METHOD AND APPARATUS FOR RAI D CONVERSI ON BACKGROUND COF THE | NVENTI ON Thi s
application is related to U S. Patent No. 6,557,123, issued April 29, 2003
5 and U S. Patent Application Serial No. 10/371,628, filed February 20,
2003, both of which are incorporated by reference herein in their
entirety. Field ODAR APPATATUSFOR RATD CONVERSIONAI D ( Redundant
Array of | nexpensive (or Independent) Di sks (or Devices)) systens, and in
particular, to method and 10 apparatus for converting between different

speci es_of _RAl ula- reconfiguration. Description of the
Rel at e dBACKGR Q@N@&F i mg@éﬁ/}stem that provides a certain |evel of
redundancy stk @:ﬁjbc&u}aﬁfié al10tAuEbE TS, HatehtKs, § 557;1@35:)55«:1 April 3952003
(devi ce) array m! ost 15 w t hout an | 0ss.. Of r %%%t&reon.
Var Isousetﬁd)enSBBam&ttEa@phaaymn@ma&rbéo 10 28,@%3‘% | DS
and RAI D known as st ar d RAI D nad I and RAIDS (known as
non- staW é&ﬁ’égatq}sﬁﬁt ?getn provi de conversion or
mgratig @gtf fh,;ynft{ rent convent ional RAID species have been descri bed.
For EXM_—P-T% No. 6 275 8 8 20 descri be% convert| I‘from RAI DS
to RAID|- (aThirinventionmelates odghh «l A% Y of the

A Dl Erstemapient IR o:prxF{Béé)PEystbﬁst H&&ﬁ?ﬁﬁ%ﬂaﬁ&d re&hwdidndng  from

ansi on, I ncrease of the usabli capaci t t he
sysj@m aﬁﬁéﬁ&ﬁ@wm&smﬂgmm differ¢torpogtesof shlechased t be
done oft"" line, i.e. the system cannot take user request whi | e perform ng
t he conmaﬁe’ﬁl‘ﬂ‘tM*PZS the context of this patent "RAID|-" includes the

conpoung q:w%_vi@f% Pel8al lArg " RAID10". U.S. Patent No. 6,154, 853 descri bes
-a Speci ven conver sj on (where th US@ lgtc ﬁamt |n the
systemis unHMﬁ@ecb)daﬂwstemmmthﬂt PrRvadesa @{Ii’fﬁ GO LI

descr | iV HERTEE ?ﬁﬁtg%sh%kﬂ3“%@%?%"?%@3&55%8%‘?%&%%5 3? ﬁr ger
nunper %tﬁﬂlﬁlﬁﬁsy 1bbe oL aseratath aponed)theeeans cYapipus apreieq ofisAtD systems are =
known, including RATDO, RATD], RAIDS and RATDG (known as standard RATD),
and RAIDZ, RAID4 and RAIDG (known as non-standard RATD). Methods and
apparatus that provide conversion or migration between different conventional
RAID species have been described. For example, U.S. Patent No. 6,276,898
90 describes converting from RAIDS to RAID1 (a contraction, or reduction of the usable
capacity of the system, referred to as “promotion” in that patent) and converting
from RAID1 to RAIDS (an expansion, or increase of the usable capacity of the
system, referred to a8 “demotion” in that patent). The conversion must be done off
line, i.e. the system cannot take user request while performing the conversion. In
95 the context of this patent “RAID1” includes the compound RAID, which we eall
*RAID10". U.S. Patent No. 6,154,853 describes a special case of an “even”
converaion (where the usable capacity in the system is unchanged), by converting an
n-disk RAIDG to a 2(n—1) disk RATD10 and back. 17.S. Patent No. 5,624,204 and
U.S. Patent No. 5,615,352 describe a method for expanding a RAIDS to a bigger
30 RAID5 with a larger number of disks. The conversion may he accomplished without
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1 interrupting service, i.e. while the systemis online. These two patents
do not describe an array contraction. SUVMARY OF THE | NVENTI ON 5
Accordingly, the present invention is directed to a nethod and appar at us
for RAID conversion that substantially obviates one or nore of the

problens due to lim.tations.: ' V. S beoataitedoaids. An

obj ect dmterHRPtRE EAYICY: Wéﬁﬁ#gnmleghio pirgcr)bw g' a‘m;efaéexi g:bg approach to RAI D,
conver si A %é&jﬂ\ﬁﬂ@ﬂ. 10 Additional features and advant ages of
t he invggl??on e\nﬁl%l be set forth in the descriptions that follow and in.

part will be apparent fromthe description, or nmay be |earned by practice
of the i ' bﬂ ﬁﬁﬁ nd ot her advantages of the invention
will bewgﬁgﬁg@ta elg%g?b?he structure particul arl% poi nted out in
the written Qesgidinklypthépsbsehbinventionrie diredtedibe|d mathadwend pppsraias for
drawngs. 15 To achieve these and other- advantages ﬁgﬁd ]i_,o%l aglgqgce W th
t he purﬁh&ﬁ)oénv&rﬁmﬂpﬁ@faéﬁbﬁtiﬂﬁVéﬂPi Fiates one, pr morg oL e BIobA y ‘déscri bed,

the present i.nvent | fdesranaetiaesh f/r RAID conversion is a redundant
array oﬁ“F“rF@ Bﬁgflégﬂ%ﬂed&ira%és&%( RAID) conprising a_controller andﬁgﬂ%
toring

plurality of i ebjegofiheipreserftdnventien itopreyi egnflaxibleRpRroAch b9
a plurality of RAIE al gﬂ_,]réithrrs to be inplenented for 20. witing data to
and r eadionyexRemape d ’E"B?%‘ge devices, the nmethod includes storing in

o o e e gL e oL Lo, BT
flet cot | nQusHiptions thek foleweRsbiRRTEOTA bt Sgpgeal Bagn R TeRe G KE EHGeh oo
PN 2l g Dot e AR Bl B havaitiged of e
' al gori t hpeHEibR Rélbd realiesdanddttainedby dhe srnctirerrticelarty PEBHLPEl Yy t he -
s oy S B i R ) 0,
COTRLIT S, 8551 e ksl scodriapon v gt
the present invention, as embodied and broadly deseribed, the present invention
provides a method for RAID conversion in a redundant array of inexpensive devices
(RATD) comprising a cantroller and a plurality of storage devices for stering user -
data, the contraller storing a plurality of RATD algorithms to be implemented for
90 writing data to and reading data from the storage devices, the method includes
storing in the controller one or more rules for selecting a desirgd one of the plurality
of RAID algorithms based on one or more conditions of the array; detecting the one
or more conditions of the array; selecting the desired RAID algorithm based on the
detected conditions and the stored yules; and. when the desired RAID algorithm is
o5  different from the RAID algorithm currently impleﬁented in the array,
automatically con{rerﬁng the array from the carrently implemented RAID
algorithm to the desired RAID algorithm. _ _
In ancther aspect, the present invention provides a RAII) system configured

to carry aut the above method steps. In yet another aspect, the invention provides a



2 conmputer software product for inplenenting the above nmethod steps in a
RAID system It is to be understood that both the foregoi ng general
description and the followi ng detailed description are exenplary and
expl anatory and are intended to 5 provide further explanation 'of the

I nvention as_ claijred. BRIEF N Sate A and IN
:ar\é sclhéﬁﬁlﬂﬁ“@elﬂﬁl aﬁ%%ﬁﬁ‘g\ﬁﬁ’?ﬁﬁﬁ%@%ﬁ‘@ﬁe andtggfg??arﬁ an R?AI D '

conversisg&e O Figure 2 is a flowchart illustrating a -nmethod for RAID
conver si on. '

igures 3(a) and 3(b re a . flowchart Ll lustratin met hod
for off-1inelbisisphe uaﬂe@ﬁqodﬁhgﬁ%ealﬁaeaﬁr%mnﬁﬁﬁ?e deserfRtion Eﬁ‘i?}?‘"
illustrating a etk Qo | $h@Rxptank@ors &Ml erdirtended oW
chart iIP@%@%&%&tﬂg‘e&éJﬂ?@}%‘g{eg{%ﬁ{D c\gﬁ‘%/ersi ?)Cﬁ met hl?d. DETAI LED
DESCR PN defuFtiferRRpFaRRER dINBODh MIti® dndnimpdci es of RAID, hereinafter .
referred to-as "RAID ", is described in comonly assigned U.S. Patent No.
6, 557, 123, entitled "Data redundancy nethods 20 and apparatus", issued

April 2¢ ] Ng FE )RAWIMIZgdescri bes a-data storage ’
appar at iﬁﬁ@%%égﬁﬂ?‘gﬁ% 0 ﬁadi sks, where data conprising a B}%#ral ity -
of data groupfipgsesal(@) ahdrigh) arespbemiticidjagramsshavAE S i 8yteaR PRIOER sk s.

Each one of the a data groupings conprises a data portion and a data
r edundareny pigexr ABAY L) Bously, the n data portions are recoverable

frompany and @bl £ 9Pk SRt 2Bustiratingadabthod fon LAIGY sqnvemsionm di sk(s)
wheri“t he ot her~m dat a grog':&ia‘;\g(s) are. - MuJpavail abl e, \{w\;ﬁr légﬁ% The di sk
st or age apparRigusesdtp) pad 1o 4 Bav %Hﬁ@rm?ﬁ i'Th1s™Sel ect abl e.
I n ot her rds, the RAIDn nmethod allows a user to select the l.evel of .
redundarF@\},;‘%(:BE“’n'devi ce-loss insurance") in the disk array.. (For,

conveni ence, Wgheéatia)and(h) amra fiow, dert lhsteasing & meethwidey oRdingenot e t he

30 paraneters n and mn a RAIDn.) In particular, US. Patent No. 6,557,123
conversion.

16 Tigure 5 is a flow chart illustrating a rule-based RAID conversion method. .

DETATLED DESCRIPTION OF THE PREFERRED EMBODIMENTS
A new speciea of RAID, hereinafter referred to.as “RATDn", is described in
. commonly assigned U.S. Patent No. 6,657,123, entitled “Data redundancy methods
90 and apparatus”, issued April 29, 2003.- 1J.S. Patent.No. 6,557,123 describes a data
storage apparatus having & plurality of n digks, where data comprising a plurality
of data groupings are stored respectively across the plurality of n disks. Each one of
the n data groupings comprises a data portion and a data redundancy portion.
Advantageously, the n data portions are recoverable from any and all combinations
95 of n-m data grouping(s) on n-m disk(s) when the other m data grouping{(s} are.
unavailable, where 1<m<n. The disk storage apparatus may be configured for a
parameter m which is selectable. In other words, the RAIDn method allows a user
to gelect the level of redundancy (or “davice-loss insurance”) in the disk array. (For
a notation “n:m” or “(n,m)” is used hereinafter to denote the

; convenience,
30 parametersn and m in a RAYDn.) In particular, U.S. Patent Ne. 6,667,123
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3 describes a new famly of codes, referred to as "W encko-codes"
(pronounced "VWEN- SCO' codes), which also enables the RAIDn algorithnms. A
related method is described in U S. Patent Application Serial No.

10/ 371,628, filed February 20, 2003, which is a conti nuation i n-part of

U. S. Patent No. 6, 557 123 Appl| ation Sey, 24 UQBSNL bes
met hod mdnhgq)amm B%‘?f"ﬁ‘g .@a%% ﬁoﬁe&a‘ ne or rrul tTple disk

{,\;’Zﬁei'@t@@g'&g e it %1%&&@%1#99@&&9@5{1 Borifieniul éldibdmethotiiam t he

ementation nethod for RAIDn is %?’@%bbged in
The di séeeltsg‘gures I[{)fsafﬁge@;bgg{/péﬁ?hm Sen 1—?1%1,333,@34:@5? bHaR ggg
ar'e heryhich iscorqudinatipnpi-parh o Eﬁgrgﬁ%@t%ﬁ gﬁ]éeﬂ’ en’??#ﬁéﬁt&gg used in the

imea
ool | pUiaT 1,608 deSRibef fielibd i Bpiiohus 16y RovIEee .ﬁﬂﬁ?ﬁf’“%gﬂ o P ©8
Seri al %fy(ﬁgﬁwa%&muatﬁnumﬁéldatgﬁsmmt?hlét Adtezpn dancy i s

sel ectabl e or adj ustable. "Conventio hfJsctiBBd in TBSUSEd
in the Wiepths h%t%ﬁmfgeq“é‘i*%% conven i onalnf)EE known RAI D speci es

such as.RAl @3446?&1%3‘ BANS mﬁ’dlﬁ@ﬂmwdﬁmo nd
RXI D s Qﬂw Qh e at%/el% y 0

types e ,conbi dto
gener al J,gtﬁeeﬁmetmrmﬁ S.Raitentsyandepatent 4pp %‘?ﬁr}éﬂﬂ%ﬁﬁf’ &Iaﬁ RAI Dn
systens. Although,the ter@dlsk is used in the pr esent applicatlon t he
net Hbd mfarwemébﬁﬁre&t Are not linted to disks, but the RAl

conpri se. any sLyRedsh tﬁélEi-@d&heapﬁ}imﬁms, Wu&ﬁmgﬁﬂte%ﬁw ut not
limted to nagnetic dis

t e
bl ock delé pemcipdes describerliz Q%ﬁ%‘%@ ]%‘E' p@@ﬁ%’&% 8%‘er ver 5 %ﬁ%ﬁgﬁu EM

(Just a_Bunch. of &ﬂwmreehslev“éhoﬁredmpﬂlancﬁw on uses the
term *dFER ﬂg%"d}ﬁ@ﬁk@%&

devi ce™ |nterchangea ess .25
speci i gdjectilb oy adpistailei fiGonventzanl BAIDY 98 éh‘?%??“ﬁfi Bfgﬁeas t he

term "device" shou s o dedflch st RAHDO,
devides Brﬁ%qf\}cﬁHP&c%‘Pngﬁf'&gFﬁ?f’m%p hd Q‘ g | | st ed above LF% ts of
the preseiini WENHS, memmammémﬂeﬁ@%ﬂm 's where

any of the above RAID types are combined. “RAID” is used to generally refer to any

RATD systems, including conventional RATD and RATDn eystems.
Although the term diek is nged in the present application, the methad and
apparatus are not limited to disks, but the RAID may comprise any type of suitable ..

devices for data storage, including but not limited to magnetic digks, magnetic -
any block devices, servers, NAS (network attached

20 -

tapes, optical dises, memory,
JBODYs (Just a Bunch of Disks), clustered servers, ete, This-
“digk”, “drive” and “device” interchangeably, unless
least the term

servers) systems,
application uges the term
95  otherwise gpecified, without affecting the seope of the description. At
“3eavice” should be understood te encompass all suitable storage devices including
but not limited to those listed above. '
Embodiments of the present invention provide RAID conversion methods and
tus for converting (or migrating) between a conventional RAID and a RAIDn

appara
and/or converting between two RAIDn systems. Other aspects of the

30 system,
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apparatus for converting (or mgrati-ng) between a conventional RAID and a
RAI Dn 30 system and/or converting between two RAIDn systens. O her aspects
of the 4 invention include applications of rul e-based RAI D conversion
where both RAID systens nmay be either a RAIDn or a conventional RAID. For

conveni gnce ERFI 63 ?é{%gﬁ)éﬁﬁ@ﬁ& bef e DageRAAIDoRVEsidrowhes: bathdRABD to as

t he souf¥&™, RAI D system after tm‘r}ersmn isre erred to as

}?RleDt argﬁteﬂéhﬁhybe,ﬁdﬂ:@rwﬁh@mnoemm’m W@ngIqWe |oé1n t he
conver si on nS| tiATEsahd thdie array

i ncreasBéIDoWﬂ‘ﬁe% ‘?r&c,at g?% ?%g]’%%ﬁ‘%%@f"o ﬁ%&lﬁl n the array

decr eas T WMELSTHRka iR sfirt efefertat teasthedmrgetcRlde usabl e capaci ty,

whi ch i elne asthetotal capacity of the st | e for.st

users dat a. Theam'dm@tcsdamhodmgﬁl@ﬁ ohile P’fﬁ??’é‘h’?ém’aﬁg’a’e@ﬁeg‘g@ fﬁn‘{?{gmﬁ‘u‘%ﬁgr of
total disks in theg arfa 1B eﬁcrbgggaeaﬁg cOhtradiehease
devi ce- %@?W’é’ﬁc he %}ﬁeﬁmgﬁ%ﬂﬁ b%pas th%r& xi mum nunmber of di sks

that may. Ldé% aE‘laQsliaCi&Sbh@fa dectepmes. The eoNersien BHEMINeT ans| at e
between wo different RAILD RAl Dn s |es tics
(i.e. Nimdreaseoér dme&ﬁﬁe%ﬂatﬂ%%w?yo %4]“%1‘?? r%‘e tge%lccﬁg a{“%’? gﬁ{éﬂeﬁl t he
sane; this flexih Sﬂ‘ﬁ&%ﬂﬁﬁiﬂsﬁw ithﬁﬁﬁttc&*’eamomdacreasa
rul e- ba§¥§f‘eﬁ5\}lﬁﬁf Ig[tl on 5% e

at automatically adjtg‘sts one_ or_nore
sysjgm Qﬁé%ﬁﬁmﬁmmﬁmdxarksmmemay bTHe saveggion BRE SUARHIMIAYIY T ons. I n

particular, RAID coriver5| on na sed J.%] f @6 sehivmfshbewefdities one

or nored@ema@eéemﬂ%'%%“ a S|tuat|on the source array
~wi gmwmao&@mmas @fuééteieﬁm g]headonmmmx( mayrirenslate hetwegse

dat a 20 nu% reconstructed), and ilhe tar ‘Gﬂa grr tléf& ght#;}?

reconf i w@ﬁfﬂﬂmmﬁﬂﬁ%ﬁﬁq LERTHFSUR nﬁ‘l ‘ECl udes

repl acenpnt deyi ges &g&? ainl theaddhé; lthIBﬂéhbﬂmg éhei on

may be %’Vf {qﬁg [ a%léig&b o

Jolcil n an on ashi on (| e. dyna Ily), where
the i§ ystgg@‘téﬂlla![haemﬁﬂemﬂtmmeﬁsﬂe@@ﬁei a\¥t?f‘i'?‘lr%‘agerforrri ng the

conver si in an,off |ine fashiqn ¥s Wetibedgdt ofccept -
and pr ocagematisaily J‘?‘%ﬁlﬂ‘é‘?t"gWﬁsﬁﬁe&w&é&?rﬁéﬁonﬁ; on..

rules and conditions. In particular, RAID convergion may. be used to perform self-

healing after one or more devices in the array failed, in which gituation the source
array will be the remaining devices of the original RATD (from which all user data

90 can be reconstructed), and the target array will be either a reconfigured RAID on
the same remaining devices or an array that includes replacement devices for the
failed devices. In addition, the conversion may be performed either in an on line
fashion (i.e. dynamically), where the syetem will accept and process user VO
requests while performing the conversion, or in an off line fashion, where the

95  system will not acespt and process user /O requests while performing the
conversion. _

Referring now to Fig. 1(a), a RAID system includes an array of nl storage

devices 14-1, 14-2, ... 144, ... 14-nl connected to a controller 12. A controller useﬁ;q

in embodiments of this invention can be either a physical "Hard Ware” device or a

a0  virtual “Software loadable module” managing the RAID functions. Fig. 1(b) shows.
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Referring nowto Fig. 1(a), a RAID systemincludes an array of nl storage
devices 14-1,14-2,... 14-i, ... 14-nl connected to a controller 12. A
controller useful 1n enmbodinents of this invention can be either a

physi cal "Hard Ware" device or a 30 virtual "Software | oadable nodule"

i RAI D, f unct i | D
Conver sihmeyasmaratian AL BT i sabeqray pot Wpbkes Fulriay ofp®’
16-2, . . . l@eé 6-1: 16X5-N26.5The 1694 "Phd &ntiallerV¥y, thsﬂli Qf‘&bﬁﬂly mainﬂaajms a

processf;? ogi C cwcwté | npl ement s aplurallt . IDaI rithmns,

contr ol §rch@BOrrcﬁ'EldgﬁﬂnlEOM‘hSt m:pkemﬁaltﬁ e@utﬁlltﬁfl'i’@m %‘é@ﬂ th and
carries out the RAID 5 Qonvg{ﬁﬁf? giont Rgmject ed to a
host deveashand ¥rateORETAHART eéq doew cJé a%‘not S for recei vi ng

read an? Vdrkfon’ SR Sdirsl e S ﬂﬂilﬁwﬁnnectetﬂmh hﬁﬂnﬁlﬂdetwa@ngrsunm&a vi ng
user da atoor fromthe host. The invention does not

0
requi r eimteifane dbmep{nytﬁm)h ﬂ?é‘rFtBF‘tlyH@‘ rftﬂlﬁleﬁ%‘i) %TWBE%@“ t‘?en%??& t ar get
devices 16-] %rpﬁléas. e source aSrBr ay,¢ahd ﬁf&ﬁ&gtarfl!‘]ibymﬁhﬁﬁﬁn%éﬁn@i t he

10 sarreaﬂﬁﬁ’i“& NVEr SI on i nvol ves reading data from

porti onﬁng? @kﬁyeﬁﬁﬁt 6Aghe ph;rsieabidunmqs )Jf thedsonmred dmt:@al‘&l wod u nused
portions t he sarre bhysical devices (as, target ﬂew ce ., SOurce

array amargehdevioesdf-jarWhyn she sourep reaeand heyrargrt pTray %g?maew es, the

R POyt ok A YBG1:8 RAT Sob erfn #581ie Fhhdig e FHo PovionsEnpiy of

source array to the target 15 array Lch maybe

conf i guigedicas (as stifrke ﬂemiceﬁAidIl wﬁmg drdmtermivead mﬂmxg@@cﬁ%%gh%“ﬂl
“ enbodi nents of the p se.nt LI owi ng

st eps (ﬂeglcegfasmge S‘HF‘F@ 3‘#% e anm#%“dmé)us i"%ata romthe
sour ce ﬁhﬁaﬁ:ﬁ a@gqggﬁhegpﬁﬁﬁaﬂeie%taa t&iemAIlb leomversicameayde teferradito 8Hur ce
RAI D; ( witing the user data toget h& th redundanﬁf%gtt? é Qmagﬁ) to 20
the t ar geplickbivm endiayels saPY9E & ﬁ%@ﬁﬁhﬁrﬁﬁ e
target RAID -.a r RsntokAtihe source devices containi ng
dat g-%t h&rr%g}ﬁ%én{?onvertgeg n %&Egng such portlons vail abl e for, use as
target devi cmﬂbmvmﬁnmeﬂmdsli)ccandmm&esm Gﬁ ¢ PEeset aYTHRY ¢ he
recei ved data acco di n%cfg) t he %e fﬁigRﬁ‘i %ﬂ&gﬁﬁég@rg@eﬂpémogﬁggf dat a..

The wri t@nﬁr
. uger data from the goures devlces according to the RATD algorithm implemented in
the source RAID; (2) writing the user data together with redundant data (if any) to
90 the target devices according to the RAID algorithm implemented in the target
RAID; and (3) releasing portions of the source devices containing data that has been

converted and making such. pbrtions_available for use ag target devices, The read
step (1) includes, when appropriate, decoding the received data according te the
source RAID algorithm to obtain user data. The write step (2) includes, when

95 appropriate, calculating redundancy daté from the user data according to the target
RAID algorithm. The write step may include a step of verifying the data written
oﬁtc the targét RAID. During conversion, a watermark is maintained for the source
array to indicate the conversion progress. This allows the read and write steps to be
carried out for a unit of data at a time, sa that user /0 requests can be handled

80 during conversion. The read and write steps are repeated until all data ia
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‘power o

25 appropriate, calculating redundancy date fromthe user data according to
the target RAID algorithm The wite step may include a step of verifying
the data witten onto the target RAID. During conversion, a watermark is

mai ntai ned for the source array to indicate the conversion progress. This

allows the read and wite steps to be -carried out,for a unjt,- ta at a
time, sentéfbdu e capocityyeleasesstenddimay ﬂéﬁ‘*@@“&%’r"ﬂn ?‘%%R‘égs‘ﬁ %ﬁ The.
read and wite steps, are,.repe ' h&ity & aonpRydiesl detbes, '
capaci tWh?lépéﬁ%‘*éaggzlﬁpf’%‘%mﬁé’ffa%%%%%ﬂeﬁ ou‘%aqfa :C%Ir}n time to time or when
necessary, qengRdi-At Mp! {iR @Ay bt optionelly vajiien tyaisarateb a5Rg 87 cal
device. In the wite step, the data . optionall. | 15 a scratch
area t Quyotd Giwatits lwolesd. MPW&%MWEFW’M%? eﬁ%&'%wri te

hol es” refer to 5 possihle jinterr | daub AatS GelegRites that may
cause cmlﬁalhlﬂﬂ%@m@“ﬁ’rs PR ét%@rsggégﬂn%%e@%%ytng witing of a daja stripe
acr oss ]gmgfdﬁ Phf B¥amph, duriti@ywieingata ddtastypeecrdsaial 9T ore
n at [ |

suf fi ci a has been witten t enabl.e.recovery. of entige stripe.
Wi t i ngmapdstlest @ povwerriailare afazs g’ﬂf?é'? ﬁ%?waﬁlqﬁ%ﬁaebggn te%e:l Wi ;ﬁ hol e
probl em Figs. ag}ﬂr-é( iok! WSt e dReotd a sivaech epdd sultstentiallyhod,
and Fi g%na]bgf’af&a'ﬁ?%g%‘b") | Ius?%lpate an gﬁ'—efl’i ne conversion nethod. Both .
met hodsgay$n ste@ehé writedmippasblemn. the nore general nethod described in Fig.

2. The conversion, netho ording to-. LB 4 apiEPRR! 4(ahviedt i on
i s 1Mescri beElgsﬂ3§?6raé‘I}d%P \ “E'Br@tg%nuog'ﬂf-ﬁlgq‘gg‘ggpem% igimc=i\1§1<arrpl e. Inthfs :

exanpl eyl iihrkbe 473 SHUR(S lodbrdifie nisthbér Both Imyethods areaeReciiie exRBleR ofs a

: ner al I‘y,_&ggﬁg daﬁ&ﬁc}:lh l?ﬂké chunk sizes, chunk boundaries and
byt e of fiseimragenbmlote B . es and the present invention is not
i [n ]Eed é ) t&gﬁ}gﬁg@f?&ﬁ%g t{;&m?ﬁgﬁ %n%d@ﬂlﬁnbféﬁhl)e ﬂfhm&ﬂm&hﬁeﬂiei alr< e
not fixed, i = at a larger size chun ways starts on chun
boundar Y@l iSalBke Qetati tow husinkg a spetificrrample| Eﬁhﬁﬁ/‘&mﬁie Bffset of

chunk start is a nmultiple o nk.size.s Ll 4 . il the
st r lpes aseamed thabthyp E°€$’L’¥Pﬁéﬁlf gi‘izaéhichag%g%ﬂ?ta g’%g?tg g Eﬁ%?gt_ yf&gg '
Vi rtual SLIiREnEl ZBuik Bfes, R@Ee bomtidasips endbyte ofisrin ey be ohnry dREREF or e

values and the present invention is not limited to the specifics of this example given

heré.) When chunk sizes are not fized, it is assumed that a larger size chunk
always starts on chunk boundary of any smaller size chunk. In fact, absolute by‘l;e
00 offset of chunk &tart is a multiple of chunk size, It is also assumed that virtual
gtripes start at a multiple of their size in absolute byte offset.

Auy virtual stripe size is an integer multiple of a chunk size, and therefore
any twao abstract RAID’s (converitionsl RATD or RAIDn), have a least common
multiple which is an exact integer multiple of both their chunk sizes. Watermarks

| 05  at absohite byte offsets equal to integer multiples of this least common multiple are
used as virtual stripe boundaries for both abstract RATID’s. These gre referred to
herein as “shared stripe boundaries”. For example, 2 virtual stripe on a 9:2 .RAIDn.
is 63 chunks, while a virtual stripe cn 2 9-disk RAIDS5 is 8 chunks. The least
sommon mltiple will be 504 chunks, or about 2 megahytes with 4Kbyte chunks.

30 Conversion is preferably carried outin units of virtual stripes, as follows,
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any two

abstract RAID S (conventional RAID or RAIDa), have a | east common

multiple which is an exact integer nmultiple of both their chunk sizes.
Wat ermar ks 25 at absolute byte offsets equal to integer nultiples of this
| east common nultiple are used as virtual stripe boundaries for both

bstract RAID s. Th ferred £q . herej Y shate i
boundar | es- . Fiesh ackaigh ot bopenr eharodtringPolilaile PURIRA S BE

while a

t St e SROUTDbé speked Aunkst fulheniveasion comon

virt { PR wa
mul t i plg’a\Jl}‘\'/?lﬁkjl e 504 chunks, or about 2 megahytes with 4Kbyte chunks. 30
afugéfﬁﬁ

Conver shewden isighborbg ptayawateathaaks talies mileniresk appunt,

asge. -

foll ows. 7 First

b f bl ' | &Sk grdefi ned
s " ot cibe qeeshMGscEnRcor B "TEE e LE BB (R B SRk T T e

conver sj
. 0
tlrref suc

8.% a RELNRS BebRb AR obh i tiblsanatpdnt aunks]/Oedtate. aWhesi ergdringdbat  of

as on the order of 1/10 second, or |less. The ctglntrol | er.tﬁz
al t er nat@svelrting. stave, the cortellerfiushes sdkpepding Yaen r%‘?ﬁg*ei?‘l’ ST T Hg
state and a user,,1/0,.state. r%@&mﬁféaﬂﬂe&aﬁttoeﬂﬁ%&bm §2,_9§oﬁ;hathﬁ

cont r ol Heg cqqugERien of the uppAT 1sVol BV FSGUEST's

o the array, w't t he

cooper a&}q){b afis bieytRAsuddowRle dhé weite comains euvettinge Peaferaldy) e upperso

t hat no

/Oto this array is issued while the state r I RS- rting.
Pr ef er abdvwe] driver aiiper SelP@%/%PaBF"r’\FglP iHgotds %“%laﬁ'gg,ﬁ ¢ %v%ﬁ@%ﬁl | not
return until, or ' ;00 BLRHREdB D the GueS sepinhidrmdrihdsentire
conver s8RV Ss?lﬁléé%}"]%%fg b6, 18 B Buisy

conver t gofdpletddl THeromitdiler shem cenearisihe datarfrom

step watermark is _co Ieté;d. The controller then

£ BOUFCEATRAY é?-ﬁfa? RexXirpe

t K i dinth t
Mt er moekoRRE (O BP O e Ak gt pEred I A Al rptho birtebess
170 st affﬁmp@g) %Jga%nﬂﬁﬂf dhteQui @ KIes cqltasliert enttimetimnsey 1Y stateh Durdng vEer k
S

fixed at
por t i ond/@ftatecnerapal e /O

new | ocat ic())rgékSi cg%% %&ﬁ%%ﬁg&%%ﬁwgﬁ&?hﬁ E\/\/ni ch

ce exrs ar get

RAI D. and whi ch POt t Vig dieitey @hidlepoartinrvdithedatmtiakence .
exi 4P oﬁ%%@ﬂg‘c g%e%a&%a‘i{ﬁ et Ao

by readi

. user read requests__ can be_handl ed appropriately
o Gatuserted amdHieioe exisb opdbearskIARY, Hibwoich BORATIORRH | { o

requests are preferably hand| ed Ll RANG, Zébrirebd ebqadstay
with an }maﬁr%rﬂeﬁgﬁe%%/@f%g?ia?%%gg %%éﬁgﬂgﬁ%%%%r of’ 'such data.

20

25

30

can be handled appropriately by reading data from either the source RAID or the
target RAID. User write requests are preferably handled by writing data_a. onto the
target array with an appropriate watermark indicating the boundary of such data.
The above steps are repeated until all the data is converted.

The above-described method may involve small pauses in data availability to
the users, but is relatively easy to implement. Alternatively, if smoother data -
availability is to be maintained during convergsion, a moving RATDO, RAID1,
RATD10, or some other RATD section embracing at least two steps may be
implemented, preferably on a separate storage deviece such as a solid-stafe disk or
battery backed memoary. By placing an intermediary RAID device and/er cache
between new user /O and the target array during the step watermark I/O aperation
_substantially eliminates all potential user T/0 pauses. Additionally this would'

eliminate “write holes” even if there are pauses,
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The above steps are repeated until all the data is converted. The
above-descri bed nethod may involve small pauses in data availability to
the users, but is relatively easy to inplenment. Alternatively, if snoother
data availability is to be maintained during conversion, a noving RAI DO

RAI DI, 25 RA%E%M G%%g?%ig% Eﬁ?{)‘hgﬁddgﬂméd bveRER Bk RPpREd WiRsE thyo steps

may be i npl n Séparate storage device such as a

sol i d- s%oq%_?e %ﬂl@aﬁéﬂ RATDR aPBE kag spedes yf REYDphetudiggeanventéonaldi ary RAI D
na/ or cache

G e o Ak o eV g 9 11
her & asanysamoBgne R hagIR A elerk] S8 el RAGeR fon  be
R i T A A SN
As a redgrhneasemdemﬁ'ﬂpﬁséﬁﬁmﬁoﬁ ‘-‘H‘FE@PY@BOI?‘%B”WE#H Eegﬂﬁq %Cgﬂg‘? a %&?ﬁat it
can i nggﬁatgﬁg%fcgagfag%? L0, A STRI R dibility allofs RRasti &) applicitiomeforased - or

decr eas city and increased or decreased devi ce-d;lo(i% 0
| NSUr anggeonfighirtiey RAIDRyeteshonotneifered hysgonventiongl oy AEHCR ISP ne

d m cal | ff-1i .. This f | Diylyd gll ﬁé‘ﬂ _  cati.
§o¥nar eggtdglﬂgﬂy) g{"ﬁy—‘lo WPE}II nme Il’r%s eﬁ(ﬂ(?fal ?M y %}}g%t | dlng'lih%gﬁggedrgﬁqlnons
met heds. M . ; ' bEne o sstrofireldsdsdlie Rohpoller (orin

oft isﬁﬁ‘%"&%.%‘%%ﬁgﬁfé%{%% o e o 1

rec ased” 10 reconfiguration n%y be in‘gl enment ed by
st or i ng a@ Weperdbvelutses applicatien)s Bk paztes BREOTOALC SANYERF | evel user

application) . which . cause: ' V&AsiPendifies® afd et {FignB). of . t he
RAI D syé¥ Rﬁw%‘g})t“ﬁe?é’ﬁmﬁ onlj’lslcvgffi%? net Fing. 5). Sone exanpl es of

r ul e- bagpd, RokRnphvialobadeddhAHR conGasin meluda] i zat i on- based rul es.
Devi ce-1ose insurance_l evel may .be.15 gut | J §flav Bet Ween a
16 05142 P s 050y

m ni mum and ser, on capacity .
gy ki Ao o i v
 msul andsgellensiapetits ullizsionitoc PR T IR ARSI A ST g T LR by
the uti l&s@%tda%&. Ohf‘ar' example, a 20-drive array may be set to have a maximum ingurance
levél of 5 disks and a minimum insurance level of 2 disks. If the utilization of - .
‘available capacity of the array is at or below 50%, the RAID is configured as 20:5; if
20 the capacity utilizdtion is hatween 50% and 60%, the RAID is cenfigured as 20:4;
etc. Additionally idle drives can be added to maintain both capacity and-insuranee

using a predetermined number of idle drives and/or idle diives know as Glohal

by
spares. ,
" Performance requirement-based rules, Different species of RATTYs have

or  different performance in terms of read and write speeds. For example, RATDO had
the fastest performance for both reads and writes but no safety. The level of device-
inss insurance in RAIDn affects write performance to a certain degree and affects
read performancs ta a lesser degree. A rule may be defined to increase or decresase
the insurance level hased on performance requirements, If, for example, from

30 RAIDQ each one disk of insurance increase results in a write penalty of 10%, and if
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avai | abl e capacity of the array is at or below 50% the RAID is configured
as 20:5; if 20 the capacity utilization is between 50% and 60% the RAID is
configured as 20:4; etc. Additionally idle drives can be added to maintain
bot h capacity and-insurance by using a predeterm ned nunber of idle drives

and/or idle drives know as d obal spares. Performamc&f rﬁg\%ir ment - based
rul es, gDhdiiferemicelevel ef60%h cReDmeximYE pasformance i accsBFtRiPINEREE ) t or s

of read ‘and wite speeds. For ex I antRedtigdly or mance
for botdeviaealess HFITANFE BEVRR Bﬁi&%gﬁ@gﬁ@#g}l: evelrMosfb%ievi ce- | osyfs

I nsur ance i b@,ﬁﬁb hfcepiguirenment ehtoges. cert ai n degree and

af f ect 598?‘3%5%%?’%%& to a | esser deegrge. A rul %W%ﬁed to

i ncrease or Sidfhealing fixhd insuranem cBulesyafly %g%fuugﬁﬂﬁbﬁ} ce
requirements. If, f exanpl ey, f fRRetid 8ivagftoimsinteainc e
incﬁeasf@ltpgbﬂﬂqﬂgyiqf? dWF"trEgmbdé?lra%‘ggl E%ﬁ%%%gﬁgﬁ?f "9 a perfornmance |evel
of 60% Ofeﬁﬁﬁl %géi SEAeRE. ToRs TRReants Pocepiaplecif anHoaursnee levaliof 818 oss

i nsur arft&va set as high _as 4. The nay be tyon®t i Vs

r econf i glwead tofbermeihdained; sndwre éemwﬁngﬁ?% Hﬁ‘?‘i‘agfu?.lﬁ efrféﬁieéél%{}nﬁga fixed

i nsurange., Rul es.nmayhe RAMS ik tofal aupadey ical | y -add
devi ceﬁ%mwaﬁ&ﬁr%%%s%?gq%%%’%??& froﬁﬁ&%}e ar Irglay to :ﬁ@ t ai a certain

level of 6 - ARasndtivuly Af e apafodedzaisnvailaple, oy her todbeB of 3 is
al ways to be maintained, and one #ievi ceg,g3 -device array fails, the
r enkd niragnglmmﬁﬁ‘é’éﬁﬁﬁﬁérﬁ‘é’ﬂrﬁ%?ﬁﬁ 3 e itito an 8: 3 RAIDn (assuning total

capacity is I Jninda® natrhied. YA HATRspgtememdpbecapptied b¥ig abl e, it
/ may be addeds'?lgﬁgﬁghg ; '

10 renmi ni ng devi ces and reconfigur.ed | 3
RAI D. S%ﬁpwmgmmmiﬁahm@dﬁ%@.ofm%%yéﬁé%%g ¥”d§ B?#%?Oaﬁg‘ y a
supplier ‘and set to an initdal higk | [l naiieeal 1Asudeiceces fail
sel f - heRestpRPe mﬁ%@%ﬁ%ﬁ QY econ?égéﬁgeét)’ﬁgkgenai ni ng devi ces, .until
a. m ni %&gﬁémria%ﬁmmaﬁmtggm a cogintenagsechll: FHEsEay ance
Thi's may

cal l. be especially 15 useful - . [ '
conlf acusaful whepl & PECHILVE ’é%":‘"tehcé’n#(t}i éﬁgmo%@égrrg% Eﬁ%r? %ﬂWﬁ o the

user si E:F mmann%[u(ﬁhcé L RNEL £ Aie RS entior kil openfiaintenande io be performed at
a aesired time during a window instead of at each. device failure.
Data criticality-based rules. Device-loss insurance level may be
automatically adjusted, between a minimum and a maximum level set by the user,
90 based on the inij)ortance of the uger data. Such rule-hased settings Wﬂl dynamically
' change from higher ingurance {for more important data) to lower insurance (for less
important data) and vice versa. Data criticality may be measured or defined by any

suitable methods such as the class of uger, the use of directories that dre designated

at higher insurance levels, files marked with higher priorities ete.

25 Data recency and repetition-based rules. Device-loss insurance level may be
automatically adjusted, between a minimum and a maximum level set by the user,
based on recency and repetition (R&R) of the user data. Such rule-hased setting
will dynamically change :E'rom higher insurance (for higher R&R) ta lower insurance

(for lower R&R) and vice versa. R&R may be measured or defined by any suitable
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a desired tine during a w ndow i nstead of at each-device failure. Data
criticality-based rules. Device-loss insurance |evel nmaybe automatically
adj ust ed, between a mninmum and a nmaxi nrum | evel set by the user, 20 based
on the inportance of the user data: Such rul e-based settings wll "
dynani cal |.y .change from highered f o irhépadinethe damahertad | ower
i nsurar’xflgét]?{qd@r‘G saé'ft er%%?l?‘%n fﬂ&?ﬁag andr&i%d\%f?f Data criticality may
be mas&&gggggrofgﬁgi(,@e'ﬁbﬂ@)ﬁla@uverswpéﬂbdleftimehods such as the class of user,

the use of directories that are designated. at. higher ;i | evel s,
files markedewichvhingrebilitybgsed F@@Beiﬁéﬂ%“ﬁ{“&“qu"e%“&}%gaa% ke
repetition-based rul. i Gesl 053, H RS AT E phadfinnTtevebeet Iapthumatercal | y
adj ust AEtORRA %Ajﬁ‘lgtr?fl %‘%’#@%3 user, .,.based on

a maxi mum | evel_ set by thﬁ’g ,
r _ef:f%ngyb@é}ﬂ erﬂ@t” aiﬁwtﬁ:‘a&ﬁ)‘]mh_ﬁal:]iﬁby oEthe Gaesf device ?Itﬂ/@i algn §£‘E]E? ng
Wi ynam ca chang om higher. i nsurance ShenoE&Rnst Quer
i nsur ameger qeEta( WWMGEHEP%%@WE@%& R-Qf?(lfr)feg{)? ]the mez;gured E;oE’lrﬁcdefi ned
by any SUir‘? ablﬁ sLfofRldads: suahtaTibootaY B0 armehaded dataRienia)e Sughper i od
of time™] blfé’ tfe nunber of  accesses of one.aqr nore flcng?rover a period

of ti MepyIRPHged suttimer will jtaymirallychegge frompbighes IpFIan BEE 1 evel may

be automatically adjusted, bhet n } .Wéﬂfb SabaxddyamdByetesel by

t he usewlnegablggﬂéalﬁﬁyﬁ}@w’&é\}?% %gﬁoﬂlﬁaneraﬁlﬁ%}ty of the type of devi ce,

a“dﬁgf | ocat {9 phOhbéherilsbhssRRAT mnvexdophethods ehde af fimegirce et dat a

may~be in renote | ocations such a%gwilmces, hone offices, renote

of f i cestatget RAIDaInaH b FeepnISREHOR or Pul e- based settings 2/1\,1 | |

~dynamical ly cha f ' j 848 thé e tearioysneredificatideandes) to-

| ower i nsur aitcgﬂ'?ﬁgra%ﬁg}s@t\%ﬁl%ﬁgéra Ie1 devi ces) and vice versa. In the

above r yhLgmbrasdalRbelnadniretis BAI:Bmon@aes,imemh@fﬂ aEB%’f‘%BSQﬁ €target

CDs maybe a convention RAI,D or,. -and L SAPRNAVE fich.t Bese

ski | | ed presepidnygntiqnh u¢ EFF!SB%%% é@ﬁnm‘\gr? Sc@%r_i at'i Qns'%an be_mgde in

theAEAI D& P\i SU9RuER R Hf poskiblenmiled are ddscribed, hegoyantipn ienet Wit hout
ting rrom' t :

dep i e spirit or_scqpe of the ipnvgntiop,. es,
al t hougto ahemt Tudés p@é%lsem&bl&agﬁﬁﬁ agRRe PR d, ‘tl?'félglisni\;@rg] %ﬁ@%@%t

limted present invention cover modifications and variations that come within the scope of

the appended claims and their equivalents.
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to these rules and any suitable rules may be used. Thus,-it is intended
that the present invention cover nodifications and variations that cone
wi thin the scope of the appended clainms and their equivalents. - i1 WHAT
IS CLAIMED IS: 1. In a redundant array of inexpensive devices (RAID)
conprising a controller and a plurality of storage devices for storing
user data, the controller storing a plurality of RAID algorithnms to be
inplenented for ~witing data to and reading data fromthe storage devices,
ﬁgghod for converting the array froma first RAID
algorl n1to a seco RAID al gorithm conprising: alternating between
performng tasks in a conversion state and performng tasks in a wuser 1/0

state, wherein the tasks | t he conversio te include: rea |ng a
ot S et et e, o P D Ay e R AT] oG 5 qrel g

al gor iy lﬁﬁﬁty(o@std?@%d Mvids @ombﬁﬁgmgéf dathdl Itlcea&dmn&mﬁomgsmphﬁmlwwmmw dat a
is read fromthe Tirst D, and (c) Mﬁltlng user data on appropriate

st or agleodigvicledednlmainiag ﬁor)meg datedn andumating glaorome g stofage 8Fvicest &ps ( a)
d d
and ( h(gor{vglgg‘)%tlﬁgth&ﬁ f(greéao(itv ﬂ \ﬁfisét %t? épﬁ‘gl?l YBret Mlgeﬂg&diﬁ nﬁ)ra{( Secoﬁ‘tﬂe

wherein in the user |ncIu e rea ta from
st or afferllealg@@tbm, cpaprisiger requests, wherein mhen requested data exist on
both sides of the watermark, the requested dat

j 1 th
otond Ra Bl PRt e i <ok 3nd B RRES I R 4 o R b

al gor i @Ehe! whieinaé REIEIN the cinterdiddsRikdintnge: conver sion state and user
1/0 state are repeated until all data on the storage _devices are

convert ed. (@.reqdiee gettpiod wer dataifram thegieags devipe awepdinggodhe firstdedlies
mmltlggwﬂﬁg&tes to a sem - permanent cache. 12

(b) defining a watermark indicating the position where the data 1s read from the first
RAID; and

(c) writing user data on appropriate storage devices according to the second RAID
algorithm, wherein steps (a) and (c) are repeated to read and write data up to the watermark,
and

wherein the tasks in the user /O state include reading data from the storage devices
upon user requests, wherein when requested data exist on both sides of the watermark, the
requested data is read according to the second RAID algorithm before the watermark and
according to the first RAID algorithm after the watermark; and

wherein the conversion state and user 1/O state are repeated until all data on the storage

devices are converted.

2. The methed of claim 1, wherein the writing step includes writing updates to a semi-

permanent cache.
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