-f tate b tructi " b doeach
process avoids, a posteriori, the application of compddatpproaches restored 1o fault- reg state by reconstruc |r_19 n . ackgdoeac .
to manage the added capacity. block of d_amaged disk on a new one. During this rec_onstruptlo
the array is vulnerable to data loss due to a second failuweth®
. . . duration of the reconstruction process is commonly comsil@s
B. Rgplacmg _Old disks with newer ones a vulnerability window [10]. It is important to keep this amept
This scenario appears when old disks become a bottlenecketo tin mind because any algorithm proposed to replace damagéd di
array because they are too small or too slow compared to 8teofe st have a reasonable vulnerability window (as short asilpie3.
the disks on_the array. The olq disks can be replaced witkrfastd/or This reconstruction process has been deeply analyzed flDPRA
larger new disks. Obviously, this scenario appears onleteiogeneous but not for AdaptRaid5. Accordingly, we present a mechartk
arrays because a homogeneous array treats all disks eqiiaky . ' - R
rigplaces a damaged disk by a new one and optimizes its ciieabil

mechanism used in this scenario is able to add as many new dis . )
as the ones to be replaced. The difference with the first rémmais " @ RAIDS as well as AdaptRaidS. The mechanism offers two

that once the array has been upgraded, the old disks do ntircon alternatives. The first alternative is to recover the failtsk and
any block because they do not appear in the new pattern. TArepe reorganize the data blocks to adapt the heterogeneity oh¢ie
removed afterward without any problem. disk at the same time.



Fast and large (F) Slow and small (S) Slowest and smaller )(Swt

Seagate Cheetah ST136403LC  Caviar Western Digital WD204BBeagate Hawk 4 ST-15230W
Formatted capacity (GB) 36.4 20.4 4.2
Block Size (bytes) 512 512 512
Average Sectors Per Track 302 63 110
Tracks 235224 688086 75848
Cylinders 9801 16383 3992
Sync Spindle Speed(RPM) 10016 7200 5411
Average Latency (ms) 2.99 4.16 5.54
Buffer 2MB 2MB 512Kb

TABLE |

Specifications of used disks

SW HSW DBHW
% of read requests 55% 58% 78%
(Uniform distribution)
Request size 12Kb 12Kb 8Kb
(Poison distribution)
Request location Uniform distribution Uniform distriboti Uniform distribution

30% sequential
Arrival 19 ms arrival time 13 ms arrival time 13 ms arrival 8m
(ON/OFF model) 450 ms OFF periods 300 ms OFF periods 300 mspeFRbds
Based on [18] [20] [21]
TABLE Il

Parameters used for the synthetic workloads

The idea here is to perform the same tasks as replacing an dfdditional RAID5: the array is vulnerable to data loss doeat
disk, but with the small extra work of computing the blockstlie  second failure.
failing disk by reading the rest of the stripe and computihg t
XOR. This implies some overhead (to be measured) because the V. METHODOLOGY
lost blocks have to be recomputed, but especially becavsdule A. Simulation and environments issues
stripes have to be written. This extra overhead (comparethdo  The ypgade mechanisms presented in this paper are important
cost of just rewriting the lost blocks) may excessively &&se the byt more important is to know the impact they have in the both
vulnerability window. performance and reliability of the regular storage systesage.

_The second alternative tries to avoid the increase in theeval  sers cannot be penalized too much for these backgroung task
bility window that may occur in the first alternative. The&dis to 5,4 the array reliability can not be reduced.

make the recovery in two steps: first, recover only the fadesk In this section we present how the experiments are performed
as it is normally done in RAIDS systems, and then perform thgnq in the next section we will present the results obtained.
reorganization to adapt the new disk heterogeneity. Thiscaeh In order to perform this evaluation, we have used HRaid [22],
may reduce the vulnerability window but increases the time iyhich is a storage-system simulator that allows us to sitaua
which the overhead is observed. disk array.

As we are going to study the effect of heterogeneity in thayar
F. Vulnerability of the algorithms we have chosen three kind of disks: New disks (large and, fast)

Since the algorithm are moving data, is very important tovkno already installed disks (small and slow) and old disks (festibind
what happens if one of the disks fails during the upgradegs®c slowest), which will be represented in the rest of this pageeF, S
For this reason, we examine in this section the impact of & disand Swt respectively. (See Table I). These disks and the ete
failure during the mechanisms application. connected through a Gigabit network (10 microseconds ¢gtand

If a disk fails while adding new disks replacing old disks 1 Ghits/s bandwidth). We simulated the contention of thevoek,
or converting RAID5 to AdaptRaid5, then we just need to stop but no protocol overhead was simulated. We also have to keep i
the upgrade process. Afterward, we reconstruct the custaté as mind that in the simulations we only took the network and slisk
traditional RAID5 does. This reconstruction will end up lwé disk  (controller and drive) into account. The possible overheadhe
array that is in the middle of a reconstruction process, astable” requesting hosts was not simulated because it greatly depam
one. From this point, we can follow with the upgrade as if mgh the implementation of the file system. The only issue we sited
had happened. from the file system was that it can only handle 10 requestt (th

It is important to treat the new disk as if it was the failed onecan be of any size requested by the application) at a timerdste
(same characteristics). This means that if it is larger etefa we of requests wait in a queue until one of the previous requeesss
will not take advantage of it yet. Once the new disk has beéin fu been served.
incorporated, if it has more potential than the failed ohentwe can We have studied the behaviour of our algorithm on a set of syn-
start another reorganization of the array. The reorganizahould thetic workloads because they allowed us to examine thevimhra
always be done after the disk has been recovered and thepsevirelated to each the system load. The loads have been extfaate
operation of reorganization has been finished. Summarizimg different works that characterized I/O in different envinsents.
disk failure in this case will not have a critical effect, prdome SW (Server Workload) This workload is based on the char-
performance penalty. acteristics of the highest server’s workload analyzed i8] [And

On the other hand, if another disk fails wheaplacing a represents the load expected in a standard server for emgige
damaged disk then we have the same problem as with thework.



HSW (Heavy Server Workload)This workload extracts the 35 erray 395 array+ 2F 95 & 2F array

information from the busiest period of the HP99 traces [20d a . ::g |
extends it for a larger period using the mechanism present@3]. E 400
The idea of this trace also represents an engineering emant "
but much more loaded. E 2501
DBHW (Data Base Heavy workload)/Ve made this workload to § 2009
simulate a data base system workload and extracted theriafimn 5 1509
from [21]. w100 4
A list of the parameters used to define the different workdoizd g 50
presented in Table II. § O S A L
” 28 By 2858
Azgimilation timeTminT & 7

B. Configurations studied

All the experiments presented in this paper have been ddng usFig. 5.  The service times differences adding 2F disks (using SW
disk arrays with 9 disks. This number of disks is large enotayh Workload).
see the possible benefits and limitations of the proposad. atso
small enough to make things easier to understand. m——AF_35_25wt_array

To evaluate the behaviour of our proposals, we perform afset o 300 —AF_ 35 2%wt replacing 25wt with 2F
tests f_or each m_echanism. - — GF&3S array

Adding new disks to the arrayThese tests were performed to
evaluate the algorithm behaviour adding 2, 4 and 8 new diBks (
to one homogeneous and one heterogeneous disk array.

Replacing old disks by new one3hese tests were performed
to evaluate the algorithm when replacing 2 old disks (Swthwi
new disks (F).

Replacing a damaged diskn these tests we perform a reliability

200
130

-y
[}
[}

Cunmulative Service Time (min)
h
=

[

comparison between Raid5 and AdaptRaid5 systems and &valua =2 hasdddEcno =
; : ; : D e -l L - B =S
when replacing a damaged disk (S) with a new disk (F). m oD RiDmi e RS

Transition from RAIDS to AdaptRaid5: The last tests were Assimvilation Time (rin)
performed to evaluate the algorithm when changing the block
placement of array to recover the unused potential of theyarr  Fig. 6. The service times replacing 2Swt with 2F disks (using SW

Note that all tests are performed using a track as a rebuiit un workload).
[9],[10] In addition, the size of the stripping units used is 32
Kbytes.

gradually improves the array performance during the gstaiart
VI. EXPERIMENTAL RESULTS of the assimilation procegs$2).

The algorithm application yields this behaviour because itis
able to gradually use the new disks to serve file system reques

By distributing the load over more disks, the algorithm agks
to reduce the overhead until it is eliminated. Moreover, ftber-
ganization process reduces the amount of blocks per dislciregl
disks seeks (of course this benefit will disappear when treyas
fully upgraded and the file system is able to use the new bjocks
9 All these benefits are increased gradually and yield theceffe
shown in Figure 5. We observed it in all the experiments pearéal
for this scenario. There is a sudden drop in the graphs alwthe
A. Adding new disks to the array at the end for the disk arrays that are being modified in Figure

Here we show the results obtained when adding 2, 4, and Band 6 because at this point the upgrade process has been done
(F) new disks to an array with 9S) disks. Then we repeat the and there are no delays induced to the incoming I/O requeste T
experiment adding the disks to a heterogeneous array wigg)5 Il shows the results from the experiments using SW workload
and 4(F) disks. Figure 5 shows the service times observed in threBiS table shows, t1, and t2 for all experiments. It also shows
different arrays: 9S disk array (the not upgraded confignmpt9s the maximum overhead during, the mean overhead during
and 2F disk array (the upgraded configuration), and an 9s + 2nd finally, the mean improvement of the array performancéngu

disk array, which starts as 9S disk array and is graduallyeed (2. The same results are shown for HSW workload in Table IV
to a 9S and 2F disk array. and for DBHW workload in Table V. Adding more disks reduces

The horizontal axis represents the assimilation tiewhich ~ assimilation time (Seetimes in Tables IIl, IV, and V) because less
was measured every 40x10e3 requests. The vertial axisseeyige SUipes are written (same amount of data distributed amoagem
the cumulative service times for these requests, to comgasiy disks), more sequential blocks are read to build the newestrand
each point in the three lines. more parallelism can be used.

In each experiment for this scenario, we observed the tepeti
of a behaviour pattern (See 9S + 2F array in Figure 5): there B- Replacing old disks by new ones
a controlled overhead at the beginning of the assimilafid), The following results were obtained by replacing 2Swt disith
then the overhead is gradually eliminated and the algoritheo  2F disks in a 4F-3S-2Swt array.

For the purposes of our work, we defittee overheadproduced
by the assimilation work as the increment observed in sertiine
of the array.

On the other handhe assimilation timeis the required time to
complete the upgrade process.This time is representedirbyhe
rest of the paper. The tintas divided in two partstl represents the
overhead and2 the improvement observed in service times durin
the upgrade process. Therefore t = t1 + t2.



Max. Mean Mean
Configuration t1 2 t Overhead Overhead Improvement
(hrs.) | (hrs.) | (hrs) | during t1 (%) | during t1 (%) | during t2(%)
Adding 2F to 9S 1,13 | 26,44 | 27,57 10,18 6,26 27,31
Adding 4F to 9S 0,36 | 22,06 | 22,45 8,15 6,38 57,85
Adding 8F to 9S 0,36 | 15,42 | 16,18 8,48 6,44 73,43
Adding 2F to 5S-4F| 1,13 | 20,54 | 22,07 13,76 9,96 36,3
Adding 4F to 5S-4F| 0,55 | 17,33 | 18,28 10,31 10,01 52,5
Adding 8F to 5S-4F| 0,36 | 13,47 | 14,23 8,73 6,8 62,2
TABLE Il

Adding 2F, 4F and 8F to both the 9S array and the 5S and 4F Arfagts with SW Workload

Max. Mean Mean
Configuration t1 t2 t Overhead Overhead Improvement
(hrs.) | (hrs.) | (hrs) | during t1 (%) | during t1 (%) | during t2(%)
Adding 2F to 9S 0,58 | 83,32 | 84,3 3,97 2,93 28,82
Adding 4F to 9S 0,39 | 62,50 | 63,29 3,27 2,7 49,46
Adding 8F to 9S 0,39 | 44,50 | 45,29 1,83 1,82 62,79
Adding 2F to 5S-4F| 1,50 | 55,31 | 57,21 7,66 3,8 27,46
Adding 4F to 5S-4F| 0,27 | 45,57 | 46,24 6,7 4,1 55,4
Adding 8F to 5S-4F| 0,14 | 36,36 | 36,5 8,01 8,01 64,4
TABLE IV

Adding 2F, 4F and 8F to both the 9S array and the 5S and 4F Affagts with HSW Workload

Max. Mean Mean
Configuration t1 t2 t Overhead Overhead Improvement
(hrs.) | (hrs.) | (hrs) | during t1 (%) | during t1 (%) | during t2(%)
Adding 2F to 9S 0,44 | 71.32 | 72,16 4,3 3,16 30,81
Adding 4F to 9S 0,44 | 45.14 | 45,58 4.3 3,16 53,27
Adding 8F to 9S 0,14 | 30.41 | 30,56 2,75 2,75 66,14
Adding 2F to 5S-4F| 2,27 | 77.57 | 80,24 6,81 31 23,82
Adding 4F to 5S-4F| 1,14 | 53.33 | 54,47 5,76 2,29 39,55
Adding 8F to 5S-4F| 0,21 | 36.17 | 36,38 0,67 0,67 57,24
TABLE V

Adding 2F, 4F and 8F to both the 9S array and the 5S and 4F Arests with DBHW Workload

Max. Mean Mean
Configuration t1 t2 t Overhead Overhead Improvement
(hrs.) | (hrs.) | (hrs) | during t1 (%) | during t1 (%) | during t2(%)
SW 0 233 | 233 0 0 26,25
HSW 0 31,58 | 31,58 0 0 43,8
DHSW 0 24,02 | 24,02 0 0 20,17
TABLE VI

The assimilation times for three workloads replacing 2Suth \&F in 4F-3S-2Swt array.

In the tests we observe the same behaviour as in the previoasRAID5 array.
scenario. This comparison contributes to show that the array heteige
The figure 6 shows the service times observed in three differedoes not increase the vulnerability window during the psscef a
arrays: one with 4F, 3S and 2Swt disks (4F-3S-2Swt arrayg, ordisk failure recovery.
with 6F and 3S disks (6F-3F array), and an array that stats Wi o this end, we compare the process of a disk failure recavery
4F, 3S and 2Swt disks and it is gradually converted to a 6F-3f disk array with RAID5 configuration to the same disk arraghwi
array. The x and y axes are the same as in the previous figure. an AdaptRaid5 configuration. In this comparison, we evalube
Table VI shows results of this experiment using the thredistl  yyInerability window on both configurations using the thetedied
workloads. These results are similar to the previous oneaus® \yorkloads.
this second scenario is very similar to the first one. Figure 7 shows this experiment using SW workload. On the

However, as we can see in Table VI, tl is always 0, which meang,i;ontal axis, we have the recovery time. On the vertiods,a
that there is no evident overhead period. This occurs beciom ¢ in previous graphs, the cumulative service times ohdame

the beginning we start reducing the usage of bottlenecksdisé 5 55 4F disk array with RAID5 configuration and the same 5S-
the effect is seen immediately. 4F disk array but with AdaptRaid5 configuration, both in nesy
mode.
C. Replacing a damaged disk Consequently, the duration of the disk failure recoverydoth
In this third scenario, we first want to verify that a hetemogrgus  configurations is easily comparable. A vertical line showse t
array (AdaptRaid5) has, at least, the same vulnerabilitydaiv as  beginning and the end of the recovery process and the viitigra
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Fig. 7. The service times for RAID5 and AdaptRaid5 configuration in:ig, 9. services times Recovering Fail disk in two steps.
recovery Mode using SW workload.

Traditional RF —— AdaptR aid_RF&P dation of this solution and of the disk failure recovery ftahaly
450 used in RAID5 systems. The x and y axes represent the same than
400 in previous figures.

We observe in this figure that this solution solves quicklg th
degradation of the array comparing to traditional prockelsvever,
this process increases the vulnerability window. In faeeré has

Cumulative Service Time
{min}

200 H WO
150 e Traditional_RF been an increase of 80% for SW, 100% for HWS, and 67% for
100 WA DBHW.
S0 Y pgptR IS RF 2P 4—-¢ It is an aggressive solution acceptable for environmerasrtbed
o T e ey to reduce soon the system degradation and can tolerate er larg
H4ER & ® S g2 a8 vulnerability window, but it is not usually the case.
Recovery Time (min} The second alternative is solving this scenario in two stéys,

recover only the disk failure, and afterward recover in rairmode
Fig. 8. The services times recovering only disk Failure (Traditien the unused potential. This is a conservative solution aabép for
RF) and Recovering disk Failure plus the Potential that has Ibeen  environments that need a small vulnerability window, whigtihe
used most common case.

Figure 9 shows how the algorithm recovers from a disk failure

in two steps. The horizontal axis represents the recovery an
window for both configurations. It is very important to noteat reorganization time, and the vertical axis represents timeutative
we use the same array for both configurations changing omy ttservice times for a 5S-4F array where a 1S is replaced witlpaFes
block placement. Results: the service times in both cordiums  in two steps (5S-4F-RF-RP). We observe the overhead prddatce
after the vulnerability window are better than the timesesbisd each step. This figure also shows the service times for the sam
before this window because the spare disk is a F disk. array once the disk failure has been solved (5S-4F-AFD).

The results of this comparison show a decrease of the vulnera In this figure, we observe before the first vertical line thz t
bility window in the heterogeneous array of 28.9% for SW, 26%overhead produced at the first step is the same than the otece
for HSW, and 30.7% for DBHW. As shown in [8] and seen beforeduring the traditional disk failure recovery process. ldiidn, we
and after the beginning of vulnerability window in Figurethe see after this line the same behaviour pattern as when we radd o
service times in normal mode for heterogeneous arrays aterbe replace disks. In the second step, we observe the (tijén which
than for the homogeneous ones. In other words, the recoiragy t there is an overhead due to the reorganization. We also fiee, a
is shorter for the array with the AdaptRaid5 configuration. the second vertical line, a tim{&) in which the algorithm improves

This shorter time is also the result of the use by AdaptRafd5 dhe array service times. Finally, we observe that the timetiich
various size stripes (a kind of declustering), which has/gdoto  the potential of the spare is recovered equaig?2.
be a good mechanism to reduce the vulnerability window [24].

Once we have showed that the time of the disk failure recovery. Transition from RAID5 to AdaptRaid5
for AdaptRaid5 configurations is acceptable, then we cant sta The final experiment consists in improving the configuratios
evaluating the effect of not just recovering but also ad@pti pattern) of a disk array to respond better to the new systerads
the heterogeneity to the characteristics of the spare diskwe In this experiment, we simulated that a 5S and 4F array was con
mentioned in section 4, there are two alternatives to sdhe t figured as if the 9 disks had the same characteristics (peafiore
scenario. The first one where the algorithm recovers simedtasly and capacity). Here, the algorithm recovers the potential has
the disk failure and reorganizes the blocks to adapt theespisk not been used in the 4F disks.
heterogeneity. This solution, intuitively, will increaske size of Table VII showst, t1, and t2for these experiments. It also shows
the vulnerability window due to the data migration caused bynaximum and mean overheads durirdlg and an improvement of
this process. This hypothesis was verified by performingstiae the performance during for the three studied workloads.

experiment: recover the failure of a 1S disk replacing itwat 1F Even if there is no new disks addition to the array, the bahavi
disk in a 5S-4F array but adapting the new heterogeneity et ttof this mechanism is similar to the one previously observethe
same time. other mechanisms. That means thél and t2values change ac-

Figure 8 shows the vulnerability window and the system degreacording to the used workload for each experiment. In thinade,



Max. Mean Mean
Configuration 1 2 t Overhead Overhead Improvement
(hrs.) | (hrs.) | (hrs) | during t1 (%) | during t1 (%) | during t2(%)
SW 1,28 25 26,28 7,44 511 33,23
HSW 1,04 | 53,54 | 54,59 12,75 7,75 36,10
DBHW 2,10 | 28,19 | 30,29 14,8 8,64 36,14
TABLE VII

the workloads recovering wasted potential of 4F disks aredgpare.

the algorithm only uses the better block placement to redbee
assimilation work. However, even in this scenatids shorter than
t2.

Finally, and as we have already mentioned, we focus ourtaiten
on scientific and general purpose applications becausdéneudlia
environments, and their special assumptions, have alréady
addressed[13], [14] and [15] . Onthe other hand, we have ¢p ke 16]
in mind that these algorithms have been evaluated for ary arré
built from disks attached to a SAN in a cluster of workstasion [17)]
but there is no reason to believe that they would not work reot
array configurations.

[13]

[14]

[15]

(18]

VIlI. CONCLUSIONS

[19]
We have presented simple but effective ways to upgrade enlin
heterogeneous disk arrays by adding new disks, or replaalithg [20]
. 21]
ones. We also have proposed mechanisms that allow the eepla£
ment of failed disk while the characteristics of the new disk
taken into account in the heterogeneous array configuration [22]
We have proposed an online algorithm to change the bloclﬁs]
placement in the arrays in the case the system administtatites
that a new configuration would suit better the needs of thesuse [24]
Finally, and it is the most significant part of our study, aplee
evaluation has showed that these mechanisms improve tfar-per
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