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Descri ption wg@y \T] O\IAL RAIDFCR HI ERARCHI CAL STORACGE MANA 8085
- SYSTEM FI ELD I NVENTI ON e _ The_present i hventT-on rel aﬁ es
general ly ‘to digital data storage systems,- and nore particularly.to the
managenment of a r edundant array of independent storage devices, often
referred to as "RAILD'. BACKGROUND OF THReBEVENEEON 10 . The
extensive data storage needs of- nDdern conputer systems require.large
capacity nmass data storage,. A _common storaoe deV|ce IS the
rotating magnetic hard di ' AH Y FQR ST ERARL AL cont ai ni ng -
many parts which are susceptlbIeSWORAGEIMARAGﬂME%gISEBTEH”DUter systemwi ||
contain 15 several such units. "The failure of a single storage unit can -
be ‘a very disruptive event for the system  Mny systens are unable to
operate until .the defective unit is repaired or. replaced, and the | ost data

restored. As cpmpybeopsmﬁgemﬁvﬁgygqﬁecone Iarger faster, and. 20 nor e
reli-abl e, _there has been corres o ndi ng i-ncrease in need for st.or age '

capaC|ty,53peed and rel | TBRI PERSSAL: HBVENSisge TRIALAS genayakly badihgital .
‘storage units datansteasgestpsagnscagndi mdréap&ﬂﬁléumfwsesnéhagmaﬂsaéﬁ\éﬁt

‘in the probabi Lty t on njt '
i ncr easi ng theJ)g 4 Ihegé‘%rgﬁ/o te%rgayn un}néep%g%nﬁ: ﬁﬁﬁrﬁgﬁer‘{]"’rm’ﬁ/’en@ﬁf@n |
~tends to reduckefgrredand d8eSRAGRMINg to inprove reliability. Recently -
t here has been consi-derable interest.in arrays of direct access Storage

devi ces, confloured.to erVIde"SOHE | evel of data redundancy. Such arrays
are connDnIy AR AL BEYENDEdndant Array of | ndependent (or

I nexpensi@e) Disks). \kmh@uextemeﬁv@fdiwﬁE§td&&&édﬁ@éﬂ§'éfQﬂ@@érﬁoédﬁpﬂter

r edundancy ar eg b d " e for Redunda ays '
of InexpenSIve:}g?E;%ﬁé €g$f§rg EQP@ ?3&% Y maﬁﬁ 3@ dev{ddsy® a ;
PCT/ US97/ osgsrmmmq@dﬂl@eesentm Mta&mﬁmgﬂdﬂ@h&ﬂf diskcdrive,
June, ~ a complex piece of machlnery contalnlng many parts which are

susceptible to fallure. A typlcal computer system will contain

15_ several such ‘units. The failure of a single: storage unit can
' . be a very disruptive event for the system. Many systems are
unable to operate untll ‘the defective unlt is repalred or
replaced, and the lost data restored. '
_ As computer systems have become larger, faster, and -
20 | more rellable, there has been a corresponding increase in need
for storage capac1ty, speed and rellablllty of the storage
devices. 51mply adding . storage units to increase storage
_ capac1ty causes a correspondlng 1ncrease in the probab111ty7
that any one unit will fail. On the other hand, increasing the
.25 - size of exlstlng units, absent any other improvements, tends
to reduce speed and does nothlng to improve rellablllty.

- Recently there has been considerable 1nterest in -
arrays of direct access storage dev1ces, conflgured to prov1de
some level of data redundancy Such arrays are.commonly known

1;_30 as "RAIDs" (Redundant Array of Independent (or Inexpensive)
- Disks). vVarious types. of . RAIDs prov1d1ng different forms of
rediindancy ‘are described in a paper entitled "aA- Case for
Redundant Arrays of Inexpensive Disks (RAID)", by Patterson,
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.1988. . Patterson, | et aI cIaSS|fy five types of RAIDs de5|gnated
| evel s 1 thr(_W@hBISBSWI'he Patterson norencl at ur e ‘has becone starmbtr/ﬂsgmsme

|ndustry 5 - "The original theory of RAIDs was that a-nunber of -
relatively-i nexpen3| ve, small disk:drives can provide the capacity of a -
single larger, expensive.drive. . The smaller drives will also be faster:

PecauseFt helyI wWolibsahl ahe xees) tr;%r@seﬂtl?d gﬂg tﬁeaﬁonssmm?ﬂ)t ?t.ﬁhﬂeﬁénéé? I,
I ne I nally caus e sna rv 0S | e
possible to i népggé extegagttt?ﬁse%ndfrﬁ)aldi’sk%ﬁ/’e@v\%lvﬁ brYPec?orrBf:nalﬁlg?F |

‘with certain stiesigeatedajevebs 1cdwdugles. pPhei Pathersgst romenclatuverhas
t he data storeggegmgngtgﬁdgga ?Hat:hedih&ﬁétéfgou' dit fail. Thus, RAIDs .

permt increased capacit >1/‘ ormance reliability. - As RAIDs
have gai Red ' acceptance hﬁnortlﬁénﬁér khesicae OF (RAJDS (Was hiBakom paEgber of

limted to Smiirblﬁﬁ@&éﬂ.ﬁry ﬂ{éxﬁé‘nsiafei Rédn@lﬁysilems arevesw Eaf perokede tle
drives of all ca aC|g|es

st ens._may_be constructe
with other typS8P8FLE¥oPigd d%tﬁ“éi@ 1&68ﬁras eoéqnt‘% edl‘i&lﬁ?tve?&‘echma ler
magneti ¢ tape drives,wilbpplsalilsk s hes becauseAthegewilbadr eilh, béheeddimy or-

"RAID" or "RAI D té%hgm("fgeé'é&'%ﬁg* bﬁtéw th Qsm|e Pifngd t@#@%lfars%&#t

type of storage eV| er son nomencl ag ur e, eve -
‘a mrroré8 conkFhgusgeildn. drll‘fﬁ%c@%'élaﬁ@e ljjtthea R4 Dla BeRsiples to 1nclude_

structure, -eagRtyai t(ﬁédxﬁaia@hﬁ)s tiakedapiveyo wHidanendant cekBiASCiBRVivAS: . -
within the arra There one- devi.ce <%:g_ltl.s dat a can. g g‘ixecovered

fromthe seconﬁgﬁ'éef‘ﬂeswﬁagﬁr fapagement | jeehnidues, Jpermi §r S¥SHem to
accordance w theaoﬁAtDthenﬂabaystbredt one oneAsfs lthen sma 18 glrievely stnrmld it

nf or mati on 5Z,B)D
' :I)ew ce 2I Al ((e'r%rS @% ﬁl err Eﬁ ?&BEEQEEH %ﬂé&ﬁt} n?%zr.fr%ﬁ%a %’E Arﬂi_ s
G H thé® s §@$i 1iitPevi cerd | ﬁroPéUe( Epéﬂ-PFd FRSCEPtages r|in the_, :
&err] ): 5! n DeVﬂnﬁﬁkétc:ijdeI henénf onsat had ﬁdju beerK 1initd@ttd srdpr thpannty_ -
vice'5 is mrrored in err. r err
According to PRFEEPSHNTR mﬁicﬁ@ﬁ%ﬂﬁ &0 BL?Q/ é‘ﬁﬁ{ﬁhh‘%%‘é?s of aii ..
 (RAID-3, RAl D-4ap®AL0i63. erfplmshqanixey, meystemsdmaz be czomstariagted with
Pa“ ty recordgenéterybesBe si:B?Bb'et_ '&%v:_._%es, such as optical disk drives,

20  magnetic tape drives, floppy disk drives, etc. As used herein, '
e the term "RAID" or "RAID system" should not be taken to be =

llmlted to any partlcular type of. storage device.

Using the Patterson: nomenclature, a RAID level 1is -

a m:trrored conflguratlon In accordance with a RAID-1 memory

- 25 - structure, each unit of data is stored on two indep_enden't'
storage devices within the array. Therefore, if one device

fai.ls, ‘data can be recovered from the second device. Figui'e

1 is an illustration of data stored in accordance with a RAID-1
memory structure. ‘As shown in Figure 1, the information (a,

30 B,.C, D) that is stored in Device 1 is "mirrored" in Device 2
- (a', B', C', D'). Likewise, the information (E, -F, G, H) that

' 4, and the information (I J, K, L) that is stored in Device
S is mlrrored 1n Dev1ce 6 (X', J', K', L"). ' _
- 35 . - Accord:_.ng to Patterson_'s_ nomenclature, 'RAID leVels_

3 and___higher_ (RAID-3, RAID-4, RAID-5) employ.'paifity records for

data. redundancy. ‘Parity  records' are formed from the
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Excl usi ve- O?%‘P%@qs"ﬁata recor ds stored at a particul ar |ocat PER/USH?/08985

different- storage units in the array. = I'n other vvords in an array of N
storage units, each bit in a block of data at a partlcul ar |locatjon on
a - storage wunit is 5  Exclusive- ORed with every other bit at that -

I ocation in a @xeUmnsdveiQR) oft ordde data s neggudsdussonell oek of mnm;éular .'

bits; the pari tJ)bé%!t‘l% 'éntéfﬁféréﬁédsébraaé 28k s! qfiﬁtt]:%‘ é?f‘ré'lj'e I epRIdHHYE
(Nth) storage uni h

t storaeunlt In the array
Cont ai neq at - alPidsatif bth AHIRS SF N (RFARGAS PELEs 10 #0cH Bty il of
taking the Excladatave-4IR o4 tbardaballalroclmcatlbhe ANE 3 ocatopagen txhdt is

-remai nin evi d.th spondi.n ari.ty blo I

the r ead;J i te%g(cctﬁ% S}res %%e‘f%{étgﬁ EVE?X ?tlg? ﬂfeghg& E‘Pﬁagﬁ%’gohn Y group-
access dat a on athe(Nsdne sktoragd watusortoofproemde @ bleck ofRpalrity dits; the
RAID-5 are riﬁt:y‘?h ié&kerisze‘éh'%% é‘@&ﬁ é‘d%'t“bfhap éni ‘a@%\ﬂ“éﬁ the

actuators |nt rlve units. er word , eacC rea erte head o
a di sk drive uﬁeeﬂﬁléumqeé%)a§§€§§qaa%l'any\i&feﬁéwoﬁtPﬁégeu upit1nHdig array
regard to wher ¢adtlzgr thd tdadan ddiﬁaa&rewaa:renw 1oca¢qee§mngth@atfmmmg unit

d h f d ks" - .
bei ng ot Ped | §38 dP% 1 SATRPCIABAG Yo rkans Aate « RuBRip bsesBRr i BAS cata

docunent, the tbém:\ksblamclther eameslooaalonhemetne memamlmmtdaemq:& i ¢hede
or nore 25 %%rtg%r ei ng independently accessible from
ge device. lq%g’aﬁ% A

a single stora I nformati on conpri si n% one .such RAID- 4 nenory-
structure_is referred toXs & RAIP Be". allEa@hestrf-‘Flé WEASBURSLURERES | B8R Sfe

}: he informati O]Icaléfhf@r@gléj mlegfveﬁ:akze@f ablﬁelﬂeum:@@n 2B qaddds Qiaﬁéle)rﬁfﬂl'ﬁa/ same
. For purp es of, this Qcu t he vStri ' tg :
. bl ocks, ch bll&ﬁ?tﬂ‘rp@f ePgbI ?aﬁge %jns"f%‘re hadgﬁgssﬁﬁg% I S I‘:leel Lr%tn[eg
the address of chaghckerdzes doavk l\mdtememdw&liyobmwa&nmageaddwcé:e Bmtmms
-may al ternatively tﬁ%”%hﬁedéﬁst ufRicdl 0Ci‘1?1ot§f d§0 lpfre‘éf‘a/'%}h%reerhead :

stored at addresses are - unrel at eo addr esses at
. other blocks aPf & cietk WiFHY® H{lhér igefirees to F’r‘iﬁﬁ% 2d4tF4 u_RYWRETef gy the

;--'st ripes of dat aidfja,wdddut 294@ar&04:d> smr:@ bthaecandescdm the RatBag. are

20 accessing data. . _ _
In accordance with RAID-4, information is stored in
"blocks", each block being stored in a different storage

device. For the purpose of thlS document, the temi' "block"

_ ' refers to a coherent unit . of data comprising one or more
25 _' ~sectors of data, the data belng 1ndependent1y accessible from
‘a single storage device.  The information comprlslng one such

R_AID-4 memory structure is referred to as a "stripe". Each .

stripe includes a portion of the information stored in several

.0f the devices 202a'—20’2f of __ the array. For purposes of this |

30  document, the term "stripe" refers to a _set of blocks, "each_

_ block preferably being stored at an address that is related to.
Teit the address of 'each“"‘o’ther block within each other' storage
.dev1ce, but which may altematlvely comprlse a set of blocks, '

each - (or ~some) of which are stored at addresses whlch are

'35  unrelated ‘to the addresses at which -other blocks are stored
 within other devices. Figure-2 illustrates four stripes of

~ data 204a, 204b, 204c, 2044 stored in accordance with RAID-4.
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shown:i n ‘Fi gwo®sdssegne sStripe 204a |ncI udes a Data bl ock g(c):{/ ggg‘;ésgggggsﬁ%
- Device 1, a Data bl ock 203.stored in Device 2, a Data bl ock 205 stored in
Device 3, a Data:block 207 stored _.in Device 4, ‘and a Data bl ock 209 stored
in Device 5. Furt“herrmre one 5 of the. deV| ces 202f is dedicated

to storing r i |
devi ces store %ggeérﬁdw?ol?{ ng&ra;%@a nPadtfipdlande AhtluBeshacbatacbbotiker201

f
Fol ST hf P ReTRAnLE (ARVIEE Tut & DAL PleaR ad T Eitrd 10 BeYiEES27 18 tdta,
\%I I ﬁgl cally em;buﬁl 2’@5 GRigwed ha Devicer 2red Matp Mmknﬁp%ﬁt@?e@hbnsl?ﬁ“ﬁfee
ch Is store h 33%{%:6;%3 rﬁz{ 9 4RV eRS in(Bevetel B Probf€M&rmore, one

encountered wi sk’ arrays h

read/witgs (iof., tRal Daevicemal BDB)E | 45 ndeusaRe Indggﬁeﬁj‘g{ﬁ% parity”

_ gggat: ng the pi‘ﬁ#‘:‘biﬁn&élon Blockapepenescr datla iHautk o8 vhbt ovher devices '

rrpe" when information within the bIo 201 ofé)e | '

(i.e., "new daBEOTPs UFe% t BRERTRAAR g?dadla’tam) ¥#I ds}c{ he@%ﬂ&é‘é-

%fq g;ytlon;‘o?g gabhegﬁﬁr Cffa(;ﬁa.rltuebhanrﬂaﬁ;onndhaheMNMEe@r dng ﬁ}etaf%le o
u e updat .
gﬁ?’ﬂf:feeng?ro ?‘r?e ?eéé“é%ﬁ%?, \%) ?.8%{%’85199 eﬂ!ﬁ;é‘.ﬁ)@ d@h«’in@ndthe "

new parity are These o ti,ons -
be perfou_lmed | remaindng $sfoemakabnopfietle ﬁiﬁlﬁ%é@lﬁ‘plléaﬂtg Tedy ity 8aFﬁa?f

“two bl ocks and ol d t

new -data and ne\i/"vgpt()r?’:ﬁt(ij ébga\/\hl%lsttenot 23; ) pe head ang t\/\oﬁbl OC;E ét ne
Wi le the use of caches Q8¢ 8frde Pé'@ﬁr]rﬁﬁ‘ﬁe nﬁ%??%gﬁ%gltq%{ g’apro:gpg € ﬁfé?%
Io \S;e?utlelnfigngy kst faa:ﬂaaystuadmg indep8Aiéntd sestéwribseBecdme. . RAID-4 OF
i ncor por at gd N%D 2 te%gmﬂ-?e gégﬂw%&SaEQo&QEEde%lﬁh uﬂﬁﬁtﬁfhg‘ Stl'i@rpbrlty '

read/ w i tis arr ajlock whetever padaty Bleagks %ﬁewﬁ%’é??‘i‘but g(?rsﬁfg df‘l"%ﬂl en

equal | y anong i
desi gnat ed thlé' %y%g&o %gfr)ﬁﬁg_%%ézilﬁ ith® bllot:htezeur a_y Deﬁ‘at:Een.sms tb be. changed

1" 1] t r 5
configuration. @i-t-ri BIRSRERFR pa?l Wlﬁkg g‘osl‘\lg ls‘l-‘%t NS r(gaen Q]P ut|c:) at ?g\'d
data, the old parity information from Parity block 211, and thg__

" new data are typically XORed to produce the updated parity
20 = information. The new data and new parity are wrltten to their
respect:.ve blocks. These operatlons can be performed 1n
_wvarious sequentlal orders, but they typ:.cally require that two
blocks (both the old data and old parlty) be read and two
. blocks (the new data and new parity) be wr:.t_t_en to every tlme
25 data 1s updated. . while the use of caches and other te‘chniques
may reduce this problem, there is a tendency for the parlty

- disk in a RAID-4 system to become overutlllzed.
. U.S. Patent No. 4,761,785 to Clark et al., which is
| -hereby 1ncorporated by reference, describes a type of
30 1ndependent read/wr:Lte array in th.ch the parity blocks are
' _ dlstrlbuted substantially equally among the dlsk storage units’
T in the array. patterson et al. have designated this type of
array RAID-5. Figure 3 illustrates a RAID-5 ‘configuration.
_ D:Lstrlbutlng the parlty blocks shares the burden of updatlng
35 ' parity among the disks in the array on a more or less equal_ :
' ba51s, thus avoiding potentlal performance bottlenecks that may
arlse when all parlty records are malntalned on a s:Lngle-
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35 parity-anong the disks in the array on a more or |ess equal basis,
thus avoi di ngV@8¥esféal perforrmance bottlenecks that may ari sermsmwss -
parity records are maintained on a si ngle -4- WO 98/ 38568

PCT/ US97/ 08985 dedi cated disk drive unit, even-though the same r ead- modi fy-
wite operation is nornally used to wite data in a RAID-5 systemas wel | :
as in a RAl D4¢e¢icm1tLed R D arwethmtrostavadva:hoaqrﬂ ahel SR rm:tfmdxwfy-
by Patterson. e o eratloﬁacﬂé (Hoﬁlt}ﬁ]g}e EE"EoTERIDe A4 ?‘.'fxe ad

has its own charac eristics, Tore appropriate for “storage
of certain dat BYFRRM anf G’feltlhea%t par afcRMéHEﬂ systefe sHALRiNeis tthe cuost

no single fOFWBédﬁd}?éedSlékﬁél/mld/e%é&rby pdt¥e¥@wpl e, - froma cost
per byte of storage 10 ndPo

ta nost expensive, p
protected RAID is |ess, %%C%o% ﬁﬁnﬁaﬁkegFBFaﬁ‘@mPye\ﬁm faoma}/ts has =
Non- redundant St s g a:hdrlaeltaﬂs&ﬁ.esgenhiehlmajm 1tthmuraaapp1yopr1ate for

brot ected,  due J0,LNige did 'l HactPUBLENGR0AES HioPoPRALE HoBhOLEC 4k the
(‘lt é'l é: mrror ea ? {%PKFIQ

format . Bot h™ par’i y pr ot e :
redundant , but Same otdmei s i;t,hﬁug‘e.t iy e e siogilst | f@m&hattr@):enlsf ungyversally . -

storage devi cesggidioa! | oéofh%;aamﬁrermt f?BmStaPréésQ” ﬁé@swt\w 88Vigesrdge

recoverabl e, as long as the two devices. that haye ed do not have the -
sanme i nf ¥t i cHad & n iy 1 1I50F1°§§EaﬁiSP@nsF¥PerP?ﬁbti’op?‘P'gﬁ?Eeq RAFD is
Device 1 and 2Q.ess Deaau@enanbﬁé@uﬁ@amt sberagéolisneven teals.i s Mirormetiirdant

these 1o devi SEoUR o $35ed WeDEXbses: fuapdeder, dpLOdlOlY pidic ol

within the fai I e evi ces ca € TECOo ase
a parity. prot eci'lmj mnthgudaffbﬂu-lmfl off upfiat ingadiahat Ag ammnmasrqumted

have failed w ldshaue beegoRf  patPs). prdciad pﬁhldt YmPfﬁé:?E&edformats are
configuration re wres the i nformation from N-1 devices tqQ be-avail a le .in

“order to ¥econ datHe it MEMES i & 19 tdae MOrg &P jcdD it qyen
is the total nurﬂ)mwwfsutmagmaienddse F34110D)- 41t rdﬂoe:heBeﬁmaﬁmaﬁldrhetored on

tradeoff that {ngl 5e \it-ﬁ%?dfewp FLdgens 39ecov§$§§gmt rop u?oﬂésgsa'ﬁﬂer %% "eices

space when dec her T o or ganrze I n art
'Conflguratlon that jpave failed do not have the same 1nformatlon stored

. therein. - For example, referrlng to Figure 1, if Device 1 and
20 Devlce 3 both fail, the information that is stored in these two
'devices remains stored in Devices 2 and 4. Accordingly., the .
~data within the. failed 'étorage devices can be recovered.

| However, in the case of a parity protected configuration, all

of the data in the two devices that have failed will have been

25. ‘lost, since a parity protected configuration requires the

information from N-1 devices to be available in order  to
reconstruct the infomation stored in one failed device, where

N is the total number of devices in the RAID-4 stripe.. ' |

. Because of the tradeoff that must be made between' '

30 o speed, robustness and requlred space when dec:.dlng whether to
orqan:.ze 1nformatlon 'in a particular conflguratlon, it 1is

' _a_dvantageous to be ab_le to allocate at least’ some of the array

_to be non-redundant, some to be mirrored, and ‘some to be parity

. protected. Even more advantageous 'is the ability to

35 dynamlcally allocate portions of an array to one format or-
another (i. e., transformlng portions of the array from one
format to another format and back again). Such conversions can

...5_



advant ageous to be able to allocate at | .east . some of the array to be
non- redundarWO 988%8t 0 be nirrored, and sone to be parrty pr oPETAUSHN/08985
Even nore . advant ageous is -the ability to 35 . ‘dynamcally allocate -
portions of an array to one format or  anot her (i.e., transform ng portions
of the array fromone format to another format and back again). -Such
conversi ons cdre don® 98/ BBEHE copying all of the data from that portlon of -

PCT] LSO71 03955t Aoty o Hd YarbORMERGaALhe o alHieABE AN WA) T diRr

of the array t reformatte nto a buf I n or

out'side the arWhiBimmr ondsider bhaAX Y @Rt thept ¥%ﬁ°6‘f‘a¥ﬁbn‘ir¢1®t Hartion
copyi ng the daée eaek art)xf}.;a]g;}reamwrzbgyrrﬁg the ddloyeygek tibe tﬂi@Cﬁéﬁ F]fbrénat.
copying t atoa er r a_consi a a unt verhea '
SRRy B THERGHRIEREY CRAP DTACTIR < SRR HHe S e nRAREES
to provi de an &ntemebdersbhe damouhappiratarhdad. st ori ng data 10 ina
conputer system Another object of the invention is to provi de a nore -

flexible storage: subsystemfor a conputer system Another object of this
invention is tZUMMAR 5 ENPLONt hod and apparatus for managing a

redundant array 15 Ofréti’éagﬁeﬂéfefésahnoﬁ eeeveteeneysrre@enenqtﬂwnuon
object of the inventipn is to enhan of a storage subsys gm

e
a conput er sys'{"%nP’E%Vb@er%EoﬁPpaﬂFﬁ‘g ‘E‘StP@gt aPﬁegﬁBéﬁg‘tHF £ons &FoFANg;,
‘conput erigyst eta 20computer system\not her obj ect of the invention is to

provide a system and nEt)Ex‘i’gtﬁé’f aﬁ@e%&l ke daﬁg Eghnﬂs%%ﬂo\}:ﬂié'at Iﬂﬂre o

RAID-4 or RAID-5 and back agarn. bl"e orage app
. conprises an aﬁl@ylmesﬁmmecﬁa‘m%%rw @arcqwunﬁm&tse@mco support the

needs 25  of the user. Ano&ﬁelacssje@ecefwhhst rievrene‘le‘rreps epdogiraRilieotn -
t he present invention each ge devic V\%OF n_the,array sto
h

plurality of HFRJERCed Rethe s?%&a@%pg’ﬁ%\t&‘és manpging & e 381’1%n Fray -
sets of Iﬂo_cksoi:aéticerthgé rd@eecesﬁinarca;nlmme:cdy&uens.upports formatting of

the stripes i.ndependent_lp\(n&r_rher object of the invention is to enhance the
ability of a storage subsystem of a computer system to Dbe
reconfigured to meet the. needs of a user of the computer
system R ' _
- 20 . Another object of the J.nventJ.on is to provide a
system and’ method for eff1c1ently transformlng RAID-1 to elther.
. RAID-4 or RAID-5 and back aga:r.n _ _
A flexible data storage apparatus comprlses an array
of storage devices which can be formatted to support the needs
25 - of the user. In accordance with the preferred embodiment of
the present invention, each: storage device within the array
- stores a plurality of blocks, and the storage space in the
“array is divided into sets of blocks called str_ipes.' An array
controller_supports formatting of the stripes independently in
30 - accordance with different memory structures. Specifically, the
" memory structures supported in the preferred embodiment are
. non-redundant, mirrored, and parity protected (RAID-4 or . -5).
'Preferably., one or . more - strlpes_ of mlrrored (RAID 1)
- information may be transformed into an equal number _of stripes
35 . of either RAID-4 or RAID-5 information, or vice versa, while '_
"minimizing the moyement_of information[ - o '

- -6-



30 ~ accordance with di fferent rrermry structures Specifically, the nmenory
structures sulPoi838%8i n t he preferred enbodi nent are non-r edundFR/US97/08985
m.rrored, and parity protected (RAID-4 or -5). Preferably, one  or- nore
stripes of mrrored (RAID-1) informati-on may be transformed into an
equal nunber of stripes 35 of either RAID-4 or RAID-5 information, or :
vice versa, _whil e mmnazcngdaneemmehenheopreﬁreamdt |emb0dlmelm.98¥a3856810ck

PCT/ US97/ 08985 | hy
O?@néflg\té id '"Ehé”&f eﬂ‘:’f\?éj | B ), 3 e g@f I?Aa A;

storage exists |n one flve states: (1) (2) DATA;

COPY: or (5) FREE PERERYs: r(dde GIPL cﬁ%gésbl 5'8@@ wi tAFRt & r&PPa?%xﬁ%‘t@ge |
th t{tl n OPe ﬁf Etlsell@dﬁkk%%@smt&me arraysemettgt rtrmamﬁtahaswe@emd Ngrapes, tiee
states o e bl ocks tee Q states_are nan-redun

parity- protect¥RVAnE-tBeusE2 ré??ﬁﬁ.gl.'&ﬂl YPRB, f‘gﬁn SkBFCRe & {931% bfocks.
transitions arerhmossidf ethe st imk sﬁataesstaarmgmrdemdlmdmmr diver alty parity-
desi gnat ed as - e | o on t

‘be changed by %@co‘%t r&F er V\A%Ekh%ur{‘ | eopar .z.°r11’81 sceérlrl:aI t}grdn%#géﬂi@é’ate
(i e., the inforrRAsriersr agei PArAidHa- usdr hiadk nafi on stRFagar deyice is
i nformation an%f@@eﬂiﬁl S&Qsi@nﬂ@é&réléeaﬁamt'ﬂf blobkbhbel Aher HMSBERion
pr eserveddor  stibr G8to 13053% P o PR RSed DY oD oOBR5RRTd e T IR
preserved-4 or r orirat I e
preferably desrmwﬂimm wé&ﬁﬁhf‘érhiambmhenet hethaf infatmabnichoseored is

Lheret n | 1e AERUlLr ok oot AAblta EYSh S aOFLO16EXORREh 30 fle 1S

DATA bl ocks contal ne e sane st a Sstora
is 20 pr ef ergagd §@sr¢3@rﬂﬁr@¢et (PQ)Tel%Y)OCPYAbIlbka]Ffth@ i EOFRGR | Spvikg is

i's stored ther St SrabLPPIedig hé‘é@d”ﬁb' ee st Geth | B SciPATAeR! eﬁ&tvvrﬂltadk is
~anot her device of the s(gm% strr k of a, s%ora e.devi ce iy- :
~ pref erably? desiRFRiETe ﬁ—*EIE)&’TEa‘-’[ﬁ 08 ﬁs% HBEP Fﬁ?ﬂatroﬁ ock of a
currently storestd:i‘m;eerahevme istepﬁéferabhjodeaﬂ.gnateﬂhab besa sI-tMIeIY block

therein nust v{}?e %ﬂ&rﬁ&o Egeﬁﬂelgpﬁi}ed're dﬁ 1oglca11
r ead- modi fy-wri sequence, cause e |n I on was use termning

- the val ue of areXEkbTi e by mgrw'm%)t BREht A€ EheDATA blocks contained
within the same strlpe._ ‘A block of a storage device is -

20 = preferably designated to be a COPY block if the 1nformat10n
that is stored therein is a copy of information Sto:ed in a
' DATA block within another device of the same stripe. A block
of a storage device is_preferably designated to be a FREE block
'if no user information_is_currently stored therein, but the
25 information that is stored therein must be altered in
" accordance with the. RAID'4 (5) read-modify-write sequence,
- because the information was used in determining the. value of
an associated PARITY block w1th1n the stripe.

In accordance with RAID-1, two copies of each block'
30 are stored; a first copy-ln a first storage device, and a )
second copy in a secdnd_device. A first copy of a block is

. preferably designated_as a DATA-block and a second copy of the
block is preferably designated as a COPY block. In accordance
with the preferred embodiment, while both the information in-

35 the DATA block and the information in the COPY block are stored |

. 'on_different' storage devices, the related DATA and COPY blocks
are designated as with_i,n' the same 'stripe. Therefore, a stripe

-7-



I n.accordance with RAID-1, two copies of each block 30 . ‘are stored a
first ‘copy | woosiissest storage device, and a second copy in a mﬂ%ce
A first copy of a"block is preferably designated as a DATA block and a
second copy of the block is preferably desi gnated as a COPY bl ock. In
accordance with the preferred enbodinent, while both the information in 35

t he DATA bl ock & f 287 o =
di fferent stor aﬁg e:d\?‘clegﬁcﬁlﬁﬁdﬁ%ar{ erb(fé[])%TA a\& bi(%@%ﬁ G éar e gg‘é‘.‘mbe’t‘eﬁf

as within the and fOP¥riQgks e and st e Dymber %@%?E%%sdevmes in

PCT/ US97/ 08985 tofe BAMriayl 1|snfpererfetruabaypaﬁf efrahl yumbekudeghas @auabaahn‘aehpé L
DATA and COPY bl.oc :

S the ora e devices | a
preferably an- &G ﬁu%@? upTﬂgtO’ili e%%@h f%%?egécﬁagé E}r} E.Fxgnérray.
bl ock from eacﬁfdélhe:enmlbernofh@t@rragﬁ dia\rlcesf imethenberayf Jﬁomd@e then

devices in the ‘isé‘qxﬁaﬁk T, Q§;§3

correspondi ng B%EEQ@bé ei tpﬁﬂ\ stripew ) é?l se data H }1‘:!?l blOCK'

than all of th@lﬁlélrage S&é‘\?-P@esfllér CPF@FéSRu§PtBefﬁﬁmoﬁﬁwﬁroékapnaéécﬁf the -
stripe. In accetdatege WeiiceBs Bretkéretma® Wk MBNload@ bibekPenlBach Sﬁrﬂpe.

fully mrrored state is transforpned to i t otected.state (RALD-4

" -5) by designating any o#él BFSQE%?%W&[@SWE# CELT¢ R L] YStrlpe
‘bl ock, add chanyi agfuélyamnrsdmedlsstaﬁe)rmtunamsfdmmd)\tenanpanitytapnotected-' '
necessary int t case f d
15 ST om non 25 endaathd oF [0° Hi) AT A RO bideh SubEnlR e
state tables Réépl Ae StEARES |at5"| én- PW’@IS bl eind t%ﬁqu%?mpénstétus

al | owed.. _ Ther gniginaeonuf f Nei RBvenBHECEFSAAEE § EMIdYe8Ea FREENSERLS) chSe.
create a. CODY bl ock aSSO&I atg Wi t h eaché) €5F8Ck Wlthkn the str

‘Since both the DATA 20 S3Re (i WOLGR) GERSEPPRRHIBRI IS thE RS
~i nf or mat 16n " pr Eromahdy - eedendant hom palrd tyapeosecte@, stidte toofudlyonistored,

within the strige t%é&‘te‘m{‘%ﬂi@@ (aéflﬂéonwa 598108! ' irThs! CUHidRIDY Ehe

than hal f the capacity of stri east some of the Information
nust be noved FBa&ﬁSPH'E‘P%PFH gé 29:3110‘”941- or Beere oMifke Do GG Cont capysed
bl ock associ at ggavkt lEMPEY or FREE state) to create a COPY block associated

with each DATA block within the stripe. S:ane both the DATA -

20 block and the associated COPY block of the RAID-1 information

" preferably exist w1_th1n the same stripe, if information stored.
-within the stripe to be converted (the "conversion" stlr_ipe)'

requires more than half the capacity of the strlpe, then at.
least some of the 1nfomat10n must be moved to another strlpe_

25 in order to make room for the COPY block assoc1ated with the
- DATA block that remalns. ' The stripes. 1nto which the .
information is -moved ("rec_:eivin v stripes) must each have

sufficient room to store both the DATA block and an associated

| COPY block, if the receiving stripe is configured in accordance

30 with RAID-1. _Altetnati__velyQ some of the data may be moved to
a parity protec'ted- or unprotected receiving stripe, in which

| ‘case, there need only be sufficient room in the receiving '
stripe to store the data. Copies of the DATA blocks are made -

“and stripe status is updated. ' a L



DATA bl ock. ‘that remains. The strlpes into which the information

i s noved " ("WOOBBIs6R]" - stripes) ‘nust each have sufficient ro@OIVESIINEASS
both the DATA bllock and an associated COPY block, if the receiving stripe
is configured-in accordance 30  with RAI D- 1. Alternatlvely, sone of the
data may be noved to a parity protected or unprotected receiving stripe, in
whi ch case, there -need gnkydbeasusfofitd prayent) ihventdosi,vibeghstsi pe fbs

store Uhe data, 8Rhes Sha' BpePATAC, OUsh Yk e LA PhkHFekEnce

PCT/ US97/ 08985tdhthecaactmpary i Grassiongs. rivewhich, lblsshreferenr:ESnumerals
struct.ure and PQféftEBnllﬁéanﬁE% bﬁndngﬁrﬁﬁQEH in reference to the

acconpanylng draw ngs, 1 n-wh ke reference nunerals refer to Iike
parts, and in which: 5 - BRI EF DESCRI'PTION OF THE DRAW NG Figure 1 is an-

il lustratgon’ oﬁgxﬂptgEsgngpgdonnogcgggdnnnwxngth a prior art RAID-l - _
structure; Frgure ITTustrates dat,a stored ccordance. Wi ar.t -
RAID-4; 10 %eg&rs 31c-j i [H%s BPat é&iaaﬁaaﬁrsreaoﬁ ‘ifcrkcag %orgd,; in
prior art RAIEaeﬁorEagceewdthsaaprnbruertaRAmD mfsarﬁm¢ﬁreysten1|n
accordance wth o'he BrELGHEedy PIPQQLPERLs GlialDEoPLESER! aLONPRENAD witn

Fi gures 5A, 5B-and 5C depi res use e status and
usage of data préexsarh Béé@réance mnth t he preferred enbodlnent Figure 6 -

is a floyghart of the stPmsueerﬁormstea%staadat cbPed £hoaeE6rdaMtecwith
attached to a RALD contral in accordance with-the preferred

enbodi nent ; Fi BGHF8T73FE §A§§a?e dlagranrshomrng possi bl e state changes in a
strlpe of_ dat a bl-ocks |nFaguDedahceswan1il&usnrﬂtaomdoénbndRAEﬁtsyQQﬂmelﬂ

i s a flowchart BEOEBEHEy fvgl&?”&i ag)rt&@f_’red hoiHeRe BR L kgR Oﬁrégént i

array which is carren ratt e amrrored structure (RAID-1)
a parity proteéﬂ&gntlon.

5 Pigures SA, 5B and 5C deplct data structures used to_

B | map the status and usage of data_blocks_;n accordance with the
preferred embodlment, : _ '

Figure 6 is a flowchart of the steps performed to
write data to a storage’ device attached to a RAID controller
20 in dccordance with the. preferred embodiment;.

' Flgure 7 is a state diagram show1ng possible state
changes in a stripe of data blocks in accordance with the
preferred embodiment; _ ' '

_ Figure 8 1s a flowchart of the steps performed to_

25 - transform a portion of_the array which is currently formatted

as ‘a mirrored .structure -(RAID 1) into a parity protected
structure (RAID-4 or 5), 1n accordance w1th one embodlment of
the present 1nventlon, ' '
_ - Figure 9 is an 1llustratlon of an array 900 in which
30 one stripe 901 is formatted as - a RAID-1 structure, accordlng
- to the preferred embodiment;
Flgure 10 is an 1llustratlon of " the array of Figure
9 after the stripe Whlch is configured-as a RAID-1 structure
- in Figure 9 has been transformed into parlty protected stripe,
35 accordlng to the preferred embodlment,' ' o




structure (RAI D-4 or -5) in accordance wit h. one. enbodi ment of the present
i 'nventi on: Five@e#3868 s an illustration of an array 900 i n whi cheRse7/08683e
stripe 901 is forfmtted as a RAID-1 structure, according to the preferred
enbodi ment; Fi.gure 10 is an illustration of the array of Figure 9 after the
stri-pe whrch is configured as a RAID-1 structure in Figure 9 has been

‘transformed i nt O parity Ii‘f:. ed 54 1 EQowéﬁart WETEH Ql’lﬁxé&éé& rRhef RetRda
enbodi nment ;

PTC/ US97/ OBQéSbM Ul}mgli‘ Pér?at¥| BrRterteduitaing | RATD1o 0%t 8) kf hGARp§TEed
whi ch a parity tpr @ edimobrsd | gerydrAifR 4RXTDH)) | saawnﬂamqedtds othe nprebeeﬂed

structure (RAI%%) rding to the preferred enbodinent;- 5
Figure 12.is .a vvcﬁl%ﬁt% “whi ch i |lustrates the method by vvhrch a

non-redun@ant stripe i s Fdguze: d i aafpavchgrprhich edlsxaﬁrﬁé:e(mhemebhod' |

-5), accordi ngpyo JiEckr &f eﬁéﬁ"r@&'@@&ﬁﬁ'@”%tr&ﬁ@ F gucenidted@nto a parity
nmber of ,storage devices, -

illustration of an array havi ng ;1 _
according to aRTRCEEERSt ﬁ}'ené’r?oogﬁ'r@?ﬁ o‘?rthé pré§€ﬁt"~drlﬁgerﬁq orhe pexefs exred
DESCRI PTI ON CF ebbdRiRehERRERAEVMBODI MENT Ref errr ng initially to Figure 4, a
reconfigurable RAID stor SYS m.i_n _ac h-t rr.ed .. '
enbodi ment 15 - of the. %g e% t1| nventy o(r:;lq'r S rE% o £ arg %ra Yg%wr%g 20
conventi dfal Redd comtiqqurafi storeye REVEGesst A0l ing t ho mref @lternative

enmbodi ment i nclpeegigeRtUbE ihk Bgeggggagﬁvgﬁgigﬁs 401a-401f. In the .
preferred enbodi nent, storage devrces 40la- 401f are direct acces s storage

devi.ces (DASD), specrfrcal ly, 20 - rotati ng magnet-i c hard di sk drive
storage devices, it being understood. that" other ty_pes of storage

Ourees oM oL T UiadSbrinnchd o gl ¢
the present invention may conprise three or 25 m)re devi ces. A RAI D

_ control ler 403 s coupl eﬂe?%rrﬁﬁgD&%lally to Figure 4, a reconfigurable

' . RAID storage system in accordance with the preferred embodlment

15 of the present invention is shown. As is the case in a

conventional RAID conflguratlon, ‘the RAID sYstem'400 of the

preferred embodlment includes a plurallty of storage devices =

-401a- 401f In the preferred embodiment, storage devices 40la-
.. 401f are direct access storage ‘devices (DASD), specifically,
20'. -rotating magnetic hard dlsk drive storage'devices; it being
' understOOd that other .types of ‘storage " devices could
~ alternatively be used. It should be understood that while 6
'_DASDs-are.shown'for convenience intFigﬁre 4, an array in
_accordance'with the present invention may-comprise three or
25 - more devices. A RAID controller 403 is coupled to the DASDs
~ 401a-401f. In accordance with one embodiment of'the-present
invention, the RAID controller- 403 includes random access .
. - memory 410 and programmable mlcroprocessor 412._ Some or all
CiEsses . of memory 410 may be non-volatile, - to further reducé  th& -
h ' 30 .r'probablllty of data loss. Processor 412 executes 'a control
program 413 which controls the operation of the array,
'spec1f1cally, the conver31on of sets of storage devices from
- one format to another in accordance with the methods described
' herein. COntrol program 413 1s shown re31d1ng 1n memory 412,

- -10-



401a-401f. . In ‘accor dance W|th one enbodl rrent of the present invention, the
RAI D cont roIW@ﬂ%&'&Bl ncl udes random access nenory 410 and progammbloms

m croprocessor 4I2. Sone or all of menory 410 may be non-volatile, to
further-  the 30. probability of data |oss.. Processor 412 executes a
control program 413 which controls.the. operation of the array, _
specifically, ibebedngersiderstocsketithay Bt ocogkddatieenatioalonadsiig@amti oa

anot her in aCCQéﬁ%PSEe%&;%}&f sr%og@mgs\%c éﬁé@ S%relﬂad-g?ﬁv BemBO% Rk

413 is shown res ng in
PCT/ US97/ 08985chipbei iipnhmtds smmmrarmamayt beodlcded crmamemery MéS dirom an

~ separate cont r&btx?éﬂ%f %Bﬁfﬁtesﬂéﬁﬁﬁefai &?v?&éysﬂﬁ‘iméy é%é@i@ floppy

~Control program na | oaded to nmenobry 412 -from an optional separa
peri pher a? dev‘?%%ksd%g‘a%tacrrﬁ@ﬂ%t|‘BP‘F4-%‘H:-)ydBSk %ﬁ'—%k' %gtn@(,leet@%@loaded_
optical disk, £tém, r@rsmasybeexdowmlmadedzohwmlheﬁ @tystpref@%ablyCOﬁéé@Hreé

103 P el o 2bl LR E S R TAIE AL BLBRTRLLEN, O Spel e T0c
RAI D system i4@4 uanMgbe pnygdame ghnehalcamuhmsmmlgad dlo 1@ contenpmml
The commands 'ﬁiﬁug&s‘ﬁ%{ﬁ”%{c& %taﬁ ?%Béfaﬂuﬂedhﬁeﬁérﬁi d]lgltal

i nformation received in connection foaddi tion .
commandst fray - i FRMREERT wh Elfe COMRANAAT dRABFNEH FentEPbesibdq ﬁté’é'@oilﬁa'h‘é%

Wi th a non-redupgiant o BN Didforfat 06n- Tebaived il é@ﬁﬂébt!@hy,wzlﬁlﬁ the .

controller 15 403 det. s.w thout guidance fromt, ssor :

“whet her i nf or T R ecei 9eagg§tt'"8nbe%&1?mcgﬁmﬁ‘ ré‘@%dﬁﬁ Ih StHer the

- accordance wi timRihatdjiondis dro -}:fe sfbe'edomnr ad:t'erdaﬁeermytbea oot eeldunda e

array of. DASDSoPyaaﬁ(fiﬁ'gie bys ¢hn Jfﬁ enppdi rofper
a to rmre t

“connecti ons which ow dat a ioO%e transm tte an one DASD at - .
time ar elpr ovi4RY deRerines Witbous gﬁléﬂnﬁﬁtﬁMIth@r@GGFnﬁﬁ?cﬁﬁsoFH@ether __

present i nver&nmmna@p@nomebea%apt@ a¢o Sher agerdh, néhche@8na@ahpg @i ain
is also coupled to the: cont{jé)le%ﬁ :g A tape_array allows the controller
~to nove 25 FRFPERREREIYE Dt ‘rrra%1o‘?1rou? of the DASD array in order
to free space W thin' t herlDASBsnbfolheradfdy may Qﬁl@@l@d to the array of

o DASDs by a single bus. However, 1n the preferred embodlment,.
© 20 - connections which allow data to be transmitted to more than one
" DASD at a_'time__'are 'proir_ided'. In accordance with an optional
embodiment of the -p'resent invention, optional peripheral
storage 405, such as a tape array, is also'coupled to the
. controller 403. A tape array allows the controller to move'
25 : 1nfrequently used information out of the DASD array in order
| to free space within the DASDs of the array. Optlonally,
- peripheral storage 405 can be a DASD used as a temporary cache
. for data being wrltten, as described in commonly assigned co-
pending application - Serial No. 07/879,621 to David A.
30 Styczinski, entitled "Method and 'Appar'atusj for Operating An
' Array of . Storage Dev1ces“' filed 5/6/92, herein incbrporated B

o by reference. . |
_ In the preferred embodlment of the present 1nvent10n,
'eit'he.r a’ RAID-4 or RAID_S format ~are used, but not _both. :
35 ' However, in an alterna_tiVe_'en1bodiment, the controller 403 may
be capable of storing information in accordance with either
RAID-1, -4, or -5. It will be understood by those skilled in

=11-



perr pher al storage 405 can be a DASD used as a terrporary cache for .data.

bei ng-writteWO3386kcri bed i n commonly assigned co- pending. RERUSU08985N
Serial No. 07/879,621 to David A 30 Styczinski, entitled "Method
~and Apparatus for Cperating An Array of St orage Devi ces" filed 5/6/92,
her ei n |ncorporat ed by.reference. In the preferred enbodr ment of the '
‘present invent |tme agitt ltdua tatRA| aexitml]aérm&fmmtkrmvewmm pautt iont offothe

35 However, t ﬁ}p’% | 1 0
_capabl e of storr naﬁ,n ]Tagoraprrfaitlr?%dn éranq{eggg%r nce wr el ﬁ) %ﬁ’%—%‘gﬁéj’g if 52
It will be und®ox L t Hag caBKRY| &8 34100%5987%%‘681“9 1nformat10n 111

PCT/ US97/ 08985 addir@anddati thheagpnlr 2hles gOeciBs ok o Whirgh Ber E!LQBcﬁf:ed o

t.h || ted t h f t F | e
he array 9 & ANCOCRUEFAT o G TEPA I nekd orAeTPERasr aarebe « RARATD: 1 5He

a portion of tlamrn:rmd;lers 419 anedtebed awa:t@ oftwhiicly pontbomst apa allocated -
accor dance ttl v}i;}{&l# r\ﬂ% S . controll er 405 nust be aware of.which :
|

portions are al ch formats. Data directory 411 'in nenory
410 records how differ @@ttapordtltréﬁ%ioev tBdlar iny aewouxed410Daracardsct boy

411 10 - stor r t t in a
Whather each b%&f@?g@xﬁ. B@AT&A 3 B% Qixe E%rﬁgowgﬁé ig’rsEH bQéa &iﬁ&ctbrﬁtul

formof lata SERFESakb$ crlsreeacﬁﬁaeerr% R b Wﬂ&rhrltny tareoeésexer 1ep.
non-redundant ) whemre& deacict blgckllisney PAWRG abHY, omrkrrmf O EM@TYO o 1ISFREE

wel | as requrr rdje the u he,vario ortions _:
the array. %g‘f)&z(r’ t%ngn gﬁgg reC ?’? ﬁg?%e %‘i‘h‘%d%‘?&f olsfzorgf e ngk Sg:F‘lpe .
| oss of ‘a conpdnemoﬁeld:rpapLEY@m@Q&mt oz nedunedwundanp). (Petasfibnagtony

data direct ory 4431 o) Sét&féea\@&;[@loﬁ@l 9infQPmat d6a! ﬁﬂah"e(ilp'a?é?er PR&a Ofo
t he DASDs, or Qn separate perlrﬁghera 20 -~ device 406 and/or_th dat a

directoryo411 G 3§ itheaussde b SPFI gaﬁbP‘t‘F‘oﬂob'F:)"%ﬁ/l Qf pthe; @EF%% S5AIR
5B and 5C i1 ustrdatretbhenebdé tbeodat Hif riled wvamt off tloiss offapawetti ceclosy

4L used g ot e AlQIEENt ONEd BULRARER) 2 ¢RI G i P ESSY | Bt

: S shown) of data directory 411 exist elsewhere {e.g., on a

- designated place on one of the DASDS, or on separate peripheral -

20 device 406), and/or that data directory 411 be stored in a non-

volatile portlon of RAM 410. ' _

' Flgures 54 5B and 5C illustrate three of ‘the data

'structures . within data directory 411  used - for the

. aforement:roned purposes, accordlng to the preferred embodiment.

25 Fig. 5a shows a stripe state table, Fig. 5B shows a block .

- status table, and Flg. SC shows a host address mapplng table.

- Stripe state table 501 contalns a plurality of entries, each

entry contalnlng a strlpe address field 50_2 and a stripe state

field 503. Stripe’ 'a'ddress field 502 stores the starting’

30 address .of the blocks of the stripe on the storage devices.

_ In the preferred embodiment, all blocks are of the same size,

- _and all blocks of a ‘stripe at the same address w1th1n each -

| respectlve storage dev1ce, hence the identification of a single

starting address is. suff1C1ent to 1dent1fy the strlpe. : Strlpe

35  state field 503 contains the current state: of the strlpe, the

_poss:.ble states are- explalned in greater detall below with
‘reference to Flgure 6. I e I '

S e12-



25 F|g '5A shows a strlpe state table, F|g 5B shows a bl ock status
tabl e;; and FW@ 988856hows a host address napping table Stripe. slf%ﬁlgsvgﬁ?g

501: contains a plurality of entries, each entry containi'ng a stripe address
field 502 and a stripe state field 503 - Stripe address field 502 stores '

the starting 30 = address of the blocks of the stripe on the storag_é
devices. In the preferreBlemkodsvatits Habls 0BR3 FAEALIRF e & o RFULGAA LY, nGE

al | bl ocks .of EEE g¢ BP tQﬁt%@”@oﬁdéééﬁSbmbéﬁlnE&dﬁhenespeﬁnlheOskosageus
devi ce; hence ent|

Lo i denti Ty thbablei BeL camvais spripa iagotiarn L0e o Ao ap FAEHE

state of the Ssﬁupesttahﬁlspmlbi eszis.ateérslenenmnheneoflleﬂ.dgr%&.eraldét pafired
bel ow-wi th reference tq Fig

PCT/ US97/ B39854RVdER m%rzﬁ bl es%"-z? Cont al ns a (gi r'a ?Itnf/l%%esenﬁlﬁegtréﬁg |
entry for eachihl ebidchEate driiack iis Matiained uandimay 522-FontBEnd BPLREET

d f f d f 5
:WZInEjI 5'2? alng %ﬁ% g@f"e%gohglhbebﬁtggéansserh!ﬁe kehde5BBbluessilon Devhee

tri
identifies t heIEt fllgédl h2éhcentaips b*'=F’603f<‘i€|‘-rSt’cﬁ)ﬁ“ﬁlal%e(’j"El b&%#ayonz_aénlnge the
POI |né| er Lo thte ﬁ_BEgﬁgespcﬁdEEéf\%}@néédlfl' sﬁﬂ%ipaontaﬁastau encifHd . thdevoDe bbock
ie contains an identifier of the u
each strilfle coAFRMSHO A8 eDPRAn e b?%%%SPfl I?oér;ngarr%"IE%l%' %&) ﬁﬁﬁﬁ 18
_%spelc:jf i cation ng&’tﬂdlmtalﬁd BASPiEy anyfblockt tStmlfflflahﬁziﬁ FEcordsathe
leld 525 records th T, Y, I mREE profEMREYbloek. - -
t he bl ock. Versﬁs&ﬁengﬁ%gﬁg (121&@}\55%6% b2 prad or & PR .

records a verS|0n nunber Ver si

‘nunbers are i nVeawdonedunher ebieldabat upgsPEdSafd VATS 1L AYEPYE- Version
det ernmi ne. whet iy %ﬁ.bfefi%u%Q%“hnléh:@ﬁlléﬁtaaewsyncea@nldzmla ugdE red atel iaxe fiseidd to

et 1y Db dece e inp e ke P O AL Rt B ot | Basres
e.g., be a poi raeerrldeo ﬂi@ldalsmk sdantifirep thel @admedy gk sERRdANFITFAred
Prgl red/ par Ib][y é’g’fcr]rsa oroa%émyolbetﬁe dgxi£eyi HeBEk EBE- aH%trl&.@dlp&mected'
_ppl " tal__ © data bloc:ko.S Paired device field may e.g., be a pointer to the
_ block status map table entry correspondlng to the palred/parlty :
20 .block, or may be a dev1ce identifier.
Host address mapping table 541 maps host addresses :
to blocks. In accordance with the preferred embodiment, a host
: computer system views ‘the storage subsystem as a single large
.range of addresses. A command from the host to read or write
25 to a partlcular address must be translated to refer to a
storage device ID and address within the storage device, whlch-. :
.1s accomplished with the host address mapping table 541.:
Mapping table 541 contains' a plurality of entries, one for each -
. block addressed by the host system Each entry contains a host
30- system address fleld 542 -and a block 1dent1f1er fleld 543, the
' block identifier fleld containing a pointer - to an entry in
block table 521 which 1dent1f1es the block.
It will be understood that the above descrlbed data
structures are 111ustrat1ve of a smgle embodlment only, and
35 that many varlatlons of data structures are poss1b1e. For
' . exXample, 1t would be poss:.ble for a host computer system to
track physical locatlon__ of Dblocks, maklng a host address
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to blocks. 1n accordance with the" preferred enmbodinent, a host conputer ._
syst em vi ensWOH8/38368r age subsystem as.a .single |arge range of padrsswessss A
command fromthé host to read or wite 25 . to a particul ar address must
be translated to refer to a storage device I D and address within the
storage device, which is acconplished with the host address mappi ng-tabl e
541. Mappi ng tradbpibdltabitaiins RAGN waltitoller 43 | esnecassavy . eadihhebldatia

addressed by t S .

address field %ﬁﬁ&eg‘tﬁﬁé% %{;ﬂlﬁ I de (?{% [ er&?éaeladdg]?& h%?eg%&oacmléégrfm}llaekre‘i
field containi ?th‘és poPEt &R VaripusenekhernLprmEl { AWrEhEIIOKe. c enendingG en
the block. 1t yhél éa@awd%%m&ft hale tbﬁpﬁ&ﬁéﬁtﬂ@ﬁéﬁ' beﬁbﬂ@t FighaUChaY €de.

are |IIusérat|ve of a single enmhadine and 35 h a
variati-ond of ‘EI%’E‘%"%??%EX’M 1523 éfdglﬁ&Q§Pﬂyl 19#915 e, TeEuipeiy pdt will
possi bl e for afﬂnn’sherchsmuir&iem&cﬁnthatt thekdabyss caictures ldnsaxflltémdhbve

maki ng a host 8/385
PCT) USo7) 0898 e BREy TEHITS T WAl oot | 3E205 ETSEUESS, NPed e FAR
structures couwtenbeolbext4023t edFas exampiegecoabiroller Hpﬁkeduh szr§femahl¢y |

various other fo¢8%, fﬂéé@fr@fé‘e W%m&%ﬂéﬁfcﬁxﬁléﬁtmﬁ d'&torage
i npl enent ati on sone field unnecessary, ditiopal fields

may be r&Qui r edVIEES iy Fplﬁuﬂor‘l’é-td b’é“'dr’rﬂseﬁ sEOBd Pt qlf%ﬂ‘cfat%ag}?%cpgpgs or

-descri Pled aboVEMETE® $iodtuesassardd gémmrmﬂmcﬁeﬂ %ic?:tmldﬂse?ommd‘zsb?bﬂ&@]@f
controller 403. For exa tr 3 r Y. |

free space avai | abl e fopﬁjl%}oorgrgq‘ g’ sl'?)glr’ a§”8n‘£68ﬁe§ E‘B%exéggﬁﬁﬁn@s £ dg,%
include. pot orAgcesDclaonmaridsy FFREEdorOEIVWtsﬂ alda;ta)burqul‘]ed Lﬁmmod'msé:d

portions of . DAdfinhh 9K Ssyd e AR ﬁpﬁaéh' QEceQQ“ééfahéﬁa ﬁé@n&f‘&é@m W11
data access commands (read_or wrltg s, ﬂ%g ei ve om hpst ¢
r

system 4b%. A SRREALR R s24ERABHL BE RPFFJ-?g theff&ﬁ%al ﬁu&f‘?‘ as a
address of a ks ectioxX or tpode areddier e@he sddrers afsamt ehp Hostbeis caded Eoe

oSS O™ HEedSS ah ARG B GBESS MR Vel AL PG
521 . identifier field 543 points to the entry in block table 521
' ' corresponding to the desired block. Controller accesses this -

20 - entry to obtain a storage device identifier from field 524 and

a stripé identifier from field 523. These idéntify the block

to be read. Controller 403 then issues a read command to the
appropriaté-storage device, passing the address of the desired

data within the storage dev1ce..-
25 ' The write operatlon is more compllcated, because (a)
controller 403 must ascertain the current block usage, and (b)
" a write operation may cause a change of stripe state. Fig. 6
is a flowchart of the steps: perfdrmed by RAID controller 403 |
in performing a write operation. In response to a write A
30 - command from host 404, Con_troiler 403 consults tables 501, 521
| and 541 to determine the storage device ID and address of the
_desired block a_s described above for the read operaticri (STEP |

" 601). Additionally, controller determinés the current status.
_ of the stripe from strlpe state field 503 of table 501 {(STEP
35  602). ' '
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correspondlng to.the desired bl ock. Controller accesses this 20 entry

to obtqain a WOM8Zsselevi ce identifier fromfield 524 and a strlmmsgwosgss
identifier fromfield 523. Theseldentlfythe bl ock to be read. :
Controller 403 then issues a read conmand to the appropriate storage

devi ce, passi ng the address of .the desired data within the storage device.
25 The writeThperpbssible nptatesnpindatsetatbecaransidjons are

|| 403 .
oporati on may SuseriBER hALE FIS16BESDY JLOA 8088 850mig) 2. N bbfending
st eps per f or nedony thal Eﬁ%ﬁmm@l Béﬁtﬂ-opﬁ nther Ssribey onRi 06 dpwes i ppssible

In response t0 gryhih€s30is rapewaNd: flrfontﬁ@StmﬁQf’enéo%ttra@é eis4%19065f‘“tﬁe
tabl es 501; 521 and 541 tQ determne the sto address of _

age ice I D an
the desired bl ceRPEtacted| 5EE850VFor Jh g’é@ ger SORGF PRI HHh)simply
Additional |y, testesl lerwdtter Horemridiersuthentappeopsiotet ktoragapedévote,

t tate field 503 of STEP.. 3 : [ 38568 .
b D7 osoes BresiBg Se  dlLedy af Ve tng d8¥2) snotia pe YPLERRE WPfhin
nore fully bel ouhei storagepedevice F{§TER. 605kpendi ng on the current state of
the stripe, one of three fP%é"&:ﬁ'ﬁf@Q%ﬁte' §s%’i‘lﬁﬂer of' fthbhﬁlf%i'éﬁt tates___

state is any of the rotecte at es 6 d 7), .control

5 .
403 sinpl3Pi ssubos- vk jard %mﬁ-’rﬂi"ﬁ?lﬂﬁé éﬁﬁr §6F§z§t és§p§§a3ewgét,ec§omand to

passi ng the adderssappropiréhtehe tdatayes mutibdecontsivingi thien iirrcidd ageta
devi ce (STEP 60 of the rrored .states .10 -

f h
(os. 1 ana 2y, CeERRr 6102, "a05oREralEee 4D e | Bkt ! Fenate Miide
appropri.ate st ofagbddéﬁﬁcémbntlae nbigckheantaiodiag daha (nSTEQrSQO)data (STEP

Control | er 403 éffﬁe'nEBﬁH§8%§§¥eﬁ§?OEhEHWQQ%dE'%bﬂ %@%ﬂ&g fﬂ“bf the device

bl ock. cont ai ni ng t mrrore Cont r ol 3 .then finds
the devi ck® | D JFORFRIYERY e CPPY Of Bhe MFTRIeA Sk SF%EaﬁFFFioﬁl%‘dlﬂ%t%leld

from paired devize, fisdl 5.12573uesin(i wgdes canmnae téonthed storagde device
storage  devi ce, Gont 8l 1}, 09 A0 S9PY (STHEFS £A7) - updP bSBPLELLN il Yersion
1 number field 526 for the block containing the copy is
~ incremented to equal the version number of the block contalnlng
20 the original data (STEP 613). o
If the c¢urrent state is either of the parity
protected states (Nos. 3 and 4), controller 403 first reads the -
data from the storage dev1ce containing the data (STEP 620),
_ exclu51ve ORs this data with the new data to be written to
25 generate a temporary change mask: (STEP 621), writes the new
data to the storage device and increments the version number
field (STEP 622). Controller 403 then obtains the identity of
the dev1ce contalnlng parity from paired device fleld 527,
reads the old parxty block from the parity device (STEP 625),
30 exclusive-ORs thle.old parity data with the change mask to
) generate the new parity data (STEP 626), writes the new data
to the parity block (STEP 627), and increments the version
number field of the parity block. '
_ cOntroller 403 then determines whether any change 1n'_
} 35 = the state of a block has taken place. I.e., if data has been
- written to a block hav1ng a status of elther FREE or EMPTY, the
" status mmst.be changed to DATA_(STEP 630). If a block's status
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nunber.. field 526 for. the bl ock contalnlng the .copy. is increnente# to
equal 't he ver‘@93?{3‘f§ﬂ§rber of the block containing 20 - the ori BEHESINEO8s
( STEP 613) If the current state is ei t her -of the parity protected :
states (Nos. 3 and 4), controller 403 first reads the data fromthe storage
devi ce containing the data (STEP 620), exclusive-ORs this data with the new
data to be writha® ¢hanged, Henks AkSa nesfidls \thatartde miate SIERBY Btripe
writes the. newﬂ@éacﬁah &, stc@fn%qeltiew %ﬁe%@@oracaéﬁéﬂhﬁnégewﬂétﬁéﬁfh e
field (STEP 62 OE %?oll r 403: ”&21 |ns e%l dentLt of hﬁp%?w ce
cont ai ni'ng parit3°fFd ﬁap 8 P8 ﬁ{% ol % odie
fromthe paritysteve dtidISTEB3626) reBDect tﬂxe:lalﬁangae QRIEPh631dL d Thee igos sidile -
with the c ange hms e y T :
new dat a. t% the par%?yo%lg&oﬁ; %@E&ﬁ]@% Wrﬁﬁéb%ntéﬂ%hnga ,%é ‘f{e%@%d%é%’ﬁﬁﬁ} ﬁ%. '
field of the pa¥e3gedtoeR. FtntTol l.er. 403 then determ nes whether any.

change in 35 the stat eI@fslibLﬁd)QJé ﬁ?ﬁeﬁ%@ﬁdp{:ﬁﬁﬁ thé d‘esci‘i 882 d¥Yead
been witten to a_bl o¢k: awgg a status of either FREE l\/% t he status -

nust be changedPRY HEIRE (REFAELYYS abpve pRdckRsFiFar éshas jfied
PCT/ US97/ 08985 fwrs e&mgmﬂ undersa:ai&mq),osamdaltmatmatddﬂtecsiaai @pﬁratdi@ns not

h h
Caken pl ai%’ i n PhEigaPre0 Pan HinBUFS £ 86 fnd ChE EhBCBrHEE D= pYeIIRAC £UD? pe
reflect the ch@@ﬁqmm a repd. p@s‘ﬁ-‘bte 5 In pmsngeslaemd m@lm a3
trigger them ar&ﬁ@ﬁﬁé BedebeaaMt: Veddhd aRRRly E8rHiflprdvind ﬁﬂ&ﬁnﬁfce, and

under st ood that the descrjption of read and wite_ operations above and
Fig. 6 has beerFRAthptR ffRtF fAS@ e SO o dlity caghe Mrsl dadd a&rerl be
oper at i ons not dmacked;rhdﬂazad readanguficien st mgrit inhetpr2 sdrdgw detviiee .

ey D% Pefd of Mo Wi PR oiEidPred bR Uk of OBl Endd% BBk g

have a reS|dent ca of 1 Nproving per Yence, an
case the conterdevise tfrr ct‘eﬁmlomld’ mqﬂnw%t@némmu@me readi ng

fromand/or ‘witing to a ﬁlOVa"cg@l@ﬁ)ﬂ Céro 1opeindN t ghpat i vel YSt69@t I elee@ived
403 may enpl oy ,an external |o

formation in %glt?x%r RAID -1,-4, or -5 format, the controller

403 of the preferred embodlment is capable of reallocatlng the

2_0 array such that portlons of the array in th.ch information is
already stored in accordance with one RAID format, may be

- reallocated_to another RAID format. For example, a port:.on of

the array which is allocated to storing information ‘in =

accordance with RAID-1 can be reallocated to store information

25 in aCcordance with RAID-5. The information that is stored in

o that portlon of the array will then be reformatted in

accordance with RAID- -5. _ ' _

In order to. support convers:.on of’ a portlon of the -

array-_from one RAID format to another, a state (stored. in table

30 501) is associated with each stripe, and a defined set of state

| | changes are permitted in response to pre-de’f'i.ned events.

- Generally, the events which cause state: changes are Certa'in_

' data write operations, Certain requests to free space (i.e.,

data in an existing block w1ll be discarded}, and requests to

35 change the RAID format of the- stripe. _Flg. 7 is’ a ‘State

' diagram showing the available - states, and possible state
' changes. o ' 3 '
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devi ce for. tenporarily caching wite operati ons. In addition to bei ng able.
to store recé?’nsé&'-"ﬁﬁ?orrmtlon in either RAID-1,-4, or -5 for mPCI/USIB08985
control l er 403 .of the preferred enmbodi ment i s capable of reallocating the

20 - -.array such that portions of the array in which information is already
stored in accordance with one RAID format, may be reall ocated to anot her
RAID. format. For exanple S@mrs&aﬁemfanmeﬂemw we dfollaws al | ocated to

storing - inforngti Ofymy Ny £5 Wt B BAL b1 68N straak;hos;&&%érp 8 Ve
i nformation 25 | st nee V&lts?b be :%iE‘rd» i‘é’teﬂsto the
stored in that portdfipeof Hbﬁevéfra&twle'astt odil@ i’fx”&h&% strfipe is
accordances wi th RAl BeMprdn order to support conversion of a portion of the .
array from one RAI D FUDIAIRRORN cBHiay sttt dimpl(idsonerht miahiiee 3ata 20khe
is associated with esohirss rispmiranted anditisg: set EMPTYt Blockharigssaf®r this
permtted i n responstttipenr-e- defined events. Generally, the events which
cause state chaﬂlges RARITErXai n Teitsa skate dppriesondatcahiani dataquestpanity

free spadd (i.e., dm@ﬁ&cfeﬁﬂ eke s¥i ngRBIBc#. wirl RAI® -di)sc dufedrhatndhere are
requests to 35 h H@‘E@\I@‘io?%ﬂ‘éfbl%@k%tt@pbOld FPrpies |0§ @1s'lt dthe

di agram show ng4 t he |SHA<E st at es, .and OSSI bl e st at e chan es B
WD 98/ 38568 . FULL PARITY: This stat .1mp11es ltY
states are defined, afs%tﬁf n thatNEW‘%}T F r?é‘tRITY :
data written tq the . _ tothe .
stri pe. Homev%r atunrpgg @?n[ 1e t at H g%ls
FULL M RROR: Th'SSt&%u Hee ata“in estbrlpels M riored

and that. no EMRTY bhi@efoticsn r‘I‘ﬂ §s ééawe neEAP&[Xt thé gathates

i nplies it the. datlﬁlpir%b%?iﬂet&’ ¥hat there Pifd 66b€dehBudh, EB@‘I‘Q $10kcks for

RAI'D-5), but that thﬁfﬁ@%feammgﬂhélﬁmﬁ'ﬂd%ﬁl T¥uk! egéietpsr@ﬂlohm 3.0k -

al I the DATA space for a parity block. _

- 7. FULL UNPROTECTED: This state 1mp11es ‘that the data is
unprotected and no EMPTY blocks ex1st._ _

25 - _ : The follow:mq state transitions as shown in F:Lg. 7
are poss:Lble- - '

la“ This transition occurs when data is wrltten but there is
8till at least one EMPTY block in the stripe. _
~1b This transition occurs when, as a result of a write
. 30 operation, there is no longer an EMPTY block in this
stripe (i.e., data was written to the last EMPTY block,
which now becomes a DATA block). This change could also
occur on command to change stripe format to parity
protected, as part of a two-stage transition (from state
35 .1 to state 2 to state 3), as described more fully below
with respect to Fig. 8; in this case, -BMPTY blocks are
- paired in copies and their status changes to FREE.
1c This transition occurs only on command to change the
- stripe format, e.g., to create more space for storing
.40 data. In this transition, all blocks of the stripe hav:.ng )
' COPY status are changed to EMPTY status.
‘2a This transition occurs when data is written to a palr of
FREE blocks (causing a status change to DATA and COPY).
' - - It also occurs on command to free the space within a
45 block. In the latter case, both copies of the block are -
de51gnated FREE (indicating available for wuse) but
mirroring is not dlsrupted
2b° This transition occurs only on command to change stripe
_ : foxmat. The procedure for this state change is described
50 . - more fully below w1th respect to Flg. 8. ' :
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4. FULL PARITY: This state inplies that the data is parity pr
“that there awe9smdaségnough FREE and PARI TY 15 - _blogclk'tsyt gfr:%}&l%%'@gfﬁagg
of all the DATA bl ocks. 5. "UNPROTECTED X: This state inplies that the
__:d,at_gg is unprotected but there are enough EMPTY bl ocks for copies of all the
DATA bl ocks. 6.  UNPROTECTED: This state inplies that the data is
20 unpzet ectiefls thahsihiéor aceunst ophpugh ENRIRNE 56k SHRIR gHieipe
of all the DATA bl of&smabut Thetkisstzansipionpakk GRRY PINFKT LR nged
'FULL UNPROTECTED: . Ghi EMBTHtstatp$ies that the data is Ur%{)t ect eg_ -and-éih&;'
&

EMPTY bl ocks e3ast.This traasisioswIfrud
“are possibBle: |a - Whpekir a@aReing cg:?%%:a‘?t}d@f?q ﬁng! d;ﬁfsﬂ/rl %zg?gfn%;ég
Fal bBakL ! B8uBEhY" the

still "at |east one'E®F¢¥m§FB€Ee?ndﬁiﬁr§ e EP?? ,O€
when, as a result ofCBNaRf kO Fyee tue Spﬁﬁgr%; 2 thefe i's nd ronger-an
EWPTY bl ack i nphi s 208 %%‘;g-- e 8EA TS YhiLT B0 ey Pt VDY ol e
vhi ch nogpbecortds a ogﬁ, P ng Tyl 3 cagadnaiued ol sATACC UM saimestLe
g S ?from PEhe % AT T Yo PR UendigRalden@find ngOFRERJ@nd PARITY -
more fully bel qu wi ESC 8 to copy 111 0L AbAPRTE bUoGKS! enlkneastdipeti bed
ore LU LY e8¢ W nili5C ek ikdoh Beclirsl Bolll Src asmandP RO hilvmkge aseripe
paired in copi &S angdoihgtl StRé Ysrédenaes for tRES. skate Changer hasdesonibed
occurs ogky on commphget guthgngelbhewithi pespectato Big.,1llo create nore
space for storhkgg 48nis transdatian  beculiss dolynsin iconmasd 49 cehange sheipe
stripe having COPY §bainds . ar Bhe hanoeedyve EVRT thdsashgteoghangpi 45t 4@RCSTPeMh
occurs when data i smoret fedlyobalpwi with FREBeBEOERSFi€audln st at us |
change to DATA3and TORY¥) transdltdeno OEEUs So PTEYmPTh £ éx?W
within 4205 fpfrmek. RhltPRARTEY (3pd FREE Qﬁ99$sc§ﬁﬁ "y FIffe gkﬁ REYe
are_de5|gnated.FREEmggﬂaggéhﬁ_ ayedil PRBEe £PE; SHOLRIRUP; §§ Eiﬁﬂ S, Nt prER
di srupted. 2b 4aThi $hdpadHAnTt G PCHHT Wéﬁng GHANge gh&.hngREE |
- ;olr_lrratb- I The ._Procedgllecﬂ‘%ro h‘i’%efta%%ﬂ@ﬁ%ﬂgc 3 eﬁ’\ here areng%%i]{'
ulty. elgw with reSRREE g and "PARITY blocks in the stripe to hold
' - copies of all the DATA blocks -(enabling a transition to
a mirrored state). : '

%estripe o

4b This transition occurs after a DATA block is changed to.

' - FREE, and as a result there are now enough FREE and PARITY
- 30 -~ blocks to hold copies of all the DATA blocks.
4c. This transition occurs only on command to change stripe -
- format. All PARITY and FREE blocks are changed to EMPTY.
Sa. This transition occurs when data is written to an EMPTY
: - . block, causing it to change status to DATA, or when a
35 _ command to free space within a DATA block causes the block .
' to change from DATA to EMPTY, and after either  change,
there are enough EMPTY blocks to hold copies of all the
: DATA blocks (enabling a transition to the mirrored state).
_ 5b - This transition occurs only on command to change stripe
40 - format, as explained more fully below. o
S5¢ This transition occurs only on command to change stripe
format, as explained more fully below. BRI '
'5d° The transition occurs when data is written to an EMPTY
-+ . block, causing the EMPTY block to change status to DATA,
45 - and as a result of the change there are no longer enough
EMPTY blocks in the stripe to hold copies of all the DATA
o space. ' L _ o
-5e This transition occurs only on command to change stripe
: o format, as explained more fully below. :
50 %6a . This transition occurs if data is written to an EMPTY
' : block, causing it to change status -to DATA, or when 2
command to free space within a DATA block causes. the block
to change from DATA to EMPTY, and after either change,
N there is an EMPTY block for parity but not enough EMPTY
55 " blocks to hold copies of all the DATA blocks.. = _
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V\D98/38568 o |  PCT/ US97/08985 2¢  This

transition maﬁmsam y on commnd to change stripe format | RCTAUSS7/08985
transition, all” COPY blocks are changed to EMPTY st at us. 3a This
transition occurs when data is witten to a FREE 5 bl ock, causing

a status change to DATA (except in circunmstances-described in 3b -
below). It algw ocriis ©ramsitbod decireedf e cpaendi tdifree fded witkhin
causi ng the bl ock ta DREAgdIicK ecéusé&REEhe3lblodii Bot rchegige ohromc DATAVEN
data is witten to BMIPREE dfid as a resiljtkhexeisirg) novstenorgl BMRRY thlocks
DATA, and as a resute hdkd ecopienoof onbjertha AR rekeeks ng FREE and PARI TY
bl-ocks t b copyeal | Fivks DATANSLbERE PACHES @nlYp@n ssmam &Q [ange o‘htrlpe
occurs only on conmk@EM3 & & Lained mepreaful %‘Eedure far t

‘state ch &d jethrip *élrsBSl On OC%F% vhen BEF \?v =
state change 180 deo e %@ %eageﬁaﬁ ﬁfﬂfs e

procedure for fhis 7t ?:ﬁ%

L %‘&%@‘g il e

~avail abl e for storag - addltlonal data. 4a - This tran5|t|on occurs when
data is witten to a FREE bl ock, or when a conmand to free space W thin a

DATA bl OCE IC:gléEes éthg:%kglégcgfiﬁaee aEDQ)VEREEIeMlﬁ hlﬁgénﬁﬁ.ﬁléhb| locdmr "on
not enoug and P/ ocks in, the_ stri 0 copi es t

DATA blocks (cFRIBMERG" ot rhRRIE FETHPS frf???aotf %’Eea‘io f&% ‘égﬂer f03
“transitipg occabisf bhbess aswﬂ'ﬁes)lmbcoomampdwim FcREEnamdsj fausoza hcmtuI404

there are now noug@oggglﬁotrﬁ Tei-l% ronfi uratpl y on commnlggpo Hes,

all the DATA HT9Tk FANsITi On Octur s on 1ange
‘stripe format.buth onPARKTOWSINEhFREE ¢Rpekin TR e t HEIAT, e’Sﬁts ™S

transition OCGH{ SraheH d@éﬁfiéuﬁtié&n t9 ae MR etkcieausing dt parity
‘change status to DATA or g rgglon - and om‘raré((jar %1f1'1r eeusar%le}:cietvmtrﬂn &
DATA bl ock calRERtefked| ogRRiigu ' q 4

20 'unprotected (i. e., not. redundant) conflguratlon. Controller
403 responds to 1n1t1al configuration commands from host 404

'by allocating the approprlate number of strJ.pes ‘for each
respective conflguratlon Thereafter, whenever host 404 wrltes :

_' new data, it specifies whether the data is to be mlrrored,
25 parity protected, -or unprotected. Comtroller 403 selects .an _
| appropriate stripe and block based on this specification. "Host
'404 'may' ‘change the 'configuration,- e'_.g.', to f_r_ee' up more space, .

or because it finds it needs more space of a different
conflgurat:.on. . In this case, host 404 will send a

30 conflguratlon command to’ controller 403 ‘requesting some amount

" of storage (number of str1pes) be reconflgured Controller
selects an appropriate strlpe for reconflguratlon based on the
current state of the strlpes. Preferably_, ‘controller - 403
‘selects the stripe whi_ch' has the least amount of data already

35 “in it. For example, if a command is received from host 404 to

| convert a stripe from unprotected status to par:.ty protected
status: transition S(C) . is. prefer_red. over 6(c); as between -

multiple stripes in the same state, the stripe having the
largest number of  EMPTY bloCks is preferred; and as between
40 strip'es'havi_ng an equal number of EMPTY blocks, the stripe Witn
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‘to change f r om DATA to EMPTY, and after elther change t here are enpough,
EMPTY: bl ockswO®shgdéd copi es of all t he. DATA bl ocks (enabli Ng - RCTIUSHHOHEON
to the mirrored state). 5b  This transition occurs only on command to
change stripe 40 - - format, as explained nore fully below. 5¢c  This
transi.tion occurs onIy on connand to change stripe format, as explained
nore fully bel gwe bst ThEuss@nsphten wdthiins pareil aidiea Felyr DATAN Klodes  is

EMPTY bl K, ENVPTY . bl Kk

o s oy ssul BYRE Sl ENEiN e BOxk SR PR pibRkHCHE BRTAVIBRarea)
the stripe to hold copi eStoshatldtlhe nyiRy stk hosd 404Tnosldrehtemehlvely_
occurs only- onmggnﬁ_:a;ﬁ{so Cagge; 844 1 pRaf Q{iﬂg&s% exphaifrd Bt | iﬁh or _'

bel ow.: 50 ransition occurs ata Is witten to an _EN

bl ock, caBisi ngWithoytcuangelBRwE LFHIEIHATAIDES ARRMER R FRREd Vel dB %Ja%‘é
W thin a DATA Qhaskrcaugasthhs Ehsek b@n@h@ﬂg@rf40mWPdt91@HYreﬁpdnd to

‘after .ei ther change, therels an T kfor ar| ut n e
EMPTY 55 oSk oEREMAR ﬁol‘a°co ae%g%fq%} 5%611 8tf ijgprlpe

98/ 38568 = Alternatlvely, controller 403 coul@C&étJSﬁﬁiﬂéQ@B glks oM sto
transi-tion occ o:r%}p{%' Rhﬁég p I
bl ock to chang é ? ngm g%%‘A ﬁa%"qgoir%eés ¢ @ﬁg&a‘?eﬂﬁéwégﬁ%ﬁglﬁm

EMPTY bl 38ks tglg@rdtesppescendanéwe BETATRES alsernaeéve'Tﬁu yser might
transition OCCHheuinc\bnmgeQmaa chatlRRIAiTedtny frer rﬂﬁntﬁl]ﬁé@'tmm.ed The

fully bel
a5t ENPTY bl oBRSCEIREARG ooty CHREAGR Sraid SoTBatR A PYA (b eombaa,

more EMPTY bl oebs. chAnge 7&onfllgusattiamsi tshmrmldccmm: WHIm scademanto t olimble
space wi thin acQﬁ%'A‘lgﬁln:'Qﬁlioﬁa‘c?ﬁﬁglege tlol_ ‘t‘ﬁlosteo tﬁiﬁac“%f‘ré [1%%%& BHFEM THos 65

descri bed abové n-transrtrons mrand ange stri
f or mat . ﬂ?ﬁeferbslty m@;@htrolﬂ@ru‘iﬁ)3"§9mmané§ﬁf |%%ﬁ%§a%%¢| 6%’5 FHeac‘é%PEﬁ‘g%%e
wi th commands E.'tQ@tL?OSTa #@8ér, or by some other method. :

' Flgure 8 1s “a. flowchart of the steps taken to

"transform a portion of the array wh1ch is currently formatted

~as a RAID-1 structure 1nto a RAID-4 (5) structure in accordance

20 Wlth ‘the preferred embodiment. In other words, the state of -

a stripe changes from state 2 to state 3 (or in two stages fromd__

state 1 to state 2 to state 3). In this embodiment, the array .
_comprlses an even number of storaqe dev1ces[ and a stripe'

S comprises one block_of each storage device, each block of a

25 stripe being located in the same address. range of. each

respective storage device. Figure 9 is an illustration of an

- array. 900 for practicing the method of Fig. 8. It should be

_noted that 1nformat10n which is formatted in accordance with

RAID-1 is mnot commonly stored in ‘a strlpe. -#s That is,

clnformatlon.organlzed 1n.accordance w1th.RAID 1.mere1y'requ1res

that a copy of the information. re51de in another storage dev1ce'

‘somewhere within the array. In contrast, in accordance with

the present 1nventlon, blocks of data within a RAID-1 memory

o structure are deszgnated as forming a “strlpe" ‘whieh has the

| 35 same dlmen51ons as a RAID-4 or RAID-5 strrpes into which the -

strlpe may be . converted It -should be noted that blocks of

data within a strlpe are preferably stored w1th1n different
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Host does not record-the configuration of individual stripes, but only .
knows' t hat =WO9BE856R quantlty of storage exi sts i'n a mrrored PCT/U897/08985 o
configuration, "a certain quantity in a parity protected -
configuration, and a certain quantity in an 20 unprotected (i.e.,
not redundant) configuration. Controller 403 responds to initial .
configuration pagpendst f adreeses4Othdly arkoassliaied hesaphr oy i ate thatbeame

f f h f fter, 4
o i toe how oot 0AFRSE ST AT A L 08 £IRBLEE' LY o POSE A95h 43
parity prot ect ddtaostomedottrmain. Colovevenr 403 agothers embodimerny | of ethe
stripe and bl Oﬁkegéﬁﬁd 19th't'1§)n5p‘°e%'cfh' HARN ofHQﬁta‘l% ‘%‘aé‘gflﬁéemay be

configurati on, g. up nore space, because 1t f| nds it needs
nore spaBe of5§°§ﬁf1f éFeﬁtidé'éﬁﬁleéuFBPFohs unrelatefthe thgsaddrggses @f,the

~wi I send ‘a gBher BQBEkﬁub&‘t Id'altacommﬁd tHe GHMd W aio¥dBiongLuBsevigy, a

sone anount of" torage tr| ) be rf uy£ed, roll :
sel ects an appf ﬁ'Pﬁt glé‘ﬁ err)b Wﬁlgﬁxoﬂgsgd(%n't%%%% Wit Gases
state of the siniwkich tl?eeéterapeynaymm:cﬂher aABAIPeMeotrs at RAIEt-El perlpe-

which has the bfgﬁg aﬂB“i‘%ost g@%@%@fét?f&}’ &Sthe arhla& 90005 FE.FRhE. s{:hﬁe -'

command is recel fFom 0 convert a stripe-from unprotected
status t&0pari 991prehéeheds seeriigured i (3 MT@( D Su*’-@@ﬁeﬁéﬁ’?’@d iy EloBre) 9.

as bet }Aee”nb”“'hh?'%ﬁ,%%tﬁfﬁsﬁaﬁ‘m ﬁ@ﬁ@f ralal & (dst)het&tltbepaoloaw nghkhpresent
argest nunber,o c eferre et ween rlpes -
havi ng an- equa?‘nﬁﬁﬂﬁéPnofta%ﬂﬁT %Y%E g éﬁ’ﬁ p’g %\f‘?‘ﬁlng §§7"§§% A~
PCT/ US97/ 08985b1bekn®ﬁtdanrm&&ﬂ.c§paxsexmeﬂl wiphritsels Wil doSDA thliochsbileck:
preferred (ass gglpgg%égns rREbligcks can be allocated).. It should be

-under st ood hos alternatlvel "map bl ocks- to devices and -
addr esse$5- and detern1ne(€%A¥ﬁRoKA5”- i t hout usefE@nplt) which stripes are

to ble config"uasﬂnhﬁ Vi mmnngétriba ti _Stﬁésﬁexﬁm[tfé0|dferl?'£63 .ol dnd 10
.S|rrpyrespon t 0 _nhos nmmands ., to e tecnl rafl :
stripe. Alter nﬁ?ﬁ“?ﬁ?‘?escgﬁFF& _P@F'r§0§%23’31%&kﬁet |Jt1§c0j3%nf% %h%]ﬁ%%k

" “the confi gur at bbndabaaandr darcepwiof) shat @gatadbilocki nwel(resulazl gff | Al nXQR
conditions. Ag,apotbsh YGidaal iMgy AiY8eheM¥Yd blocks would result in a
' 20 block which is equal to the sucth block. That is:-

(A) XOR (A') XOR (B) XOR (B') XOR (C) = (CUN (EQ 2)

| ‘where A' is an exact copy of A, B' 1s an exact copy of . B, and

C' is an exact copy of C.. .
_ This relationship would hold true regardless of which
25 five blocks are XORed, assuming that two of the five are copies
of two others of the fJ.ve. Therefore,' by merely changing the
designation of one block 913 of a RAID-1 stripe from COPY to
PARITY, and changlng the des:LgnatJ.on of each of the other COPY
blocks 905, 909 to FREE, the RAID-1 stripe is transformed into
30  a RAID-4 (5) stripe, as ehown in Figure 10. It can be seen |
that the selection of ‘the particular block. whic_h is to be

designated as the PARITY block will determine whether the

: stripe will be conflgured as a RAID-4 or a RAID-5 stripe. It
will be clear that: there is no dlstlnctlon between a single
35 - RAID-4 or RAID-5 strlpe standing on its own, since it is the
relative location of the PARITY blocks in each stripe that -
distinguishes a RAID-4 from a RAID-5 system.
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i nput. confi uratlon changes di rectly to control | er 403 The description
that ‘certai "VPPEA&H08i ons take place "on command” to change BEMUSHINSEES on
should not be taken to limt configuration changes to those that are
initiated by a host, 15 ‘but m ght include "commands" generated by the
controller itself, a user, ‘or by some other nmethod. Figure 8 is a flowhart
of the steps taken to trAfsfBRAVR pbRt iBiPWRe t e ath®y HRAFSN | SteBr r iRt | the
f2 8r mat t edhashatBAh@fa;rﬁnhwehuw &@tlﬁeh.d%lyDa%éE)oﬁﬂlelﬂiﬂ &d BeaE:fe@lidﬁdStﬁﬂed -
with the err n ' e state of a stri

~ changes from st(ggrg Zatoquta r;'(eeb *‘rf%ﬁ? teér&’ e’&’rﬁsteaatc&l SRS 528 Pe
to state 3). lndikidueddydi apdt. in&epmdex;thomtmamsfomneel/erﬁmmbar RAID-1
st orage .dgvi ce pgeAC st

g Eog@E!Su%a%&Bh &0 %%lgzggtggﬁl i Saa%ﬁfégxd ¥ 3Pfe dPéHréfse.

~each bl oc e bei ress ran
~each respecti vBe§PBﬁ§g%a@é\ﬁ'§c@Pq:P§&|f@r9bll¥ %@mpn%%% ragk} &heoblaﬁkarlf%sam

for practicingatha Eerrh_adnoadﬁrass8rah¢;esaﬁué§lc1benmsmsedat@ahp@fQ@ nBé1ladted .
which is formatted.in anc

ot stored
Stripe ot panbsy be ARRORRAELEN Braanratest rranes ThRe dpsioRaiag ' dné
merely _requi r eeft hhe @alomqk)s of  Hdwevierf,oruled istoepr exfi delent idfwiriera ssoripe to
devi ce sggewhepg \é‘r‘{ﬂ flaé{:?Xd a ERQE&%B iﬂvéf@é”g &F %iﬂ%é he por
present invention ucture
desi gnated as ﬁ&ﬁﬂ?ﬂa@:a 1%t B p%trwmqmltswe 3%100k§ar?é'- d%ﬁ@l orédresses

RAID-4 or RAl Dy%tBbhtPEEY ﬁéPaE‘ib&éhiﬁ'Q:&téddPﬁomrbe gpavedtrdifitic s

3?]: Pg? th that V\gl g%%(s of 'daht 1nvoque ge t?ngathae 1%1%%19’1 %)ta.cz).rz.“%do%'I MISI 1.

PCT/ US97/ 08985bDAEKS . at Aa.dt@mas:esretlyat aar anrelyatodd stomage atewtcasanigine be
addr ess th| n SR W e - s r@n%%k

t herein. % dEQEBn%)éaE& h%al?at{ ngi?g?néﬁ% h??lhbﬁ resent |<%%/e%?|&gﬁ% C%% be
bl ock of data gelnached derbpe FapiBgle largeopediras Sadihngss GOMRHRts ing many .

~unrelated to tB?oéﬁSWS%&S d:isﬂdiﬂsdbtétertmi@ckﬁeotraabaormaeﬁohheasakmqu be
not ati onal ‘brevit

[l b, d b
in cases.in \AhPEﬁ)‘l?ﬁ‘@eét eawﬁafrbtelezé?n? %gFagsRAfjﬁﬂg &de@j{%ﬁ%t Sed) %’é’pebe

performed manually by a user, or may be performed by software

20 in accordance with some algorlthm (e.g., select least recently
. used stripe). The transformation algorithm assumes that all .
pending writes have been completed, i.e., each'DATA and its
respective COPY block have the same data. This can be verified_
N by checking the version levels. If a write operatlon has not-
25 completed (version levels don't match), the write operatlon is
completed before proceedlng. '
In accordance w1th the preferred embodlment, there .
are two mirrored states, identified as state 1 (NEW’MIRROR) ‘and
.~ state 2 - (FULL MIRROR)_ ‘A state- tran51tlon. to .a parity
30  protected state (state 3, PARITY X) is permltted only from
o state 2. Therefore, 1f the strlpe is in state 1, it must flrst :
. .-be brought to state 2 (tran81tlon 1b) to facilitate ultimate
transition to the PARITY X state, as shown as the branch at
~ - STEP 802. To bring a stripe in the NEW MIRROR state to FULL
35 MIRROR, -the EMPTY blocks must be mlrrored,,l e., whatever is

stored -in an EMPTY block-m_ust be mirrored in another EMPTY |

block. If it is known in adirance'that the EMPTY blocks contain =
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F| gure-10 is an |Ilustrat|on of the array 900 after the stripe 10 901,
which is com’OQ&ﬁSﬁﬁSas a RAID-1 stripe shown in Figure 9, has HBA/S9I7/08985
transforned. into RALD-4 (5) stripe 1001. The present invention takes )
advant age of the fo]low ng observation. A bl ock of data which is XORed
with itself wi'll result in a block of all zeros. That is: 15 °

(A) XOR (A) =(rll zeroes, uE® 1yhisnis alrapByl the | gesen tlﬂé‘-t@@a\mﬂ% othe

Figs. 9 and 1Qadj?§§£'v?£§ f%Br&@c&gbifleftﬂé)Cfé ﬁé‘f&hpﬁ:&rto NE&HY| Bl BEMPTY

bl ock of data -and a co ata bl ock, the Tresul an XOR.operation

between any fiREOSKSt ﬁ%]YB?EE?{EW\%%Yd Ry, ¢an pg %lreéb"l’%"crlk SFFR OtReE RRE
to the sixth btoskes JﬂatheSdaﬁa\)ma@R (&MP]GOM (The XEa €t eof | thXQBMPTY

Coby ot 1 oAyl g Fn P P SO e AP R, Fhe BF s PR s
"regardl ess of ciamped@sto FﬁLneMbREQRs(SEEPMH, ‘assuming that two of the
five are copies of two g{v{re{%sggé EPEIBEAFP} f'EQ% efzor@,m_g_y MEIRIR) Chewe! BasD

t he designation of one stripe.from COPY, to ‘PAR| T,
and changi ng the hen FrRtediediteHUeLS thReParAEY E@kaﬁéﬁﬁgléésd @B@ht"ohe

_FEEE theFRAI Chdw SkATDeai $55 r 9psips mesrEpt@0S). IR FARLrds ($)ansdripe, bBsck
snown 1 n I gu

bl ock whi®h |s9%%’o9esd’té§'7rbﬁ§t LG g?h&%ﬁ%‘é}@r leCtl 8 Of t’?%*’r‘f‘? .‘%ﬂéﬁ%‘?d

~ the stripe wilthée cohér ghtedkssmiglRi iavie dreen FweIBcStedlrl pEn the pirefebred
clear that th%ﬁba,&upgnél Gl e L0480 Bc bl W LRy blBék%t&ﬁané&% -

stripe standin ative |ocation of the PAR
bl ocks in each113t3¢%@r@m¢edﬁv!3§hn©@§¢re‘§e%1m [R2PR R 2L FRT B LQF Tty

-21- h VE)98/§ﬁ§§@s I. e., in the preferred embodlméKHYLG@ifﬁ89851s_
o onshonts [0 Edbe By oEhSeathisto BAER- LB s IARME IO LAE ey
enbodi nent, eadévitei pe danehmnedllbychua&imphench:ommxﬂermmm¢mumar@ﬂ©hm
";ggg‘r a ™Al D-1 B(-1f98 Gy Lom f Qur RASPI4 thk 6eREHAULARNLER. aff KiNEs the
number of storage devices in the array. However, it will be
. understood that the selection of an appropriate perity block

20 . could alternatlvely be performed by the user, by the host, or .
' may be implied by some other criterion. For example, if a

RAID-4 is designated, the DASD to contain parlty may already

be'known, and hence.the block_Containing'parity is known from |

the identification of the stripeL1 It may also be that the -

'25 parity block is selected first, and that the appropriate stripe -

| is implied from the selectlon of the parlty block. Thus, steps
801-806 may be performed in different order, or certain steps |

may be performed s1mu1taneously.

- The block 913 selected for storing parity data 1s

30 designated as the PARITY block (STEP 807). By "designating",

' it should be understood that some record is made within the
system that this is a parity block, so that henceforth the

system will recognize and treat it as such. 1In the preferred.
embodiment, the block status in block status field 525 of block

35 tabie 521 is updated to reflect that the selected block is a

parity block, i.e., the status of the block 'in table 521 is

 changed to PARITY. ' ' R
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Because each stri pe preferably conpri ses-all the bl ocks l'ocated at a
certai-n addrwexessssege on each DASD, a stripe is sel ected si rrplpgmsg-”oggss
desi gnating the address. range or -by desi gnating one of the bl ocks. -
However, the step of identifying a stripeto 10 . be transforned coul d
al ternat ively involve other things. For exanpl e CiF oa stri pe conprises
bl ocks. at ni xed addr essedfwitheobl.oakythatahasnsaen ﬁesﬂgndmtedhas th8EPARITY
identification [ e i d p S
RAD 1 bi acks. PLRFRe 3, P BpU SBTY) UopRBatFloch (s Hal, el Bhboclby
desi'gned so t hbiogk psgpeiasednwdthr bhpt PATAtblpek tandﬁélméeﬂe@ls(@ PATA

"a single |ar geb‘};@@ke?§TE§n@@9 )CO”@"abﬁ' PEmAPAYNG | @66 )o1Kk qgstﬂaﬁddéé’l&ﬁéﬁed
the transformation can only on an entire

or ne rra
lont | 11 oBti oncfep BEEESEAGK: | SHER.AL0) -0y FAna | GrierdRHemRt IO Rf Bhe
sof t-ware 20 stmpecﬁ)sckatmegemtﬁrmm BURRORM ¢ €a e ,2)S I PARISYSK (state

recently used. r angf,or 0 g m I 1, :
pending wites ﬁ] gﬁ)eeng?,‘gl)rpl et gg %iaﬂé%%:hgbgg% a?ﬁ#ﬁéréegjpe%fl & %
bl ock have t hepsafertedacnbddinern Mnser:hﬁngdnbythadu@cig's is@atemmrblock -
levels. IT a WelLj,@oORSHAldAN Eé‘:?iﬁ&‘ Zégatec%})'ﬂlefbé V§E§t8“ta§‘i%' SEON f¢

match), the wite operation is conple fore proceeding. |n accordance,

with t helfr ef ebpéBgcHBBarAEAP Elat chirs th’sﬁ@rmartrltﬂneﬂ’oé’-tlét ke reRERFPRERd iR a

state 1 (NEW MphRRER) fapfasstate 2 (FULL I\/IRRO?) A state transition-to a- _
‘parity 30 protected state e 3, PARI ermtt only from

state 2.. Therefore, if tkg F%flpe s %ﬁegt g IE ??u%&g?n ?@t % W%Egh’fh '
to state .2 (tranforinahibp)thatfisistorad vultthlmattélet PARJITY bhock Ph3 WARLTbe
X state, as shgyn iStBhEner ileg c@i - éIEfuﬁ% %g gréaanaoﬁtéweotﬂef@lm :

MRRCRstatetoFLL s nust, be mrrored, 1.e
what ever 15s st@Pdadith HﬁtER/PTVhSI §(§F&'19&st10198 mhebSeed i isMrthdetaasary to |

‘block. "If it temsiewn ipamrtsanceyt haguddews SWRTY bkeq&swenbal n opemlons.

then this i's afPEERSTPRE:AEHICe SR RIRHES 008 o B0P. ST o N ot euabea sy e,
. this is typi caadght@oneitomﬁermcmbmzklse(ameechamvbhq stmuye cwpbeafter
- paired with eaghn@bb8ioA"from RAID-1 to RAID-4 (5). '

20 . Figure 11 is a flowchart which 1llustrates the method
by which a parity protected or non- redundant. st_rlp_e (1__e.  the
"conversion Stripe“_) is converted to a mirrored stripe (RAID-
1.) . -In orde'r' to convert a stripe to the fully mirrbred state,

) there must be sufficient space avallable w1th1n the conversion

25 stripe to  store coples of each of the _DATA Dblocks. '

- Specifically in terms of the state _dlagram of Pig. 7, a state,_
' transition is possible from either state 3 (PARITY X) or state
5 (UNPROTECTED X) to state 2 (FULL - MIRROR) . These are
transitions 3d and 5b' shown in Fig. 7. Fig. 10 shows a
' 30 . conversion stripe 1001 in the PARITY X state, which can be
converted to the FULL MIRROR state.  If the stripe is in states
"4, 6 or 7, it must first be brought into either state 3 or 5
before it can_ be fully mirrored, as explained below._
. Accordingly, when storing 1nformat10n within a parity pro_tected :

35 or unprotected stripe, it is preferable to fill a first block .-

within a first DASD before storing any information in a second
' block within a second DASD. In this way, information will bé'. )
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copl es of the data made) (STEP 803). The status of the EMPTY 5 bl ocks

i s then chanYQO¥PSEREE - and the state of the stripe is changeBCT/(USmSBSS

M RROR (STEP 804).. Wth the stripe in state 2 (FULL M RROR), one DASD is
then selected to store the parity bl ock associated with the new RAI D-4 (5)
stripe (STEP 806). |In Figures 9 and 10, block 1T0® 913 is shown as

sel ected by waEdmsahidatiad. | andei Willndatst Bayet he® &Qhecopsedidatieght in a

have been sel edethratd a@&&ﬁeiﬁrbeaeem@dlﬁﬁmno CRdké Okher n%s%@:%cts%a%e
" pari-ty bl ock autormhyalq(::)]ral ly in accordance. with a pre-defined nmapping

al gorithm for ®tks. - l.e., in the preferred  enbodinent,

parity is 15 confi gurrel atoerdi hg t Bidqere- 5!,1,andmd1efnursinersoépthm the
.parl ty de e i si_npl f I

PN 1) M A Ry % S Sdsady ObhD 9K g BERLEE o ve
storage devi cestﬁaﬂﬁwlay. e..Ha;hev@cpnwrswmsmnmd&ﬂwoéwmat Agqioted

sel ection of a'bxaéiﬁrd?ﬁfl}ﬂt elﬁart'hby ﬁé’@é‘rﬁ&i emE@&hﬂeﬁ{:t e 'é’@fi’p@ecan be
per f or med by the user t he host, be 1_.nplied y sone ot her

criterion. Forlr!é%@é’ri‘ﬁjr‘-@ l‘f am DZFI}@H%JQ Yed, YORS5R3MeY -cfOR n one
parity may al raﬁﬂﬁllmzﬁqmm t&ﬂdnhmmfé&' t henbl @ﬁklpen:tmm@gldmtimea Hsnaumy

fromthe entlf I Qn t t hat 5
parity bl ck I so ct“eedﬁ}oi #(fﬁ}% al}che évpl%‘r ogrrelbsgiee&:zttrﬁ; Eiil 5 E?'rrpl ied -
fromthe selecti on of thd‘hfsarsxeytm oclen Tviesifiespwhebhegosufdjicient unused

performed in d'sfﬂa‘%féa'ékl?srt@eﬁ.n Qﬁecﬂfgﬁé‘ 3 ety abQOP?erBHﬁdfor each DATA
si mul t aneousl y. "The bl ock 913 sel ect for stori ng arity data

30
~desi gnated as tHOMAR TEPSCIEcadtin gePtroBer G208 oG Srlrb]“:s Ft§P186I SFtate
under st ood t hatca3ae SECofd datBemenw tthien sttd pey ternd;nad sbirspes ia pdtHer

"nohe ois o SRS bR pRE B e ST B0b | SR AN e
bl'ock 35 tablretﬁ;ﬂtdmnnoapzaee evisbs|withimahe ponversdrads bripR 4 sgore
. parity block, it rdffird@ticspPibided! pekei N RO §t§2ée' $schangedtkoa, 6,

.PARI TY. - 23- V\D 98 38568
PCT/ U897/ 0898501' 7)., -then at least some of the data must be relocated from

__ the conver31on stripe to- anot:her stripe or another storage_
20 _ subsystem, such as to assoc1ated tape drive 405 (see Figure 4).
This process is shown in Fig. 11 aé steps 1103- 110’6':“‘"“'*I‘he
.system flrst makes a determination whether storage in a DATA
bloc_.k can be freed (STEP 1103). This could be performed, e.g., .
_ by asking a user whether the data in th_e block can be
25 overwritten, compressed, or stored elsewhere, in which case the
- user would make the choice. 'Alternatively, controller 403 can _
be prbgrammed't:o scan the other stripes for available._bl’oc‘ks-
' to which data can be relocated, to compress data which can be N
~ compressed, or to select blbcks'for relocation to tape, etc., .
30 thus relocating blocks aut'omatically. Controller 403 might use
| an al'goxl'ithm such as least recent]_.y used to _determine_ which
Fee - block(s) to compress and/or relocate. If it is not possible
| ' to free one of the DATA: blocks, the process aborts and the
_conversibn stripe is not cenv_erted (STEP 1106). If a suitable
35 candidate block is found, the data in the. block is
| ' relecated/compres‘sed_/ignored as appropriate, and the: bloc_k o
itself is freed for'sto_ra_ge of additional dat__a (STEP 1104) .
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I'f the block that has been desi gnat ed as the PARITY bI ock 913 was

previ ously a viRdddadsepck (STEP 808), then -the COPY bl ock associ ?éfﬁjsy’#jdsbss
t hat DATA bl-ock i$ designated as a DATA bl ock (STEP. 809). Each renai ni ng

COPY bl ock is then designated 5. as a FREE bl ock (STEP 810). Finally,

t he designation of the stripe is changed from FULL M RROR (state 2) to

tF’ﬁRI TY ]3< {st St econtrd BI&P £0F)chang¥s @m!t ﬁltagldsaEgvene bI6Sk oD@ td tekus lt@_lble
e preferred-e e an e _bl,ac r S | ck

‘tabl e 521 and sﬂ)fpéo Péggzlfngg?rgbeggf‘aﬁé t"ﬁbﬁgagﬁ i'| %%}g‘ Ar‘%b@yﬁ or to

understood thatEMPIS (bf othat sumpeuh.d ha seatesénbedw,ntmmﬂrm 01:1 {FULL

can be seen | igﬂgq on t at st or
within the PAR Tf "W F(%%Fﬁe Irg)t%’tzz%[ g #gmlvle(’%&? %‘i’xe
each of th® ot f@aM%ci@, bEock §93t9§1ma¥t KrhagRs §t chpageodn staige .qta.tgxs-

not necessary t 9o COTENHE L sthadd BY orby . Sld‘ifée%iblﬂ%ltﬁfﬁctﬂéhvfe t PR el 11903
Furt hernore, since two bIo ks 905, 909 are deS|<ﬂga.te : es% di tional

i nformation may be stored t]??les"s"fwepelsl(ﬁ)llr%ﬁ bPF rmPBAGEY be
to RAID-4 (5). @fnverted to eltﬂ-'e:glsrttatblassdestﬂmaﬂaahov@l (the | 1yms"r dirasich

th thod.b .
Conver oron 3t rEh A dE i)t Ueserslagl 993 EPUDIBdag 41 Bt Spodian

to converiOa stthpestoipaeinte| AN 416r 8TEPal 208} herésnﬁble PATA | ffliosksniare

space - avi abl e ~¥4d hidtd heane ANer They h?@r@n&&'éﬁe@eaé h@rﬁ&g f&ﬁéf&tlo?ﬁ,a%lch

avai | abl e wi thin the conversion 25 - store - ies of each
of the 'DATA kkﬁ‘fﬁlgartgp?e]c]ryf |‘-'t93}9]3?"19ﬁ1't ér’ﬁs 'thFh%A%atP%s SR 4R drteR g but
7, a state tranwti ehei SCG®SESi bl ot laint h403 stugida tas( PARDEN Xabdre s521 eby

NOROMECTED Nond 5 Q! €n8 stELEL M FERE mupryheaged! CablbaBakiidns13ddndo

5b shown in Fi g ~conlersioh s .
PARI TY X ¥i at-e, CQR¥ chanén aciag aprerpniaie enLries RROR @t%.t pairpd device.

stripe is in stgfergd 557 0r<§mb tiaot. figmstly ke darougt mradkselatﬂéerre%fdatlet%

or 5 before. |t can mrro ai ne '
Accordingly, - E’ﬁﬁ’%?&%ﬁﬁ?lwwgrﬁ% ti‘epﬁf‘gf:ﬁ}sp?gt‘er(‘:? &t%e chgnged
“unprotected st I’h‘,qDEFUII.]I MIRRORef(STERF a110)fi | Comtfdlber bl Qi kiven iompd dftiessthe.

 DASD before st auingally SHLALIRAL ) s SB59hb! 8k LB RANO B6ORELePRSRY

In this vvaa/ _
: 2 blocks (STEP 1112). 1In this manner, a stripe being converted_
N ‘from parity protected state to a mlrrored state remains
. redundant in the event . that orie of the DASDs should fall while
‘the conversion is in progress. ' ' - '
_ Figure 12 is a flowchart which 1llustrates the method
25 by whlch a non-redundant stripe (i.e., the "conversion stripe")

" is converted to a parity protected_strlpe (RAID-4 or -5). In
 order to convert a str'ipe f:o a parity prot’ected state, there

' must be one unused block avallable within the conver31on stripe

to store parlty Spec1f1ca11y in terms of the" state diagram -

~30 - of Fig. 7, a state transition is p0551ble from _e:.ther_ state 5
- (UNPROTECTED X) to state 3 (PARITY X), or from state 6
(UNPROTECTED) to state 4 (FULL PARITY). These are transitions

5c and 6c shown in Fig. 7. If the stripe is in state 7, it
must first be brought into state 6 before it can be parity
'35  protected, as explained below.
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consol'i dat edW°9<§ﬁ§5% Il not have to be consol idated in a separRERUSKOBRE i n
order to try to make t he necessary space avail abl e. “As- shown- in Figure 11, .
the first step in the 5 transformation is to identify the set -of
bl ocks to be transforned, i.e., the conversion stripe (STEP 11012: As
noted previously, in theSpepsct2@l thumwhdR06ade nalego sntpesteps 1101-

It ndi vi ?lﬁaily %fﬁ'si aé&éf@ﬁ&éeaﬁbwve ti@ﬂ§ﬁ@&ﬂ€ﬂn Fié@ﬁe 1@Petﬁénfiﬁ§£a§t@§
O ahnot her

e can dentified Qy any of .the S
descri bed abovénwFFﬂ EE§B§§PQ“B¢PB ig. t‘?hé‘ ﬁﬁ t%skfé}qu g@'%ﬁﬁ hEp be

sufficient unuegdnéﬁemeemsré j tHeheonkeirsd ohos ertpee( STEPRR M Jock ABonoted -
each DATA. bl ock. i fi ca C n S :
501 to.defer mﬂﬁeYﬁ‘éB@fc‘}'f p§ é?% Q;gé 1{,41%%1#&3%&?%&%%&%&5?5 ggaemggbi,g |
has -suf fi ci entidensefiedabe QJSSTE@E llme)methcbds|@3%¢Iib¢@mb@mc@1§&| xespect
within the coni_/grﬁign tripe to store the required CORY blocks (i.e., the

stripe is in state , or 7), then at |east sonme of t he data rrust (ﬁ
rel ocated from the conveFBRoFYSGEMpethen aHETRER 8t HRERRT 2Bt MEUSESG  BYRck

20 subsysL egxisHEh s theasSeeipé ecfotrgpsitigfmg}h%m&e- fFI gspecificdbly,
process shown as_st e_.syst ir

det er mi nijl on Q\ﬂ%{:ﬁ%ﬁgf o% NP %{%P&cﬁge&ﬁ i’b%b?’/é sedg éét%%?{ie the
This could be @Eriperredate,ga sluy'lpeklmg ed theer skiadiehdr amheb daas swifheient
bl.ock can be 23 QV%%% e CQJB eSS &¢: 1ﬂ%u§rfii5§@n?.l §ﬁ%@r éx:.é@s“@iﬁﬂln o

case the user vvou?% oice. " "Alfernative control ?n be
programmed to §barﬂftfh‘é36ﬂ@? %qrrm?e@f 51&05961!;%@%%1@%%10&9 Kafh-€an

be rel ocat ed, tﬂecewlgés Hat anmﬁgltelaecm betﬁ@ﬂpbﬁéseﬂ.odk’ 6D feltactmiBtocks -
for relogation_to ta thusr (o]} auf omaki ca

Cont r ol Ixi.gl 403fﬁﬁa e‘f%ﬁf:%’r%eoq |aﬂ%esﬂ’&ﬁ' Eesesgg e‘ég‘g 1yL{|'usedIr¥‘(é H{¥tem
det er mi ne' whi cﬂebemk(leas whetbapr eterage/ bn a cDAEAtlockfcan e fpeed (STEP
possible to fregogne pF LBE, R4 Bh?%&és 4 D5 Opepap abané .angetfeguitable

conversion stripe’ 1§ not converted {STEP 1106 T a suitabie_ 35 block i
candidate bl oggndidateoykdocks hds gdioundn §pe  BRbek ips the ock 18

're|Ocated/COnpféﬁé@dﬁé&ﬂ@bﬁﬁréﬁsé&ﬂi@ﬁbr@ﬁeas aagprbpribtheek and tjua block
‘ 20 itself is freed for storage of additional data (STEP 1204).
-Controller 403 changes the status of the block in status table
‘521 to EMPTY, and updates strlpe status (STEP 1205) The
. creation of an EMPTY block causes stripe status to change from
state 7 to state 6. _ The algorlthm then repeats step 1202.°
25 - : If the Stripe'is already in state 5 or 6( or can be
converted to state 6 as described_above'(the "yes" branch from -
step 1202}, controller 403 fir_st selects a _biock for storing
"parity (STEP 1208). This might be done'by any of the methods
_ described above with respect to Fig. 8. However, if a DATA
| - 30 block is chosen, the data in the blodkcwould.have to be
relocated to one of the EMPTY blocks. Therefore, it is
preferable to choose an'availeble EMPTY block. If more than
one EMPTY block exists, a suitable algorithm could select such
~ an EMPTY block. Controller then successively reads all blocks
35 . in the stripe, other than the block'chOSen for storage of
| parity,'and”qenerates'a'cumulative exclusive-OR of the blocks
read (STEP 1209). This cumulative exclusive-OR is temporarily
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itself is freed for storage of addltlonal dat a (STEP 1104). -25- VO

08/ 38568 = "WO98/38568 - PCT/ US97/ 08985cm3§f/ﬁ9§§r
403 changes ‘the status of the bl ock in status table 521 to FREE (if the
stripe is in state 4, FULL PARITY) or to EMPTY (if the .stripe isin state 6
or 7, UNPROTECTED or FULL UNPROTECTED), -and updates stripe status (STEP
1105). The -5 stogbangim i RAlI ofd0 St atwisenmag 1Ll iRtk RA®BYEddn SrehBe the

Pht b, 0. MoEoB St Snd Bhuiias T8 SKORILLIRGRCT RENA- AT, 'iife dlrisy
as .descri bed abbd@e tlhene wybttenr &octtlie ogriecped 1 FARITOoIatk er( STBP 1210)..
reads al | ‘DATA ébﬁekéllarlQoa tﬂéﬁ?&ﬁd&ﬂ&% bﬁb%kRé%hﬁ&Q E§EEB é%QSBy cind {1y

DATA bl ocks are read into ar e enqueue erations

whi ch have3par t FRe| §EREHBI ‘éi‘-eﬁhelpéntl’t‘?élmﬁl:%m vﬁhﬁfiﬁéwg HeRe rgratus
the COPY.. = Conpfokhgr EXPEYupdacks thl FREE,aknd wpbdvimharding (dwridatfifeld .

of the EMPTY,. F and_PARI TY bl o | acin '
appropriate ent aFnaPR§°B§r’“P§8 3%@?@ l%i&l)dscg;?t Pg% Mcm@ﬁ%ﬁ the
after the bl ockstatesrefdthet stRip ainl tdlmbd SAhtts PRRISEN X ot FRULT aAEITE
the stripe changgd, RrSsFef ST 11 qpéc}} ““{l‘?%ﬁ haequi

conpl etes the e%gue%ﬁ %{-é?g/tél ons %Sl%)zl)tll ngﬁﬁl l#rom t als.

20 bl otRs. (SWF“@@&?? that{PasiBanhercusrent; pe be| ng converted from
 parity protected state tom ahér gtedeﬁ.—a_aeemssauﬂéntedunéanhnmrtfaﬁ M@i¥age

t hat one of the_,DASDs sho Ll._while the conversion_is in 0 -
Houre 12 s o SPORRA T ATTAYL LR, Y el Gtsibe CoYbREPeR 1L the
non-r edundant - sblogks (at @ partheulevnaddsess rsmgeeh) eashcoaspeteive cstaorage _'

parity protect e% §iéépeﬁﬁ§ Préafl e%lent & i ug‘g{de%f’%ffﬂ‘é?,’gaf‘gbﬁyé &na

parity protected state re rrus one U
conver si oFd st r | PREEEMERBELOR AT Ppritgpbdrrkeal IHoWevater it 46 Pﬁé%?&?e‘ic use

diagram 30  oinFhgray, h&vfitn@t € r@d&'hhﬁﬁersoﬁo%ﬂidﬁa@é rmmé@er Shathi%s
(UNPROTECTED X): _to stastFﬁ é § Q, orrfré)m statea \I}Iﬁgﬁmg@oc&s,-
state 4 (FULL PREFSY)? SHTIRS BrETRFaRiy: MR ERSs, fPms é’ﬁ&/\ﬂ REE
I'f the stripe. i bess Ghametlte nymber of storage devices. E.g., the number of
- blocks in a strlpe can be N-1, where N is the number of storage
200 . devices. Such a conflguratlon is’ shown in F:Lg. 13. In the -
array of Fig. 13, the blocks labelled DATA 1A, COPY 1A, DATA
1B and COPY 1B (1301-1304) constitute a stripe, while e.g.,
blocks labelled DATA 3A, COPY 3A, DATA 3B and COPY 3B(1305-
'1308) constitute a second stripe It will be noted that each
25 strlpe contalns an even number of blocks, but the blocks are
not all at the same address. _Such a stripe can be converted:
to a RAID-4 (5) format and back again using the  techniques

- described above. Some modification of the data directory

" tables may be necessartho handle the more'complicated mapping
30 of strlpes. o -
R ' Alternatlvely, a strlpe contalnlng an odd number of'

-blocks can be converted from a RAID-1 to a RAID-4 (5) using a
modification of the above described technique, if one of the
blocks is known to be EMPTY and contains all zeroes (if the
35 - contents of an EMPTY block are unknown or not zero, zeroes can
‘be written to the block to put it in proper condltlon) 'This'
might -be the case, e. g.. where a new DASD is added to an. .
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must first be b rou ht into state 6 before |t can be parrty 35 protected
as expl ai nedv@a - W) 98/38568 . . - “PCT/US97/08985
PCT/ US97/ 08985 St eps 1201 through 1206 are anal ogous to steps 1101- 1106,
descri bed above. = As shown in Figure 12, ‘the first step in the

transformation is to identify the set of bl ocks. to be transforned, i.e.
the conversi o®XdiS5iNg esrRy 12858 )thig GAfted asStriBpespbagrd &9 r‘r’-‘{i’el'salér @ne

ldndl Vi gugl I ;g @infrrlc?:lf aRlixs ?:rﬂibmcﬂse doieFiigfread al&y:o&mr@f t:tdfﬂmmm;é%d an -
escri bed above wi respec Q kI erilile er_ an
unused bl ock SRS th I’t':@nshﬁ g%fv&rt,ﬁcg%o éi? ik 3%9 \f’ e‘é%th;n _
control |l er 40 pagrirtyu bkt r(wraecht may bebtke 5&Mpito hjle:tcek)mami tdas:rs;naqamg 1t .
state; agstripg ) fa. N PRI b3HRKS ftb?slﬁ Eﬁé §<ﬁ] ECLEH 1 SRk Sao%ifn( %E'é%k,

1002). [f insu ci ent "space exis e conversion strip tore

the required B&YiPRARiak eyery. OthRE GOFY gelaak ﬁﬁldsFB?eEM?TYthW%rks E\Ré'@'li
of data nmust be)l5if théesdledtedenpibichedraddoymats hbl@élaﬁc"de'fsﬁ.gﬁhﬁln%l the

The system det er m ne ge in A I o can, be freed, (STEP
1203)2 1 ot SSae AL OB PL8CRE e A SBEFA prlois, b Gt iRirniRY ALl
. block is fommher tdn:r:PY ddicecks rand vhe EMPIR br]s;ck as FREE; and {d) if the
~rel ocat co py t #fgt Li.seldnphs
freed fg'(ry st g'r%égle d ggdﬂér ona? dgz‘?%t p@%&flgéggﬁ h%t 12[%{)3 ﬁiﬂggeégp&s
the status of btmlblaﬁ:kFRErEst afls isalfimigarlyo m\bl%n‘ép upeavestsbacke to-
status (STEPRhA®PN., wikle SHEBisek Oieiab tﬁtﬁ’ﬂr@aor&&ﬁeﬁeasshr IFREES balodk

g CNanoe OB LB S abt BLACK Vi ph ity WP e T of e

converted to stairade ahavde:sjrr bed above. (the "yes" br anch fromstep 1202),

~control Lgr 403 first seI n(&]lﬁd %%fvpitﬁbedé ;%rgﬁéﬂ-%%(éﬁﬁgdlégﬁ); Efﬂ%’%

m ght be done by any of s descri respec
However, if aDD&B&RN30 1nve@rtg@|n,| deshgnationt af yhkogh %ﬂt@ﬂﬁ%t@%l PAFAve

to be rel ocat @@ t emphe Ofst Eﬁ@iﬁ%(ecbl qsaksa R'A*ﬁﬁr eéOh€roliéris prefer mte
to choose an avail ahl.e EMPTY bl ock. If g %n qQne EI\/PT¥1 bl ock eﬁﬁt% _
;sur t abl e - al goS¥H S&ﬂrd%&? gugﬁogramma le device, such as an sa%

RAID Adapter for PC Servers, a PC ServeRAID SCSI Adapter, or
20 a Disk Unit Cont_:roller within an AS/400 Advanced Systeut Model
' 300, each of which ‘are manufactured and distributed by '.
International Business Machines Corporation. Alternatively,
the controller may be a state machine, dedicated hardware, or
an . ASIC (applicatio__n" specific integrated ‘circuit).
25 '_'Alterna'tively,"the functions performed by a dedicated RAID
controller of a storage subsystem may be performed by software
executing on a general purpose central processing unit of a
'computer system, the central proce531ng unit performlng'
numerous other tasks in addltlon to RAID controller function.
30 ~ The partlcular designation of each block is performed '
'in accordance with -the preferred embodlment in order to
determine whether new data can be written to the block, and 1f _-
so, whether the new data must be written 1n accordance with a |
read- modlfy write algorlthm - It will be understoocd by those
s skilled in the art that other designations could be used to
achieve similar results, and that the de51gnat10n_of each block

. -29-



‘an EMPTY bl ock. - Controller then successively reads all blocks 35 | in the
‘stripe, othawotdsasséshe bl ock chosen for storage of parity, andCQngﬂ@b@§ a .
cunul ative excl usive OR of the blocks.read (STEP 1209). This cunulatlve
exclusive-OR is tenporarily -27- . WD .98/ 38568

PCT/ US97/ 08985 stored in RAM 410.. Wen all ‘bl ocks have been read t he
“resul ting cunuhayi aksexbkussed- EBri othiee parpbges ﬁhm&uamed)tdftnéuyresent
witten to the; ﬁ@%ﬁﬁi H PARI TY bl ock (STEP 1210) Controll er 403 then
updat es bl ock S able 521 by changing 5  the status of the parity

bl ock to PARITY, changi iy eertrhnrogrRmior EMPREYIAYOE SboFRge devices may.

updating pair ege dh&®idd GAsd a5aéqﬁ§néap69p§f@éé‘s§§@:é&iéable %Eﬁlér.%ns
t hen changes 't he stgtus of ‘the strlge in table 501 to.PARITY X or FUL

. PARI TY, a3 appfbpredien @S?Eﬁpﬁ!ﬁf?)l’ OFRAMRFIUFE n GG §sa?e‘“aa$%%t%‘étf1ﬂ?l’y
to reflect thagighyinhygnet ey, o;itridalledﬁsnf,einedgfabédlm&ultf@mmﬁr

of storage dev t r | ach.strip onpLi s the
‘bl ocks. at a- paé?ﬁ? Ia%tg%(ﬁaées?ér an&gl\égﬁ e(g%ﬁ $ &J‘tcﬁl %saglorg&e %%9?

Thi s arr angeneprogramnalblescempurappi ng of strlpes and 15 deternlnatlon
- of parity blocks. Howevefp é&cbfd&ﬂéé' @ient EhHSBréEei‘i-%aye%\bh&&e% 0dd get

nunber of stora e devi ces. hi's case, a sfri erab ri ses

sone eveh Rk atsa’ %§§ 1 heent HUTREARD “@ﬁf ?FOFSBEQHEW% Q.2 RAID-

t he nurrber of Dl oA T R @dmfmm&e A vide rersd .S tmsweu&ﬁoerlu)fsnould
st orage 20 devi ce

. S h i g =
-array of Fig. H% ?ﬂ§e5§55§§ |§§§ gggﬁ%k?%ﬂl% X Om@ﬁpnﬁAT af§n§hdln .
(1301-1304) co@h&r&mﬂerzssi¢srmaywhﬂ uged,gregbrdtkss| abeRATY Dl 3 dﬁn@r

'3A, DATA 3B a'lﬂeéi(?ﬁ(a@ﬁg&%%nl%@t&%ﬁ%&' Wohdl SPCORY ShiREry, wledigrli e

noted that eac stripe contajns an-even _nu

bl ocks at?® notRAFP lfvele °§a§e°§dla%%‘%%r ﬁ?é’i?léyst?}lﬁﬁ S¥ALEES Rveralk the
‘a RAID-4 (5) élﬁf@ét@ﬂﬂstbﬁ@é( 60aRATDS | Ngrd e 4eebnlsquewutdehaﬁrebmdidﬂu1\&xa1

oo nra L orat ¢ elited 15 rsﬁf& Y! BRAT° oY BFSSRSY BdIINR
) spare blocks. _
Figures 1, 2, 3, 9, 10 and 13 1llustrate arrays of
20 '_storage devices, in which each_dev1ce contains a relatively
| small number of blocks. The small number is chosen for ease
of illustration only, and should not be taken to limit the
invention to any_particular number. While it is pQSSible to
. practice the present invéntion:using a small number of blodks,
25 it will be understood by .those skilled in the art that most
' arrays of storage devices in fact have a much larger number of
blocks in each storage device. ' |
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Al ternatively, a.stripe containing an odd nunmber of blocks can be.converted
froma RAI D WO88385%8I D-4 (5) using a nodification of the. abovd.’Cd'mmM
“technique, if one. of the blocks is known to be EMPTY and cont ains all

zeroes (if the 35 contents of an EMPTY bI ock are unknown or not zero,
~zeroes can be wrltten to the block to put it in proper condition). This

- m ght  be the case, , Wikickee t-@enparm@mlas syitem apdametad for WOnverting
98/ 38568 - a strlpe in accordance dlth one forRt U038/ HAA8S bt eMming

~array.. In this case, "a stripe selected to contain one_or npre parrs of

bl ocks confi gurtét 3RAUNSF rkPTHRR RA D REERIR oPheWR §0G) GEﬁcEéheQe 1o Rpdaidg is

9,205, P cme o s e bt 5o
ocC an esli,ghat I.n | a OoC ) | £ S ecte
PheCt) copd bF oA L P tao ke e TindepRSan okhhs dt ns RRSY HibsRetiy

FREE; (c) if ttpa:esﬁam:tachdemmdkmaas @fDAﬂmebmlsemtesugvmtngnt lamd is thus

- associ at ed COP jj&?é al er

bl ocks and the\EI: Leéébrﬁ:%% and% the Qr Jﬂh?%@te gaaoﬁgl?av(\i/e]fg_
t he EMPTY bl oc l@ouif@;ﬁlnj-ﬁ’éﬁqq@lév@i% foag vl obIkV%EtIIIREE thag FhessEPPSEr Pf‘ the
possi bl e to cO@wge&ashvbﬁt%h&duwéﬂt&@ﬁ#&ctsthet—t etbedihedt § aiHitd may

a FREE bl.ock or as DATA bl ock of ect.ed -agai nst, failure of the
st or age i ce;b.ecf?e obvious to %ﬂsﬁcﬁgtgg%éel%"tlhet oSt the’sc ope
enbodi nent of tife phesgresenteninvantilesi grsat aononﬂlagmy_odio abeFREON 5P Yby
DATA, or 'EMPTY | I The RAID cantroller .

. may be a programrgg'ﬁ’g %e\?%%ellhsa%cgﬁggagﬁg%ﬁ% %]11 MI D Adapter for PC -
Servers,..a PC ServeRAI D SCSI Adapter, ~a Disk Unit Controller

W t hin an' AS/ 400 Advanced System Model ,300, “each of which are

manuf actured and .distributed by International Business Machines
~Corporation. Alternatively, the controller may be a state nachine,

dedi cated hardware, or an ASIC (application specific integrated :
circuit). 25. .. Alternatively, the functions perforned by a dedicated RAID
control I'er of a storage subsystem may be perfornmed by software executl ng on
a general pur pose central proceSS|ng un|t of a .
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conput-er ﬁ,b"gﬁ)a?]s%; §ﬁ‘é&iﬂ§é Bednlﬂepmsed ng “uini t per f or mi ng numer-ous
ion

ot her tasks V' I l er function. 30 PCT/US97/0898% =
particul ar designati on “ s perfor med in accordance with the
preferred enbodi nent etermine whether new data can be witten

to the block, and if so whet her the new'data nmust be witten in accordance
Wth a read- m)dlfy wite algorithm It wElLaims under st ood by those 35- .= .
skilled in theygdt idat1pihed Desi gnations coul d be used to achieve si mlar

result nd -t hat the de n of each bl ogck -29- WD 98/ 38568
PC?’?USS?/%BQBS may J;1 SO %eg‘ﬁggaaf rot”'ﬁ‘é’?l ‘E)’Eﬁ’pfb%e? it Gt BERPEY t FETRGAES

invention2 A cttmred pnogr aplévality apfaydaifa ssoorgge dd@eviersmayo ba second
e o 2 RIS 08 ShioRU RS RNUr X OBl A | PIAEUTIERN DL dard! $eadag

a conputer program product, - Such as a magne
optical- dof sk, deNiqpm etalelm%tmdmreprzcﬂumme Ssilensagﬁ-or menory device

~which cam be read by a(ao)roquemt?qn@on&uts%rt bR ASLOEEanGs \Aﬁ&@a”&?o be |
pref efred. embodi ment . set 1%il f{«% ocks of a RAI'D-1 configuration may. -
be conver% ed tci?rh%% s oo F3igLsat felng: sfored onsa. dllflé\ﬁé'\?&t

it shoul d7 be nm;imcsﬁ:ctml oriehaif sa)icﬂlenlumﬁtlygWfatiaﬁasstdiﬁalqggieﬁiééé Al said

- charactergsti £ f IDIe ot h esi.gnati o
In parti cdul ar%sesone “?’ﬁ“t%s]ﬁ% rr% ?LZ: og)nl ?g‘lf? h&PBkIsévg’Pg‘g’ ?’lg gﬁ ?

hi gher . 9Usualq?5Fh m%wm&mﬂaM%Mmhﬁm.of RAID | evel s

4 or 5, fgut have additi ooba)l g‘ég@dgl% s f\ﬁ@lslt, Pk 2% duadlg Rty blocks or

addi tiongl spare bl ocks. res 1, 10 and 13 11 I ust rate arrays of
20 storage devi ces, (ﬁ:) %‘i‘%\ﬁr&?‘e it i rkOGk 135 o | PRF§t¥nBRPCk:
number @2 bl ocks. The sil Iselledising = aressstt Ore emmffrémueamtp@ﬂr of

“only, ang Sholﬂl%di;%t o?eséi‘li ot Qridh | oe@enPEV %Qggﬁ é’?ﬁ@é‘rﬁa 3 %g gnd

“nunber. Wi e possible to rac I'ce _
smal | - nddber of bI ocks (=3 deS|1tgnmt|1F19beaGhd§espegu1My bhosk’ smeceem firoine

art’ that15rmst each pair of blocks of sa1d set which does not :anlude said .
l6 f1rst block as avallable for storage of replacement data.

2. The method for converting a first ‘Memory structure
to a Second memory structure of claim 1, whereln said set of
blocks comprises a strlpe in th.ch each respectlve block is

- stored at the same address on its respective data storage'
: _'dev:Lce '

VoW R

. 3. The method for converting a first memory structure
to a second memory structure of claim 1, _

. wherein each said data - ‘storage dev1ce stores a
'_plurality of said bJ.ocks_, said plurality of.: data ' storage
‘devices containing a plurality_'of said sets of blocks; and |
| _ wherein a first set of blocks of data may be |
converted from said first memory structure to said second
memory structure while a second set of blocks remains

W o doan R W N R

configured according to s_a'id._.f'irs_t memory .structu-re.

4. ‘The method for ‘converting a flrst memory structure
2 to a second memory structure of claim 3, wherein each set of

[y
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arrays . of storégg devi ces in fddhis hunber.of.bloéks in
each ‘st or age¥@ - 30- VO 98 l PCT/US97/08985
PCT/ US97/ 08985 Vhlle t he partlcul hod for “converting a

stripe in accordance with one format into a strlpe conform ng to anot her
format as herein shown and described. in detail is fully capable of

att ai ni ng3t he hboolks dmeyr beedindieidualky t ard 5indepepdentdy, ganvertes prom
under st oogl thaéa@ ffrgeem&a ”él:i‘u@ﬁ@f@rwdsﬁ@%m RémdPe PERsEre. .
i nvention and 1S thus representative of .the subject matter which is
broadl y contenplated by the present i nvention, that the scope of the

-Eresent Ib fvention fﬁl ly @lgé?ﬂé@ﬁédsféﬁ:h@bnﬁmdhﬁem Sfi\M‘BtChnémyrﬁOstructure
econe obyi ous to. those illed in the art d of
present ifivent F8n2i §850 &ﬁﬂﬁin%F?ﬁ?qqﬁﬁt%ﬁ B@Qgﬁt i'ng %%E%Pt?#ﬂft%lISt

appended 3| ai nmemory[ strhcEuzens sWeatsets of abkogkss configured acgording to

met hod f of Cogﬂﬁiﬁ-i‘g adf 'vh?ére{‘%{méé{létélé%ﬂ&e i Bl ahsth Fe?? a
data storage devices 10 a second nenory structure sfored on said é)ura |tg
of -data sboragelecks coafiiguyed: B¢ demPnei af the sefpLpeisting of
(a) identgfyi ngaenset a9 RAP6KS, Of data to be converted, each block of said
set 5 being stored on a different respective one of said plurality of
data storage devices, said 6 set’ conpr|5|ng a pIurallty of pairs of

bl ocks, bpth blockssof emné mespedtime p@mwecmnnm @ fglrst memQMyn$%EmCture
dat a; 8 ( e [ kyof said set; 9
(c) deS|g%at|n5°t%eS?c @% gEkﬂgt&ré 6 éﬂﬁ

as a parlty_ wi { hout alterln -data 10
contained3in said first ﬁh@ﬁﬁlnllthe first memory(dft§gp§ypﬁngcg rises a-

respectivg bl Oﬁtuéagﬂtf»a&fl dtﬁ?i‘ Hlfodklsoﬁha wATS B IbS6d, Wiicth CORY blodRrelseimd

include said first blo - des

respective bl o@kcgﬁ}’eege&nf Fﬁrﬁogd'@l’fe&apfwéf hﬂ'lo&l(kga%jf eﬁfhgr@cgs%?go &?pvﬁe _
does not gncl ugeosedd énr <t ldifferzntavbABRbL] £rémr ther RPSDHf OmepWhééhent‘-he
data.

7 associated DATA block is stored the second memory structure
8 : comprising a parlty'block and a set of parlty'protected.blocks,
‘9 . each parity protected block being stored on a different DASD

.10' fnmn the parlty block and: from each other. parlty protected
11 block~ _ : ' ; S '

L 12 - . wherein lf sald first block is a COPY block, then_
i3 said step of de51gnat1ng each respectlve block selected from'
14  each pair of blocks of said set which does not 1nclude said .
15 first block available for storage of replacement data comprises

| 16 de31gnat1ng each other COPY block a FREE block; and '
a7 ' whereln if said first block is a DATA block, then
18 -'sald step of de51gnat1ng each respectlve block selected from
19 a pair of blocks of said set whlch does not 1nclude said first
20 - block available for storage of replacement data comprises (1)

21 designating the COPY bloCk associated with the first block as
22 a DATA block, and (2) 'designating each other -COPY block as a
23 . FREE block. ' ' '

1 - - 7. The method for converting a first memory structure.

to a second memory structure of claim 1,_wherein said data
3 stbrage'devices are rotating'maqnetic.hard disk_d;ives.
o -33- _
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1 = 2. The nethod f oriThieiSHestHas Geen Re;tlactecrrermry structure to a
second rrermrwoz)s/sssmructure of cl almmu‘ E ai d set of ' blpeakss97/08985

conprises -a-stripe in which each re bI ock i's stored at the
same address on its.respective data storage dev Ice. 1 3. The
met hod for converting a first menory structure to a 'second menory 2

structuregof claimg, 3 a data storage syy\baﬁplébxﬁﬁ@rsﬁmd dat a st orage
devi ce st lty of data

res apluralit sa
st or age’ dgw ces cont ai nl% g 5‘?#1?'54’ ?§ ‘i?t%a?'bog%?% %?vjo#%‘lt and 5 '
wherein asfirst set of baocbsfog[radﬂableay pmmte&from&mlmmgt é:he

menory styuct u5§e5:8t§ cgggdg!g,ggrréﬁttg,u%f"agwﬁl |sq;c§’r§geéoﬁ@v§‘ébs0f said

bl ocks remai ns con ur ed to sal i'rst menory structure,
-32- RB9O95- Qggg:ratprgab].e processor executlng a controﬁqmmqgggg‘g:q

4. Theg et heént@ftfﬂ@vsrtsmg tameinbE %‘%Hfﬁbkiu%br u@w@a o @a@mm |
2 structure_of cla égﬁ'». erein _each s ngé {__ndl |dual l%’i -
and mde?agnden?FyS%orage XA T P fess) ?‘F?‘nyn% g F?u% ore P S
second nepory pluvalite.of storage de®Bices; The nmethod for convert| ng a '
first meppry structure t on nor fi ol 1,
wher ei n gg.l d first. nenorghg)féﬁlgt urgeglas (,ci%n?: %%6%% corrt!% gure status
accordi ng3to mntpmtnuonhﬁﬁm pasd @a@@c%h@rwxysts@mu@me is a set a
‘bl'ocks 444 conf i.gured @ﬁéﬁéﬂhngshﬂdonéoﬁﬁrbﬁ!e pebgeafsi Stinng rdsgdda 4 to

and RAID 5 he r.convertin first
st ruct urést 0 algéﬁBhﬁl‘Fr%Frb?9 ‘Z‘f a se§t ngl't’%?%k%f"% dlét I %oalﬁel &Snvarteda; each

wher €i n_tge flbxbcHEﬁﬁrsanrsuetute h@nmm\sest@d Meirsd i dtowdd QEPYa hlbikerent

and DAT | ock I S | aglg
© and eacﬁlg §€§$€f ock"D %‘%% u@‘ac_t%l_ [ etagtr-'ttél %%%B%rom%ﬁé%ASD on
- whi ch t h&8assosgeht @@nBrlsmq)AarApbmmkms %f PaiEs t9fe BQIHy yplocks of

El”uﬁt Ur§9cﬁ”péhét[1nﬁe§pt€é£i{'¥ Hﬁl thcegﬂﬂaﬁnﬁﬁé Zdentl@éld nﬁtay Frot ect ed
ocks, each parity pro ock bei.ng a dif.feren

from t he?Bar i ty block an BLEeR 5FF|§ Ség Btr'%&rg'@‘tté‘ﬁ’nb% lé)sg.gnate a
_._V\/nerel n 21 sai ﬂlf‘stsblbd:bcdﬁfl sahd Gt cbfohkoclmeans saiphsitep biodesi amdting

which o8 not i nol ude 105 SBAEEET eaiTkERRIe) e cTnat B TP aSdhAR 2

" repl acen®dt daraspeapivecblaecki frem fpudnist ef hdocks cobyspisciEel mipch
- bl ock; apgd 13 goes not 1ncludeV\@£i&|ﬂlrétsﬂl&ilé§ta\k&ﬂ§&blé foDASHotd e lof -
i then salg step of de5|g g 5&12 . each respective block selected froma-
pai r of PockerP 2GPUEREL ?ch does not include said 15 first block
avai l abl e for storage of replacenent data conprises (1) desi gnating the

COPY 16 4 block as OCI a.gﬁg Wégé\(t%fb estspég%E ggl oclli%'% Bl ogherang (Ria - )

de5| gnatl ng each ot as a
programmable processor - is ‘contained in a controller for

3 | attaching to a host computer system, ‘said controller 1nclud1ng._

4 . a random access memory for containing said status information.

1 10. The data _stc'):rag.e' sy'stem' of claim 8, _wh_erein' said
2 ;fir_St.memory s'tructure is a set of blocks configured according
-3 to RAID-1 and whérein said second memory structure is a set a
4 blocks conflgured accorda.ng to one of the set consisting of

5 -RAID 4 and RAID-5. " '

1 - 11. The data storage SYSterrt of claim 8, wherein said data
2 storage devices are rotating magnetic hard disk drives. '

w3 -
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1 - . 3‘, 9813;' met hod for - conver tThf dstructure to a' |
second memor 'S tructure of claimi, ta st SCAFSIYRRIBE es
are rotating magnetic-hard. dISk 3 - driv 95- 132P [err]

PCT/ US97/ 08985 4 .. ‘A data-stor age system corrprl sing: 5.

a plurality of data stora edevrces 6 ammmabl e
processor ¥or contrd4i ng&%éiatﬁ?ersa:ﬂréﬁeoﬁy§§ﬁﬂ‘ BFuFaPH‘ygof-W erein fjaid set

storage devi cef $lictRy Wﬁmﬁseapsecepeortnemwhi ea;cta m@sxteottnaé QAGER is

for 8 onvertin re sto ty..0
storage debi e Tarad s Bkonnd VRhE SRR (o | A58 ke ainae
of storageﬂ. dewd;e&,cel.-o . - wherein sai d control pr_ogram -

mai nt ai ns status information for said data 11 storage system and 12
wherein said control program_in response to identification of a set  of

bl ocks 131 of datdio Pt tHPrag ek of Faim bt to be

c;)nvelrted 2}3:3' gg stored Orwiterbid cegth 1daid- r&ara%@tbeaqeel aévlsated st];o:i%s a
plurality_of da a st.or.a evice set _cogpri.sin ur.a o ,
pairs of Bl o_ck tﬁ‘?o@% %f?‘liapﬁ' g‘épec%‘ﬁgp ag'ﬂraﬁigl Rfng é nt§ % eHrge
data, 16 4 devmes cor(tzf)lm'mgataesalsmahstt}atqis saifdoraetts af tknlatﬂengrmtda a
first blo of said set ls b t

GK- i %gn%goﬁ B2bhkYm c8ﬁ5er%‘%)90f’%r€ée

data contdined in said f| rst e’bll ocC s sa|
“status i nfeor mabileeks fesitgRafEon Faifetirve MEMRRY fHUHAREFE 1P salpiarsfecmd _
bl ocks of sai dnﬁaatoﬁyﬂ Cdtﬁﬁﬂﬁ.lf@t wmqléJde seléa:cfﬂd sigdtl 0QF apIVENd aldemndivis
storage 2 The dat st or age

| a .
- system of %l ai rﬂoélgl\%ﬁ*err et ﬁf &roarﬁ?d'lde fdrr&f:es%}or’g YWt ai ned in

a controller for attachi ng to a host conputer system said controller 3

including ja random agcessEnRpLy, ?EC’EQ‘géa\,\Rg?gf“n Salc}af’fn‘r'slfs nf %E’%&Bﬂ said

10. The data st orage system o
structured s 2contrg &r%rmoéﬁscéﬁﬁblguped CRRVEIHiRG tQﬁCFQN ﬁﬁ& QﬁdblOCkS

wherein  sai d '§eEERA ARIMDILY agll BdebéEndent Ly Ifrch %atidafb.rQElﬁerﬁ&%fls&lﬂﬂiure _
according to one of .t rﬁSEtnéfonSIStln of RAID-4 and RAID-5. 1 :

- The data étora(} W& d data storage devices are 2"
“rotating magnetic hard disk drives.-- R0995-132P 1 - ' 12. The

data storgge systemyef Clgidn B #MEE B Bg8 I st of£ bLegs WPEhELSin said
2 control program automatlcally selects said flI’St ‘bleck in

) response to 1dent1f1cat10n of a set of blocks of data to be
converted from said’ flI’St memory structure to ~said second

Ul o W

memory S tructure -

~ 16. A controller for controlling a data storage system,

 said data etorage system having a plurality of data storage
~devices for storing'data,'said-controller.comprising: '

| a programmable 'processor for controlling the

operation of said pluralityrof data-storage'devices,~said

_'programmab;e 'processor. executing a control program for

lconverting a first memory structure stored on said plurality

- . of storage devices to a second memory structure stored on sald

'plurallty of storage dev1ces, and _ _
‘a random access: memory for contalning status

W LNV R W N R

e
R =

- 1nformatlon ma:.nta:tned by said control program,_ '
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2. . a stri pe in whi ch each resp P%S’red at the same address
onits respesvoyesssega 3 - storag I . pehA S§'ﬁ68§85 ;
storage systemof -claim8, 2 ein each sai d

storage device stores a pl urallty of said blocks, said 3. pl urallty of
data storage devices contai-ning a plurality of said sets of blocks; and 4

wherein sgid control progﬁmgﬁpvegéﬁia ééﬁ@fofetpgégpﬁﬁcks iAf g-@tsf,oh%gm to
said 5 firsy rrerr;o%f/ second nenbry structure

tJ‘UCt e to said
second set3 of DRI catl‘?ler?a{ RsSeb % @}Pé'd‘sa@efofiaf:ﬁgt?ob%é%%“‘fqzi%qd each
nmenory st:wct urklodk of said sdid.to bEheohter teid hagags siormedobre laaidhf fEFent

bllocks. i i vi odPatPe I, o Bade, PERERPLEY b FAVE Fidtb ftnfited saia
structurel€ o salet swmmprisiemray miunadinye ofl pairs of blpgks, Peshdhilecks of
storage syptemefdh Gl %&vé"'{ﬁff rho?f’da@.rﬁ% e iU 12 Hata , '

automatically se ects sald first I n response to i'denti fication of a

set of bltks of data 3. t‘EP%t%rﬁMQe%"-?‘F% ipfermatipn papdgsignate a
structuredo sartsmcmmi:mmmaﬁ rde8 We blbcks as a pakity b&dz:mt fa®ld er

for contrg|ling a data. st e ata s age,_ s

haV| ng a uralgl ty of dat 359@% Sdfra%ﬁ:‘c‘gssd‘f%u%t 5‘%5%% Eal ées:.gnate-a
control | &1 conp:respetg:l\ae block from each paprogfahisiks mwhceasdr seor which
~control lipg t ﬁd&eﬁﬁ%d Oh Oy i iR Yidlgiet ¥>l?>fclk4as a%tlia?tl%r 20¢ devi86® of

said pro r-ammab e processor -exeeuting a control program

converti %g’ a figeRlapamARt datfture stored on said plurality of storage
devices to a second 6 - .nenory structure stored on said pIurallty of

st or age devi ces; random acces ;
cont ai ni né status i ﬁ'r n'alt}f%r?oﬁ‘&rrﬁllaleﬁeﬁoﬁy Qrtroliipg %%%%tﬁfggFaﬁVs§m
wherein s& d caft raila:pm okff arwheéreiresgioid ef 1xs t deend¥y catrwetureaisea sét of
bl ocks 103 ~ 0fy i ¢ g‘iﬁc@(fratc%@rﬁ% g B ﬁ@\liDQfl §ﬁhdwﬁ%3eﬁﬁ led second
convert ed "bei ng store | f.1,erent respective one sal

plurality %f d&teﬁloﬂyorsﬁél%ec% asaf %é?l%?ﬁ)rqoé’r%“are& GP&’Hrtd}D&f teoone
- pairs of I8 ockef heidh gﬁtqutmsjfstﬂmhdfemqgt-uvenﬂamxmlst ai.ning i dent ical -

. data, - - RO995-132P

*PCT/ UUS97/ 08985 13 ' (a) updat es. sai d status-information to
designatela first blAdck dfhes@mtgetller far comtrekbing a deda ﬁyob'lae'@kSYStem

- without alterig dataarfqQnt,ained in said first block, and 15 .

- (b) updates said status information to designate a resgectlve bl ock from

. each 16 3 pair of bl ock¥hgredn jeagh \Faid (2 nBEOFREPUAFESY Fitekes a
' bl ock as avai l @i]hﬂ-afldftystOEamiH? blookstemmhpllhrdatmy lof data stdrage

- The contrdler fq ntyolli. y f . Clai e n 2
-said fi rst% rrermrf/rlcte(r%uc oglrte‘:‘uiq%n #ﬁu?%g'[lggkg% %taﬁ.@g%re& gcl?g})’;gt:k\éh gﬁd
RAID-1 and wherein 3 h&aanms:eeénd aenbrol spYoEram cconver teta zflmsé}cﬁ@t of

.EZIHBI gure@b accdokd b @ReaCkrbiessed Hirst n@i&f@&&&hﬂ@h@ 4a38dsecond
. memory structure -while a second set of ~ blocks remains
9 configured according to sai'd' 'first memory stru'cture.'

19. The controller for controlllng a data storage system
of claim 18, 'wherein sald _control program is capable of

- from 'said first memory structure t_o said _.second memory
structure. o .

vie W e
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converting each set of blocks individually and 1ndependent1y -



1 OnﬁHQHerHéscBeeoﬁﬁplﬁ@ﬁdl ing a data stora& gstem of

' +18.
claim 16, 2 w°98/38568 a| d data storage de S97/98988 a
plurality of sai d bl ocks, |ty of data storage deV| ces
containing a plurality of s S of bl ocks; -and 4 .

wherein said control program converts a first set of blocks of data from
said 5 1 fi rst mfry Pstpxogmamtstsaadesewmteremaylabthajcbmeavwdllgatal -

. second s f r '
ooy S ol BiSSs iy apifEL SRAMER ARG & Digtidd Progran

storage systembiingtauationsyexesutaple bysthe ¢bmttal BRApIAng §RP£¢'@£H‘§

of converging ﬁf@t&oiﬁtrdmlbigoakéataobmﬁ@é |syy sttiaeh, 3sa1d aadapsf@mé Ve yf tuim

d f t t t
26, "W o ogr A it e Heer LECT CofBRES Dy T APE: AV IBRBoSOn MIORIRG AR
and 2 6 tang;abdd/ prdgriynnpeaforming methgdamteps ner uconvasténgcat dbilmst

by the digital e?ﬂoqgsﬁzﬁgcéuree EBar Latds.d %ﬁk%l;\? éf%ce?ggtatiteorn?&ﬁxod'__

system sai d & or age_sys aving a plrura ata st orage
devi ces fér stsdr&mg qmmrl%mgj program perform ng nethod steps for 5

converting a first ”E”DrVa)StfétS‘éNﬁmé N & GARATd SR oF T4 @l &f Blcks
nmet hod steps 6 risin

recei ving |
i denti filhti o@ﬁ)fd%t%e OOPebI%@&Y§rc§Ieddafc%9“t osao’ed céﬁ%%?t@ﬁmg W%& d°
first manpry Haidt seeohd maindryeaurhamme,y sichicbhloek edfchsdidckedf teaibe

"set 9 to be n ed o n v n f
said pl Lillzal | tfocﬂ(%%?/ aé gt?ora% 91:%%&5 &R&gbggg%gﬁe EeEﬁéB‘E‘ib’e oo or said
PCT/ US9 /0898 laralitieviofesdatai ¢ tsamgsongevicag, a saifd asety ePMpEiFingf a
bl ocks, foth tﬁﬁ%ﬁm&yea@ A £8Pe6t i BEodits, bBELM bEBBkS BifN@acteHdspdctive
dat a; 12 gﬂtlggast(gastsmforrmtlonto designate a
first bligck ofPaddH d:%rgia’tﬂl % parity block, wthout altering
data cortgai ned in said f{y)stupdaidiig andtié information to désjgupetd Myrst
sai d st S-i f t t pi m each

pai r of ajbt-}IJocks% &:a:;fg%sé]td\?ﬁfl c%&gs&n%ﬁesa%ﬁc erlq"lf?ﬁfcﬁ]és)t ock as .
_avai | ablle f or st or égje tmda;temqacs@mtst@a:m ipformation tp desigpate a

- programgsgf or a%éiféet?ﬁr@fb%@k NE268m WHeheipdisAidgE fi¥sdkdresPr ¥astr lsetturmﬁh
is a set of bl ocks caonf ure acc(% tQ .RALD- |- ‘and Sa'q:'oeacoe
menory 20 ﬁcﬁfttnd’r'elr 83 gﬂ‘c&"‘ l‘glf'i'rse(fll 56@%?’&1% o S t%e
set consgdisti ngreylaednank ada:tada _ RAI D5 1 The program

‘storage device of cl aim 20, 2 wher ei n each sai d data
storage device stores a plurality of said blocks, said 3 (ﬁl urality of

' data storlage devi cél corfthe ALY TR SEoxRgey devicsi of selaimi2dy ghareimsaid
“wherein said qﬁ&tsttolméatdﬂf %@r‘ﬁ@t‘(ﬁ’fé §saaf séﬁtoﬁqsld&kéolmgafrémtamddmm

sa|d 5 = first menor ture to sajd second nenobry .str ctur | e
" second s& of Iy w erein said secon memory ystru ure eisv\/rg set a

_4_ blocks conflgured according to one of the set consisting of'
5 RAID-4 and RAID-S. '

22. The program storage ti’evic’:e of claim 20,

1
.2 wherein each said data storage device stores a
3 plurallty of said blocks, said. plurality of data_storage
4 devices containing a plurality of said sets of blocks; and
.5 wherein said control program converts a first set of
6 blocks of data from said frrst memory structure to said second
_ 7 memory st:ructu_re _Whlle. a se_cond s_et of blocks remains B
- 8 configured according to said fi’rst'memo_ry structure. o
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6 I’EITB.I ns confi gureq- AGhestHasBeboReplacedf i r st nenory structure. 1

23. A net hW@ﬂ‘s&“@onvert ry-structure stored peN/ess7/089ss
plurality of 2 dat a stﬂlﬁu 0 a second nenory strueture stored
on said plurality of data devi ces, the nethod conprising the

steps of: 4 (a) |dent|fy| ng a set of blocks of data to be
-convertedl each bI oaB .of Asandklsed Sor cd@ﬁletﬂlslbor£df%se é!&ﬁg?nstructure_ :

Conpr 5i ng & pPOPEER i doRdure i h Aathabrotares deridef o a secona
cont ai ni n@ -par HB;IIOIY Stlded:tm/laei Btomedaian pbaidl ppnraflidyockf datai stogage
data; 8 4  devices thl) methed! bBApIIadnd! oAk 60BHI BEDY Parity to

contain a_copy of data conta Ssard plurality of '
bl ocks comRtaining data, \@? hoh@efé‘f-’t%ﬂ% Gat ﬁeéorﬂfal hé@clkﬁ sefd dara tpjrke

bl'ock; -3%- cBaR8Pt&37Pealbhl bllock of sald set being stored on ? dlf%erertlt
of ‘said se

PCT/ U897/ 98985 1 }; ictl ng_a_first subset
~of bl ocks ’of d&f’-épe&&ﬁ?{ef‘??ﬁtc’%l?@ég ik‘ra 1ty Of Apth StEragLREVACssK ofaid
‘data ot heB t hasetaiceompariistijngdl ackluraltbtwt aifn kA ouksy ebn el ridd data and a

cont ainedol 1 agsegeng1spls tonthisahg S8R HOGkRAO' Al % SAIABECONY o

subset haV| ng east oneé ta ot her tha
said pl utfli tybéPCBFo§R§téﬁ-na§9adaﬁN hout 15 altering data contained in .

sai d secgmd subset; and 18) select:.m{ said bigék%ﬁiﬁlﬁlﬂlﬁgﬁgﬁrtyr Eép@&& LV

bl ock selgct ed froms as  available f . _stara

dat a con# i ned®i #° %’ﬁ&a#]g%a 58@5‘911\9@%118& f(cj)lfrss%loé §8id B uralJ.ty o MOCK%
. data stoldge Styentamnmngpda‘sang 2 ' ~ aplurality of data

st orage ggvi ces; : 0 [ ssqr. for

controll ?%g the o egeratlon )ofsg%tegtlflgr gf: ?Egmghg Btg‘% a%§t°oc§{agef c?ea\ﬁ%ésset -
sai d proyPamme®f }ﬁ%]é%s’é%rc@%é%mlﬁgc@lccﬁﬁ rdAtPpranptaingdris at least one

~controllieg thm@@er@tl@@l@fséal GoRled Pn Ph@' @kea SYHIEM 6
wher ei n gata in said pIu e devices is anlzed into a

of data stora or _
7 plurality of sets b‘%%%k%na‘éﬂa:% %?‘E}E%ecﬁpeo?ts’e‘fe l?éllcffdgﬁ?}r"é?f &h fFom
different8r esp%@idv@eon@s 8ava11mtbleafmjr pd tordgd yobfa dadpy sifordegen dodteEed
wherein gqi d cpﬁ]t&% lEéng %Ppétﬁlg&r@fté (% Said sets of blocks 10
according to a ura Ity o erent menory structures, | east one of
said nenory 11 structures be| ng a redundant data format a first set of

bl ocks antl a secon2set Rfdadt@cksoddge sydamg danpmidialye i ndependently of
‘each otheg, and 13 dom access menor for storing :
status information mai nti %]elﬁr%vg%%fl d StHRID! epv’tfg%/sa'm sai d status

i nformatidn incl uding a & esprogrammbbdek giracessbar ebmh btonkréfling amtiea
separate fespegtdve 51 skatysid o rsfg S f l - a S d
- .set of 16 e‘:ﬁl't)oc ks, salg set st %Egh?%?gr%ﬁ“%% ignc 03:%% ?é%?tat%%gﬁ
" of the mﬁmry REQYiapable processor . executing a control program for

controlllng the operation of said data storage system,

7. B : wherein data in said plural:.ty of data ‘Storage
8 devices is organized into a plurality of sets of blocks, each
9 - block of a set being stored on a different respectlve one of |
10 & said plurality of data storage devices;

i1 ' whereln said’ control program sSupports fonnattlng of
12 '.sald sets of blocks accordlng to a plurality: of dlfferent-.
13 memory structures, at least one of sa_ld memory structures being
14 a redundant data format, a first set of blocks and a second set
15 of blocks being formattable independently of each other, and
16 - a random access memory for storlng status 1nfonnatlon
17 .malnta:x.ned by saJ.d control program, said status 1nfomat10n 3

'_-38-

THIS SHEET HAS BEEN
REPLACED

* c L M S * :



wherein sai dw o8 program in ntification ofPer/osy7/08985

bl ocks 19 - of data to be conver st nmenory structure to a
second nmenory structure, 20 (a) updates bl ock: status

I nformation for the bl ocks of said set of blocks to 21 - be converted,

and 22 .18 including (h) rgspeasiwet bibekusstafus nEbironedeh $dictkseandfl a
bl ocks t.g i de I t n
menory Sor uct [}Iréeéé’r%rgee ﬁ%bﬁ@dg_ 1§§§ {(QQE?Q%SP AP EI 3¢ 58! 8 SESANY ana |
PCT97/ US®7/ 08985id second ser5 of Théogksa ssaidgeselystahatuss clizifiormation
uher ei n 5al d Mty dEHPrigaiiiictich of tife hinls iU GiddSE to

according to RAID 1 and erein salid second nenory ' structure IS a set
a bl ock _onf iy eadthr FSRPeT- 1otk S/t 9 @&c%ﬁsﬁ SAHEDBITYH D- 4 and 4
RAID-5. 288" 26. whéﬂ‘&rﬂatsaﬁior@@etﬁdﬁteﬁr@cﬁrmal Mig4, response eah

d f bl.o h_each I
P2 oo R car YL ¥Rl EbRSRKE 8P SiR 0 BERRRHIAGL 10BN
! 25 27. a fﬁtresujamanmimrsi@lmeammfa cedond® geniy e truetiurat at us I
| nf or matjeon 2 i ncl ud E\‘.\ Nt tb@.cfc‘?@%%?u‘ée ﬁb%r?r{?%tl Gh ffyr Qﬁfehtblocks

respectlve set of said plu of sets each set o

bl ocks &7 sai ®@fHlaaid iagk (S?f M]‘(ﬁ 19 K& sawiarfahnf ﬁj’%ﬂ abl e according 4
to a reggective menory S(LH)UQipﬂaa:emOBe/u diligd tys aﬂﬂféﬁd@@ﬁ@ﬂeﬁbfYSBﬁﬂ%@&yof

Sty *% ! Broall °68° ertlel ALY ) 35hEiGlrbhoSioraltis WG

17 L accord| ng to which each fgssg%t ﬁfﬁcﬁopks |s 'con'fi'gured; 18

30 ‘second memory structure.

"25. The data storage system of claim 24, wherein said .
first memory structure is a set of blocks configured accordlng
to RAID-1 and wherein said second memory structure is a set a

_'blocks 'configu_red according to one of the set consisting of
RAID-4 and RAID-5. o R -

R W N

26. The data storage system of clalm 24 whereln each
sald set of blocks comprlses a str:.pe in whlch each respectlve
block is stored at the same address on its. respective data
‘storage device. - ' '

B W N R

27. The data storage system of claim 24, wherein said
status infqrmation'inCIudes a separate resbective set status

. for each respective sét'of said'plurality of sets of blocks,
each set of blocks of séid plurality of sets of blodks_being
configurable accordlng ‘to a respectlve memory structure
individually and 1ndependently from any other set of blocks of

NG I T, T R Ry W

said plurallty of sets of blocks.

39 | THIS SHEET HAS BEEN

mmmmmm' o




