; nopge3ett” >H6~T_21 DEC 2004 TRANSACTI ON SUPPORT ON LOd CAL DI SKS
CROSS— REFERENCE TO RELATED APPLI CATIONS . This application is r%I ated to a
U S. patent application entitled "Enhanced Stable Di sk Storage, " Zfli DEE208%
July, 2000, 09/611062, which is assigned to the assignee of t he present
application, and whose di SCIRASSACEIPN SUPROBT POir BAGGAATEL &N reference
'FIELD OF THE | NVENTI ON The present invention rel ates gener aI ly tlmlmmﬂ,m ,w’”””m
transactions, and specifi CEPFSREFERENGE TP BHELTEDPt PRIRSBATEPHN suppor
witten to a non-volatile nenory. SA~Kr ROUND OF THE | NVENTI ON A *166166
transaction. is a sequence of information exchange and rel ated work (such
as database updating) that is treated as a unit of atomcity for ensuring
data integrity. In a transacti oAMUaPRI 18 tParsf 6P IREEC f Forh dne- dunstist ent
state to anot h@plida@fona cht algaCtEinbAnded beabtonpi st adoand, datiaechanges, t o be

nmade per manent,(Qr og;z@trm%tzte@tlth i@ hEARSAE oM agsiPebnimREe pa-tn,eéﬂtc with
respect to failure, has to be conpleted in its entirety. I|f

sonet hi ng hapﬁ@lﬁjslcﬁ&?ﬂ’ aPCP'Iéth)‘F%.ﬁE‘aEHSC)]ﬁeI? SOTBLEFGAI Reredppivetetrreppia-
transaction is aborted, and any ghandss P Adgdata must be undone, so that
the effect is as if the transaction never existed. Hereinbel ow, ‘the term
"conpl ete” when appPf eFEE ia PFETEN tie0R e afr st at-ot FFat FAHSATEPRH is
ei ther comm t teed erecabiortbd.toTHestirphereentradpdfdftieulsuyraft bf atrsactdiorersupport
IS exacer bat edonwheRnpantiQiepadtbsy i N the transaction are part of a
distributed system It is then necessary to ensure that the transaction is
committed or that it is aborte@*dBAVPAPT yHBAYIVEHAST st ently by all of the
articipants. For exepakesc:50NR ofsetfi@cpartt i cdopadtlisn idkcRarkE adaacdi0dn MYy

ail, and it i3, pogsidl e.i rtaealglsl%tttbatttﬁg S%stenttteatatggrr@s of (h& ofher
part|C| pants may not know o failure art| ants who have

recovered aft ery’& CFa | e tmaefjetramlﬁ’ee Y fa”t ¢ 011‘“? aCtt?“ans?ﬁallosn In
Concurrency Corepdioreadd fRe’t(WérSP"lshquat aﬁase By spEisr - Ly Bernstaeitirret
al . (Addi son- Wsl eyg E8@Akredthiagd idstd nendpes atted her ehde byermefierence, a

description i s ghW&hed), ChaptHkaiof msomtcb&qrmtmtc prahocl s { AGPS)
whi ch ensure tfr apsactl on cqnsl stency o % in 12[s L 2004 f@JI %Ie?ge sites

of a di strlbutea system e authors 8mscr| e a tmt&;;;t conm
ri

protocol as ar2BRENpl¥6Fe artPACP 2T RE  PPC Py of BE6F° ic6®Ee5°% | r §t¢ phase
" wherein all parergicpimmt $sofbogted -anshchy orreage pol freddas reostwhet h@pnd.he
transaction sheul thabe wemMidrted @k aloriredind Neansecabd phase ofisthe 2PC
protocol a coqrdingter, of,d ftemt r-@a&%t‘:é on.decides. Qn.the, paac%t& L. {he

poll, if the transaction 1s be commtted or aborted, and transmts that
deci sion to tH&® f)atF’Fltélaﬁ%tétﬁtsO“ FRtHERE FIPIEFFi &7 éRe1Y st ori ng data, and
recovering the stofee aerentndiHdcevenpt otrraasae@mjmsew%rystem@aﬂnat@ are
known in the amtn pheiretdnods ifiekye onrgborting bnf osamt icdn saddistiienada to t he

data to a non s\tgteafti Ixe qemtyn Lok sall ¥oa disk, apd usl ng.the. ftctdi s onal

I nf Or rrat I On to r eCt e tS:tL Orlgdab%?.lté ato?rnr“c}lqe f I éounI;S?St%(X:\gur §

patent 5,395,575 t0 n |ISah et ‘a disclosure’i's |ncoyrp6rat‘e her ei n
by reference, t&és@aifbléspe“tdl skFoéor?WTﬂlleer sevhpPf sithy a2nervrapts The renory
cont ai ns a tablrensmppinngay dgicaknaddriessesigfe dataaddocksestgresh emmea di sk
to labels identjf ngchphxéte@ata&t 9{;@9@5 Inegatttonaowlgt addi £1,9p,d 0,04 ting
the data to a storage | ocation controller wites the assaociated

| ogi cal addr e$8" b BHYH EPHriEyR f%?éT?Snaﬂﬁrt?n%“sfﬁhﬂmsﬁﬁﬁtaﬁTﬁelHﬁlcatlng
where in a seduéncéd ofe datraadliotks a specific data block occurs. The

addi tional informatthoBoiGrbsrey tentrecoyer rbeoRysYst evnrhaidUkps by neadi ng
from subst ant IB%'J:J}%e‘::LLbeetvwgpl (?Adgl gK We'EJlev %t) env;hlgh 1%1’.tr§cgo£}: (gr%teod.qugreeltn al .
whose di sclosure 1s incorporated herein y ref erence, “descri bes an

el ectroni c datd stedrsRjEesy St etfiCOMPETSi hy attenoiry, dEPHPUréIPFyaéﬁ“ﬁagnetlc
di sk units, anrdmaitgent pebiceplis ThePsmewory «Conpr tse@saaibabloes cressr efer enci ng
| ogi cal addresses w th physical addresses on the disk units, a |ist of

physi cal addresses containing obsol etie data, and a list of physical
addresses for segnents on the disk units which are able to receive data.
Wien data are witten to the disk units, a tag conprising thmwmﬁmnmmmwmm
address and a sequence nunber for nultiblock wites is witt

data. To recover froma systemfailure, a checkpoint |og and cheglgat nt
segnents stored on the disk units recover the table and lists. In an
article by de Jonge et al., "The Logical D sk: A New Approach to |nproving
File Systens,"” in Proceedlngs of the 19th Synposium on Operating Systens
_Principles, pp. 15 - 28 (Dec. 1993), which is incorporated herein by
reference, the authors describe a _



2 . 1 21 DEC 2004 |ogical disk wherein an interface is defined for disk
'st of age whi ch separates file nmanagenent and di sk nanagenent. Thezhgﬁrfmpe
yuses |l ogical block nunbers and block lists, and supports nmultiple file
systens. The a Cl Qi ¢ Recover ARU) . During
recovery al | Igﬁllngg Sﬂe@cgfr)rrfi;\égpt% %%gl hgto T eaustgrrgs Eﬁff%%% Tr'¥8fed as
a single invisi é’eocp?g'f"attl o) mFAtecolt pe alnotfiaé‘%]re af sk AGR-| Thel GBS Pretecover to
ei ther a state tdmarisexi stfedstbehareeyhe@kint @1 A pataicepdrhatoeXisheshrtiéChre

perform ng all }Qﬁ.@é@-tésow WAboRn éBUtrmMQB’sh%QM%Er %%AR&JSO gorr[:Ot

supported. In ap arti cI e by hI;ngl i Eh et al ani zi ng di sk
controller, " in-" Pfoceedi®ng¥d3s e DBENFR Wﬁ‘fc’éf’l 1@92°°?é‘?ﬂ’|‘ﬁ al of the

Conf erence, pp.t22373ctigh Petingy, P8Py bapkd ch ths paidorigorad edaheceidn by
reference, the authorsntiesesi be apsytssemdor: shitNgelat debosidndigk (Ysing a
translation tablg.and.an allocation map. A trailer tag conprising a block
address and a tine stanp is witten to the disk together with the stored
data. The infornati dfftPefst Y ef Sick ety agoetabfas  t46 spsvernt ocheeetoved from
a failure. In atertarin ¢che ehyntCham etmpakey syMemesaiauhi, ghreperdiar rmree par al | el

st orage devi ce et Re@hobONG 1 e&p\éemngumfama%@& ‘aakiRlz £8P+ 929, .(pyhl i.ghed by
the Hewl ett- Pac&%rﬂolggglp Yo NO |s i_.ncor por at ed herei n by

reference, the authors escrlﬁyé aYB ﬁziL)l§toréj§9é ar®i CEEUr s At HenE b t hat
of Loge, as destYrB¥t bhdoe ecripaMifestetse dataivher thagiaébmper pomssa bl ock
address, a sequence Mufiberatémr Sneds b1 ookEnglislesr &aNd @hose disclosure is

| ast - packet-l N- AdbiddIb K- Wdeli £ fhya0re£85ecD, LQUErsbhe L1 alsler doBBro11er
i nformation enag%lmgistme syglemto,recover froma failure. Mnme supports

atonic nulti-bloc Tes WTA a 1n ERYYf SPATPOP° 1 7 abrPact PR I8APPEFE1 n t he
formof a visi \EFEFegr 8fpiam r’FéOtjifarS&ﬁf@esont Ratdiph thelababe ofenpifvand ure
all bl ock writedhynidali stamoactéooseianssi bl hdyycgmoup arsiahpofdediata 3to a 21

DEC 2004 SUMVARY.oEkgeT b deAMENELON:slsk £y cabh 10b] &qfteyfthéon;eso@%%st §og%a1t he
present inventign tq %Oé/alcﬁestaon i roga\‘/egnsysttem or su ort|n

transactions. 1T IS a further object bt %orfe “4&HEET® o ‘{Héti)rlégécrﬁtmg

i nvention to proVide™an I1eHTGTetf $9%st @h??kérap@befrlm H7ga corekiracents .dara
transacti ons wredip@re} cifganmasi¢m ishestd ansaetsen ara Giystdn kUi rdeovey a
network. In prefeearedremboisoaits: Gf tihenplegamnt i nvention, one or nore
storage devices, pref erSabLEyteggn5 ggaggu,ll ¢, dLsks, are used fo {’10” ng, data
contents of transactions initiate one of nore cl’i entE of SEHE 8t othge
devi ces. Each of “tH&™&t%r a’&éeﬂév%esfefesreﬁﬁnag‘?d Bi\Peg orifr olleet roeit t Byta
preferably a stGPERfE SEpvaoy compriiglnawvd tregothe adaflaradont et Snaofietibe disk
transactions tansed.ecied bl eckebianes of theost Oé&ﬂggls(i@Viacetab'iuCrLr%LQr age
devices are herxglfglreg)g{,{geqog{&nsggégegge uhgggrt};yr;%calogl ﬁr di sks (TS DSQ The
storage servers have voI atile nenory R d “dat a”stTlcfui'es
whose val ues ar8't¥ed, "1kt & RVFEalt Gdﬁrﬁé?ﬁ? P?r&ﬁé‘&é‘ﬁlﬂ‘ffoa%ﬂead?\kéi teeh 20 the
TSLDs and to |ilARt d%ﬁnamseaﬂ yrdtitre sphyfor cedomama  bodibeadii saddriess esicaf atde

bl ock-franes tebmhiwhrédevdatas angedMabid @Re JDo@hdes 1o Saf e&u@;d a@edpoLD
agai nst fail Ur%o%rlglx%oeig!efio% shor Q‘gz%s§e£ L s V%‘lellflcesmlj ek h?or ? J.%Erl'!(Ct ures
of the server are. stored to that TSLD at erlocflc interval s,

checkpoi nt oper'at ions? “ﬁéf‘iﬁ@eﬁl%‘hg&ﬁ(ﬁ@ﬁ%t DPEFRALSF offem  alveRn |fﬁlltuﬁé dat a
structures are SafFg@E°stored teogetrhekpointh sebrendat atavent emt sheofditshe units
transactions i netherbimeckafieaimms:qfseach TSLD. Preferably, val ues in t he
data structures, and_t kpgi nt_ dat a, enale Iockfrarresto

conveni ently found ??\ t ea%g\?/cglnt %5f jat 8 age ge’rvgrr °f aP1'aP e, PG t}halfewt he
data contents WPPHEA"t he BIRSEKiner éﬁé% Bertebe r é8ovErERddinm toffe téwenttiof a
failure, the stSorzgeuseamyeremeads sthrenst oriedipcheckpoimt -dat apand 19pepl ays”

t he process of wiSkD 1@p@5@€tﬂ391r§edl Meygllﬂg &antél %eaggth%pgrgi%s@glbe a
transactions, since the |ast checkpoint was performed. The replaying
process enabl es the storage server to recover its state and the state of
any ongoi ng transactions at the tine gf failure. Alternative nethods of
storage and of recovery are described in the above-nentioned provisional
patent application and in another patent application entitled "Enhanced
Stable Disk Storage,"” filed 6 July, 2000, which is assigned to the assignee
of the present application, and whose disclosure is incorporated herein by
reference. 9



21 DEC 2004 Preferred enbodi ments of the present invention preferably
.support a two-phase-conmt (2PC) protocol, as described generallyzanEd'u 04
Background of the Invention. Tn a first phase of a transaction, a specl
TSLD client, called the transaction coordinator, initiates the transacti on
by desi gnati ng OAECHf 9t He WISIHE Farinteriaat i ifgdphinefietar dhtactinetdibe a
primary TSLD. HeeapatiepnfileT Shbhqatbst aesadadﬁsco«adegembyttrmkllngertfb& sisate of
the transacti onogadd HHEIC!H.RB sl 454" Wl the Erémﬂs\ﬁ gk 10 B Sﬂe " %he

transacti on. Thesgl | enf instructs the other Prei pating 1
transaction, vid tHEI r HaARYioAy ?éf%e‘i"ssuﬁ%r"’ S f‘tWFtpeeCO‘éﬁfﬁr Bt éﬁpé’ dat a
contents of theévfirngaetieon 113 thmcrbspest tomeatBl Bslony nis tgetier abmeN@RU

non-commi tted blreckrasatdies, aasthgl® indf oo tdierediiogNtniug, e@z%hl&ﬁggl that this

has been done. J;R,a,59f1 eration the loqgical ~and sical addresses
of bl ockfranmes Wi ttlen{{tor\é%!r)&e ?gw %ithona 1% |% 24 RS gﬁ PIE i ¥nttkhows

that the first YASSe Pl BeahesutiiessmaFfyare omidl |‘§ﬁ-‘éélt1°|nﬁ afsecor@Uphase
it instructs tHeverdrparopcdl:Slebx tApU€ vl dott igpbraasact i on and then the client

| ssues commit i nStruGtipleciaoSachinpl hNe: B! LAt LN IShES, Lo ot the
transaction, thus Iggnera,tl ng comm f ed bl ock val ues. Cammit operati ons are

perfornmed by permanentl’y I'FnkifRg iHa%rBvi SiforBFVY | Timked é%"(fr gSsRsicat f the
first phase is Ci?at‘e@ﬂ%egsf W37y~ ciipl(éared 1992 hi vhigh predetemntated hdreen
period, the clirentefarsbedictise t henprd MBEY-ibSLD §atabofd:r herihpaasactson, and

then the clients;ksSuUes, aabQ&LnglgaJnungl%@né a.e2 gcmlokh&? agticlpati.r ”g
TSLDs to abort the transaggl on, whereu on ress a e existin

before the transaction is reindfatadd. 2 thé §§/%et éﬁ"i‘"ﬂ’e%r?"b‘éﬂe’atﬁ‘i’véh%é’é a
nunber of signi™PEASE aHvanbage® et datansiet ilofowperat iionshooverisysteqs for
transacti ons krowsdsntieheysakh.toSpaeivkt Gabh W failbge Sane information in the

data structures is qgeqntgr@{@tgl g2 Ch§,j,.De;g 0.f ecm%q{n SUQStna&:[I eerr ance
conpletely from.s ryver failure, and to allow an efficient Tnp  enentati on of

a twophase- comfit o pf ots(f&rﬂ‘ge AFHE® SYLP eth SR pETTE A ng"éat“rtF‘b%t et FEdacti on
over nultiple 'PSL(BEbllah‘di dvs¢bs ubport s Peorcdr Femengatievt r a992act ¥'oAS 0N one
or nore TSLDs. indhepeates Me&erbtyrﬁelfelr&g:eofthkrcﬂﬂﬁaﬁ B@&rSB@taeglskEQ-@‘cnage

transaction naxérs}eﬂt@e@ur@ gunml@f ent tm r@fronSLQs &@q Lis flansactjon state
| ogging is di st(rq but.ed by 1 DEC ATSCD s ports concurrenf\ ‘active
9

transactions and can recové’rcf’rnpr Sﬁil?l%*ﬁkt?%ﬁgﬁ%tFbﬁeﬁﬁfFﬁrégmm*Béﬁause
all the informitt ORPH tREFedat dser Lattopasde s nsat gelorb e i TSLMDag T8 D ar e
novabl e from albed/| ete servierr tg anfmikiing SebYed ,thand saee thhedtoadl er o
regener at e addressiihidikages and i nformati on about open transactions. The
i ncrenental .storage gLaggta structure inforngtlon to a TSLD is perforned
with no extra input/output 6perationd t's THE L "85 t2 Wit E%offaPati ons,
toget her with EOMMPEEiNg wRECHbott i 1Ye offoFf avdact | BASIPIAYY SIRFPDT t Héheven
when t he syst emreempedssesata ipl thealchtey oof a diasksreantl @noak Pl kinhinfan
servers distrihuted oMeriacpewas kye HRECKPOI Nt operations may be
inplemented in a flexible manner, for exanple as a background operation or
by identifying conponents in the data structures which have changed since
the | ast checkpoint. Recovery of a TSLD after a failure is fast, since
only bl ock-franmes stored since the |ast checkpoint operation of this TSLD
need to be read. Recovery cf a TSLD after a failure generates sufficient

i nformati on about open transagctions to enable the participants of the
transaction to query _the transaction state and achi eve consensus whet her
to core~mt or abort the transaction. In the case of failure of a client,
there is sufficient information on the TSLDs to conmt or abort the
transaction, which informati on may be acted on by other clients. There is

t herefore provided, according to a preferred enbodi nent of the present

i nvention, apparatus for supporting a data transaction, including: at |east
one TSLD which is adapted to receive data as a succession of data b=ocks
for storage at respective physical |ocations therein; and control

circuitry, which is configured to convey the succession of data bl ocks to
the at |east one TSLD while witing to the at | east one TSLD, together wth
at |l east sone of the data bl ocks, at |east one paraneter indicative of a
physi cal |ocation of a subsequent data block in the succession, and to
transforma state of the data so as to conplete the data transacti on using
the at | east one paraneter. 6



21 DEC 2004 Preferably, the control circuitry includes at |east one
‘communi cation |ink Wwhich couples the control circuitry to the at l¢ @Egz@?e
TSLD, and the control circuitry nanages the 'at |east one TSLD via t

| east one link. Preferably, the a s ,IJHQCIN%I[?S a data transm ssion

net wor k whi ch conveys the data to the control mréwtry and which is

coupl ed thereto. Furtthéf PR etropablaf, seife adatckst paNE® s5ésent netvaotion| so
coupl ed to and p,mweeysnt:h@rd&ﬁasﬁseeri ler &t;pdoeaﬁ{g ane 18lBactapss .t he control

circuitry manages thg af J east ong; t e yansm ssion network.
Preferably, the apgar atus incl adeg a c{;)f whi ch- c‘%née BTY%(B" dAV Y87 t he

control circuitty. PEVEFer 481 ylmptr‘l’l‘é?dcoﬁ‘tsF?j‘} é?rr cEiF’tftoymW?cl ¢rpesrrgbt | @ast one
vol atil e menorytsapedtipss adapt pekttioimhoy eiron@eor rameetidat arst dis¢t 1H@SS
cont ai ni ng dat acvesdh Gatiosg. cf one or nore properties of at |east sone of

t he data bl ocks, at ata are witten by the control
circuitry to the at ﬂleggéfe?p ﬁ"@f lmen%st‘%atthet ﬁéesetﬁ‘ﬁt‘é}’ff%t18¥ t9E ot "PEast

one vol atile meWSFHITERVIRESr dyefrerhedof ok tife itk cast wedetaf stdrendat a
in the one or n¥ate chatantst pickansestidnatinat &tsd OFechel Br bBee @t 1dRASEr ORHE

TSLD. Further psefejableyiccanesh thesdata Shd uetes ;| &S 1@ L4ans] ation
tabl e which maps, |l ogi C§| CbI ck addresses of 5t he succes?tl%gggo bﬁafcé%ﬁfocks

to respective physical’ a(?értgeéfgesv ahd *WHieh t8€ T whi*EhcTof ¥1ii8s daba BRETtks is
currently engaded“fi saft dentrdaezetisensactelerred Prleterfabhas, obneoftdrhes dat a
structures incldstese anueuxid:iags et r@nsd at hoRit abkdwbi68adQbn €86 brting

respective Openldéa&ﬁ. td'i@l&sa((%giﬂn I'TIPHQS chg:glggaJerQé Ea\@éjdvro SS S associ at ed
wi th an open trqpsg %IOQwEQ respective physi cal ad resses O tﬁe SﬂCCGSSIOﬂ

of data bl ocks ‘existing prior t OStf‘h‘itf’feef‘tf“ fieofd bR 2aatdctr dR&Hceion &nd to
an identity of THE® oﬁféﬁsatfét-%[’ trghgatticonte Phef Biabland thedigontynehicelncuitry
wites the respeect Pveilogiseal 1dgh ook :addeesses th@ bR kSHCEES 0L dad a

bl ocks. Preferabky,athgcontrol circuitry wites an identity of a data
transaction to the succe Srl Qn offdata bl ocks. Preferably, the control
circuitry wites an i dentity of*SEFEordér-dfa% sia tfé”dﬁ“re °Hat askscafiscact i on
to the successiGR*¥FE d&F‘éFIbI gékaes #n]the 2datPECERQOU Pr efteradl ysrveneasf the
data structurestbned udes taat allisosatdtonpdiibdmp Whieebh1BRPS1s@Ry avatd@bidd ty of

each of the sucpessdions.of sgatan blcg%m‘n':ur(gzﬂggtl%kgf eQQ‘Mel“ qhe. Of Lhe data
structures inclydes g.pointer value fo the location of a next &vai 4Dl e
data block in the succession. Prefet bixf/e“ Bhei6f tife 9aht &So8EFUEL Af eShe

i ncl udes a poi At8PaFaiWE o PREICBEHErMRT of ach |T55P- yafdrablye biloek dnn t he
successi on. Preherdshystheirat, lastheonechSlib i nekudassr Bhsdk-havwbng.a di sk

head and t he Gﬁnt:&ﬁ)'enﬁdnrt@jm ﬁoﬁ;h{d V!rnl LES etvgret Qﬁt a QJoQQ&%S stegvetrh%ag.ILEle( I n a

series of passes,pf.thg.di sk,ngad over S c in asingle
di rection. Furt e tpre erab F‘Q SRoF ?rhe%ée% grsamﬁf ‘F&sg%sreﬁa‘éerﬁd In
checkpoi nt - nunii ? Y ofk 6f ftahé“rdat &het rretagr eseF el utheds a thal weored
i ndi cative of tCFTEC”cPBFIFfen@al@he@ldpolmblmﬁbehe process of TS5LD operations,

including committing and aborting transactions, since the last
checkpoint was performed. The replaying process enables the storage
server to recover its state and the state of any ongoing transactions
at the time of failure. Alternative methods of storage and of
recovery are described in the above-mentioned provisional patent
application and in another patent application entitled “Enhanced
Stable Disk Storage,” filed 6 July, 2000, which is assigned to the
assignee of the present application, and whose disclosure is

incorporated herein by reference.



Pr ef erably, one of the data structures includes a working allocati qn@ﬁf’siﬂgﬁp
-copy whi ch stores an availability of each of the successive data g

i the concl usion of one or nore passes of the disk head. Preferably, the
control circuitry wites the at |east of the data in the one or nore
data structures to the &t eastOdlomr?@ sI'SI?E))rrECth K& eI WEPUHobf PORET8P ¥or e
of the passes B8FPRRE édité'R"Pr’i‘éa?j‘.COF’F’éf SER| 9’;’“81%1 ofs tdsscrided Shediures

i ncl udes a transadkiionosidbe theginmehtilni Snadanted phessSHOrL tadnsheasth, ane
record of the dgddri& angacliQh:, vgggeq nni g st_on cord jncludes an
identity of the dat arantransaétl%n and anh% aﬁLaCt?a} Coﬁn%n T"¢ast* oRe"*TSLD
participating in the date"t PArEALTI26M9 &A% %é*?eelTﬁL[fsnéa"attlciL@as’ﬁg dhetheecor d

includes at | e&snsefie opftabgroupimky rsedr dse ¢onsist 1919 adts as a recorder
begi n-transact b@nsraciA ttné r AASACLH QRe @z@q ?cQQB:I} ta%@n%(:tcllp&’t Ms!tcfncté
is

respectively regord,that e.transactio is commtted
aborted. Preferably, Jt][%eq:%:ﬁ(;)nt%?o i r G ?rans\?\ﬁlto 5 T&Et FHiSPEr I PET A8 the

successi on of asﬁeé FIP 6% spart hetpat ol ép |thél GEfnsgctdne: oviamomeidataabirel ds
i ndi cative of aewuzesoftoeaplitoiritdieapabarilitocdsa Rneéafzadpt ¥he thenRe;Hr nore

data fields inebude abpbdantistoof die fabaransacihon.and.a,identity of
a primry TSLDaI\(\é'II S lraf%m ta}sda)[recor der” of data transaction staté..

Preferably, the one of nore TR g8 ﬁéf%&éa’a g4l Peddiees BF at he
data bl ock. 8 SCYTYDEE 2pBAtPref@rabbyical hendrivetcadpredtates fifelodscli-ncl ude
a tag indicativeneb aristatecofarkherdationkl ansaekén.onks efier ablone ©heis

appar at us incl ugas cfe ik GRS QLL 6F i ch SO, 0L§co¥n £ Bl o) gast one TSLD,
wherein the di s}gascon% roller is able to recover con en a vol ati ‘T

menory from daf ten By Th& e Py ¢rFRuid r9™tid tthe e PeRider ot TSLD.
Preferably, thé&at It’é%lstdb?fé pafaret erompitc| ddetruatisinar ald t yadf par amet er s.
Preferably, theadatspatrtansaginsonoCompni Sesha@ phansakbiloy, Ofthgpngmerrgmngdat a

transacti ons. E’&ﬁ\fle{é'@bl y,i gkhe Jat Jeasgomgqg TR, comprises a dis aged by
a server. Preferabl “at least one TSLD ?gn%rll ggs i %M?eﬁg]{}, YTSLDs.

Preferably, the at 1€ ﬂtl llé’ne“gpa?%r?éf‘é’l“i”??clllﬁdjés? g taP%\?Fssa&il 6ﬁ *é*teatféfsltog
whi ch records B‘Pféeorlsrm‘roé Seeeesf iy t hevrdatd twighsact | oredePemfiesabtiyne at
| east one par anetied, i nokudesemt Leastca pakd ofimdrdi Stsibbu.edaddansagti on

St ate |Og Mh|Chr$ﬁ§&£G§ QHe &, NPEE J§£@$%§ &g &nﬁtd§£@nkm§£sa€$%9
Preferably, the, at ar(gacslt .one storage device |s ada & novabl € so as
to be operative eby ther 2cont ror ti reutiFy, M B‘Fad‘é?‘:ttl(?“‘r etSFEFPI nfSF mat i on
stored on the at¢ rFé%létm‘ifﬁé BVt oFagerders cee Fhetaetix farthertapedvi ded,
according to a pref®eretseppodesmnbedf abdre praseat numvant wn,slaum‘eéahl@d for
perfor m ng a d%@n%i@@sﬁﬁtiﬁﬂsadt@% L@e@&loﬁﬁcﬁe\é' Q%t@ﬁg aern t@gnsaggsotnsone
TSLD as a succmg o, of. gatasbécqL ks, and together with each of | east
sone of the data bl ocks, one’ paranmeter indicative of a phy5| cal
| ocation of a subséqu@r‘fﬂ %Paf@albfqutllon tihe tsecdessi aayctands t ransfear rtbng a
state of the data imendthe atrshpast :e08®eT ShbscdREPONSEMR 1L ILNE AL L8ASt One
paraneter, so as torconpl etaa)dt pg gata tra r}§aclte|ngnlm Preferably, .the at |east
one paramater i ncl udes acp urality of I para et er P a

mmit protdcol.

®* The system supports a distributed transaction over multiple
TSLDs, and also supports concurrent data transactions on one

or more TSLDs.

* There 1is no «central log of transaction states. Each
transaction may select a different primary TSLD, and thus

transaction state logging is distributed.



Preferably, receiving data in the at |east one TSLD includes con 3y@g@bhe
data to the at |east one TSLD via a data transm ssion network. Pref ’y
iconveyi ng the data includes coupling the at | east one TSLD to the data
transm ssion 'network. .9 .o glsg%%grgsom P(Jege%gal‘oalc s ccanve ing the data

i ncl udes: coupling the at Teastrone ToB TS fh&Sghfa TFARSH ¥si hinéehor k
via control circuitry°°qfd Couphpleneemtiol feilveedtry to the data
transni ssi on networks Bdeddieraipr &l adkyat 168681 MeNGarhhher dat gk ngl vdesy
receiving data froma.cligpf. [Breferably, the met pog ,ncl udes storing in at
| east one vol atile nenory one or nore data struct ot eS®cEatHi fP iy YaEtiad

i ndi cative of one or *ibY¥: prhert i'dsn otblat t¢ ergtnesarre aofirgsse l daeaedlangks,
and witing at | east isévmaofont ieutlapan tthatsaat®nkn the data structures to
the at |east one TSLD, .80 { contents of the at |east. one volatile
memory can be regener atTg(g! an?g%ﬂe%%g §?°ﬁ"‘8%s‘ff S8 “SFUTHE® dAEA*H Y hd ohe or
nore data structures THat *arE T SPEF ath th Pt Fecrat iipa bt titfe oFSiabioner &f ehabl v,
storing the one or nmdgkb-data structures includes storing a translation

t abl e which maps | ogi cal¢dal,ps S h ccessi on of data hl ocks
to respective physical addr egés,gegp%gél i [ éﬁgettgarg 2 | CRGF e *BArR B 8 ks i s
currently engaged i n°an"OPaH datea TrafERROEFTh VPt ehet dBFySYs§erdomer itshe one
or nore data struct ureRlyratitydes dstkor pmgoare alxdalli@ar yt tyeanslsabisaniduabd e

whi ch for each respeectéiva opasdata transaction maps | ogi cal bl ock
addresses associated wifh an open transaction to respective physical

addresses of the successiOh 8 FREFDIBCKEYeXistiREEBPFt to pniftedbion of
the data transaction™@¥*to @A i deEnpiey aof ¢ hecaghmrukat artransactdronby
Preferably, receivingd¢hergata conehuaes w i tiengidibe stespactd venil-agigal
addresses to the sucegsskoninfe dad 3.0l egkspoRreferably, the nethod includes
using the translatign table to locate a specific. data bl ock, so as to read
data fromthe specific oat& blVck. TBFRf 2F4BI ¢, f&t1gFF ni® t fstoneinne wpke data
structures includes 8t frgran sfoketatiron bhd neptwehehpbndi catesian of

avai lability of eachtefs rhi sdt@acesstwRabocations. Further preferably,

witing the at |east spme of the data to the at |east one TSLD includes

witing data to one of the succession of™‘datd BPUCRE 881G The $fepsrof: 1n
21 DEC 2004 scanni ng*ti&maien gieotfpresn & ansettiset Uresnabd e deteepsrithneirants
physical .location obf ameavanbabhben dat quebl ook ifunthaiat d@astan@ngeniSkd;

witing the data andc&kehﬁﬁsuhﬁﬁgp1§pﬁ&ﬁﬂksopnmgh§tﬂ@etg%sggﬁgndqgathe
structures into the physiegal,,}ocat

re o%og;cfﬁggL, there is sufficient information
on the TSLDs to commit or abort the transaction, which
information may be acted on by other clients.

There is therefore provided, according to a preferred
embodiment of the present invention, apparatus for supporting a data
transaction, including:

at least one TSLD which is adapted to receive data as a
succession of data blocks for storage at respective physical
locations therein; and

control circuitry, which is configured to convey the succession
of data blocks to the at least one TSLD while writing to the at least
one TSLD, together with at least some of the data blocks, at least
one parameter indicative of a physical location of a subsequent data
block in the succession, and to transform a state of the data so as

to complete the data transaction using the at least one parameter.

6



updating the one or nore data structures responsive to the determ ned
physi cal |ocation. Preferably, scanning the one or nore data st r & tDEE S804
sincludes checking if a logical block address is involved in an open
transaction. Pref era},bI%/, witing the data and "at | east some contents of
the one or nore data St73RUr e5™S nEPdes (RECEEEDs 1BFLudgR | Eitngleasyalone
correspondi ng t@TAVEGRELoN iliek opdriat comieanthewdohing anrdudeny i toy 0wk @oe of
the at |east onea¥Sldleassm,PehdBhY Jskebh1 Wk A6t 8352 hecr der, of the
data transacti ofy, ;,SQ a8 19, Hgg;‘torm g,terrpor ary wite oOperation.” Preferably,
witing the data and at |eéast SoRe dhtents of the one or nore data
structures includes MFITPRY atialagraradry dopbides ng dava atbeghinsopenatioern, and
updating the oneiol qwoveysdaie astd W6t tHeC8orthe]l Udesu Wi tdA0.a Redl B L 8eQr d
including an idgRtidy of the transaction and an identity of the
primryTSLD, so as to performthe begin operation. Preferably, witing the
data and at | east sgﬁé&fén‘fré’ﬁf%abﬂﬁ' f‘he Bhe Grrigpel Wabevstk et eruesed nel udes
witing a val uergorresyeondhngddte aocomari 4t opesat éran,Tsand aHadahikngotdie one
or nore data Stdidelitk@Sndndgédldes: af ETMVE NGLA dag Jndicgat iue Qian%gisoﬁgr?
state of the trgpsagtion, witing a conmt record inclading an 1dentity of
the transaction and an identit%/ of the primary TSLD, so as to performthe
conmit operation; andcUipaaty ngte PPaTsattirchudseareclicgt reh evembbys twei ting
t he data and atdaredst tisorentgohtcentisteof. the one or nore data structures

i ncludes writing a valueaeq:resondidf 0.a0.abay t s ongkali gn. and. updating
the one or nore data structures includes: renmoving a tag in i cafive Of an
open state of the transactlon: wi tF iR An"aBbrt® P&t SF d'oF Actatdi Frguainres
identity of th&°PrHASACEREN Latigakive derpf toy viret heoppriivaryt FSLBassGoas t 0
performthe abeortt toperat ivaskande 1lkeast 24nDEG 2004, updatiag.a deeansachd on
state | og. Preferabhyecidbegethag.i pcludes scampbng.t hg..ong, or, pore data
structures to determne a state of the data transaction. Preferably, the
met hod i ncl udes perform ng a’ checKpOriEY ofdr &t iF6A°1PARTGAf TR £He5t'Epet of :

| ocking the onéo‘g"r Yrofe data 18t FRfcn? &3 mord CRiRy sthectoomt eht's aof $theedne or
nore data strudpurresat deastcheckpmi.nt | ocatsion in the at | east one TSLD, and
altering at |east sowmnef Eﬂ&e’@%@?n%;%e Of ¢t bﬁe Oélaetaorstgpgt%r Qt ?‘ncﬁ.grus(:taures
responsive to wrifdng fhe gontents to the at |east one TsLD -~ Frefer abl y
the met hod incl udes perform ng a Fecover y ‘8periat i oif Fncdddarivgst i stps of

successlon of data blocks to respective physical addresses and which
tags which of the data blocks is currently engaged in an open data
transaction.

Preferably, one of the data structures includes an auxiliary
translation table which for each respective open data transaction
maps logical block addresses associated with an open transaction to
respective physical addresses of the succession of data blocks
existing prior to initiation of the data transaction and to an
identity of the open data transaction.

Preferably, the control circuitry writes the respective logical
block addresses to the succession of data blocks.

Preferably, the control circuitry writes an identity of a data
transaction to the succession of data blocks.

Preferably, thé control circuitry writes an identity of a
recorder of a state of a data transaction to the succession of data

blocks.



-—

readi ng the contents of the one or nore data structures fromthe at |east

‘one TSLD, and updating the one or nore data structures in the at IZeTaQEC ane

vol atile nmenory responsive to the contents. Preferably, performng the
recovery operation incl udes reading the contents of all of the_one or nore
data structures wri tpfeefllr?rgbgyéi %nceeOgetrqeorg?ﬁ;anﬁtf‘h%”’é?feéﬂfﬁdidﬁf Ppér &rGe6Hr
Further prefer&BF5RP BitdhoRdRsngn tavaltabébiter £ ciseh atfi Ghe i veberdesn regaditg t he
contents of alblo¢ksthe one or nore data structures witten to since
performng the checkbaidi GREEALON LR 3,11 IR nak.substaniially, areater
than the tine taken to wite all Of the one or nore data structures witten
to since perfofihg t K 8hsckpdiiteauis8r ot ifoAS*PrETErE Fathereelr ihnkhet he
recovery oper atsihefesshgl-udes deternmining a state of an open transaction and
gnaplji nahotnﬁ OF NI @rédek @l cg:fe c%fh%?]QQ@E]a ts&f\ﬂ%@@éé ?Sklhgesglde}fgé’in;:%ﬁe v§£\fe£]e and
eci de whet her .to.co . ar o[ ] e open transaction. Preferably, e
net hod i ncl udesttopteh(r%f gé?r?‘lhnon %Ptar Ealﬁcss%tc Via(l)%l c8orarhati 81§ BFEFaticBn i ncl udi ng
the steps of: choosfhifestREYofthems deadteenst Tokte iTSuPes rodisd waviegor desk of a
state of the dakadt ransaetdootrol stilrmiitirk Ngidebegé Rats ANSAGE LONHLOPEIALI0N tO
the recorder; wakliiRg JfOE»a@Sepr@Ld%@rJrisQ%ahimerrsu@fgc%SQPrk%g,diisﬁldilcaati ve
of the state of ;the iartezcsttitc);lansacti on, fromthe recorder; conditional on the
response, subm t19ng one or nore soft-wite operations to the at | east one
TSLD, and 12 21 DO04Prefenehity orfarh orft Haéer espmarsect dewisdb ngrawhet her
to conmit or albbedkpbhe-budRsaCiidoBye Y KBS WHaRE ::GOMYet Oc13BQ 3 value
transaction Opeﬁé&hQﬂm Ey&LQQErHLEfQ&Q cMntLﬂﬁbgﬁthOd i ncl udes perforning a
transacti on conpl et iljp_r}eo&gr ation includi ng the steps of: reading a first
set of the succession of dataBl o¥ks % ot h& T Hie Fedst"6heiePSIED "Cakt™si ni ng
contents indi cattsF@to™ &iwteat ecryf voird datwest parryacidrohitvand eesponsinee to
the contents ofsutdeesfier gitasetoc®f aftheneSub&E@6SicaNObndatanddk 0ckSes WEi tHeNg a
second set of yhe sugcession of data blocks to the at | east one TSLD and
storing a set of thg ane qr re datt a structures to the at | east one
volatile menmory. Preferably, TRe UaArd tTARSAEY i'Griteoripri Sedeas plsaFaldfty of
concurrent dat &t r'ah3det Fmsre Preferadity, sthetwes| waste enelsfSEPeonpi ses a
di sk managed byt ahsetonerusibi effesrabby motdherathel easts @ecnEShRCOIRr i ses a
pl ural i ty of TSLDs Pre-Egﬁt-ery,i SontauBE hﬁl'&s Qgt%VisgﬁgtULae%CQE&gyuggs tao t@a sragiieornr ed
enbodi nent of tsE present 'nvendti on, .apparat us for electronic data storage,
T) a to

| )
including: a TS adapted £0 TeReIVE® A°8hUced&TVn Bt *Aat8 Bf FERSTGr
storage at respETTEGECPhy$rEal Fiscationst thereicard andlugent srokdeiticuidir y,
whi ch is confi ger edateo tcampeyidnhensueeesséontpf cdatiee bdwclkes st oohdersiSLD

while writing berdibepstSiDint ogetber wiidicalon, east 5008, 0fnt be data fl.ocks,
one or nore patanghers.,Ladl cathyg of the physical .location of a subsequent

i east one o of records consisting of:
data bl ock in the succession. 9
begin-transaction, commit-transaction, and abort-transaction, which

respectively record that the transaction has begun, is committed, and
is aborted.

Preferably, the control circuitry writes a trailer to the
succession of data blocks, the trailer including one or more data
fields indicative of a use of each of the data blocks.

Preferably, the one or more data fields include an identity of

the data transaction and an identity of a primary TSLD which

acts as a recorder of the data transaction state..

Preferably, the one or more data fields include a logical

address of the data block.



Preferably, the one or nore paraneters include a plurality of paraneters.
‘There is further provided, according to a preferred enbodi nent of 21 HEC 2004
‘present invention, a net hod for electronic data storage, including:

provi ding a successipopeQf, dat ahl ogks §or orage a spectjve physi cal
locations in a TSLD,  det er% ni r?g f%lr‘g eétrch %% % eatfs elgom&* #“dtehe d&t%a

bl ocks in the st t°€§éY%ﬁf &Y tbrtae pf’éF%lrFéf”ésr%tJr%dl cative of the physical

| ocati on of a subseduefttraldat a thé oekparatisheirsUERes S 0Nljsk arkenSbOTdrNGnt He
successi on of tclaﬁtrodat@]eblaecll@'és@f&et 8. 00NGheQL 1 TRELE £%E<a£¥§%tt?{; 'r”ls”; o SLD.
13 21 DEC 20% Precjvg‘rra I t e_one Qr nore parameters include ap urallty
of paraneters. There s Sr pr dvTHEE 1a BB i AT 6252 priafes &y the
enbodi nent of tcﬁétrﬁ’ﬁe%léﬁt‘lﬁrtlv@nlti’@ﬁt ragompeat®idsof t ware product for
perforning a data traasasiiyonnd Beldingna SoBRLET rigadable, nedi um havi ng
program i nstrugkigns.f£corded therein, which instructions, V\%en read by a
conputer, cause the_conputer to receive data in at |east one TSLD as a
succession of data BFHEREYandhet gkt hererdprttiorachrritiset #eadtrasome of the
dat a bl ocks, atcohemsentodetaparanyetgonsndi cative of a physical |ocation of a
subsequent data bl 0CkedeRat1Re GHCLELISI AN onARELT Qorﬁﬁr@@ésf urima s1at& gf the
data in the at J.east one TSLD, responsive to the at |east one par aneter, so
as to conplete the data transaction. There is further provided, according
to a preferred enbo8FHERTPISf £he Hr seht ey ESER oPpmPai TONPUIPERraSoft Vel e
product for el &&bonic data storage, including a conputer-readabl e nedi um

havi ng program i nst pucikong, r econded thesei g, Wi gh ﬁuQﬁ}d%E‘C%' °Q§5ac en read
by a conputer, Qg&sgothglc%onl)cor r to provide a succession o bf Ocks

for storage at respective physrcal™f s&alq"nsath° fT"S‘fDdattaotbeé‘tsé‘?tﬁPﬁe f or
each of at |east soREF6FMe Hrateetsl etk ®2rarettre isehdes sitoheorrea arar poyfe

par anet er s i ndiacatityeouwskd trhesacphysiseade Locahion reforas SdRseguent data bl ock
in the successioent,heamiat@asg&rt@ort he succession of the data bl ocks and the
one or nore paranetgrs in,the TSLD.  The present invention will be nore
fully understood from the fol Fow ng detailed aé€er T PEront bR PHE pFefsr r ed
enmbodi nents t hEPESFS TPaRBICRFYBPIHEFI VA Ph ther dPaiwichgir ciiFrwhiicherded to 21
DEC 2004 BRI EF *BDESERI PTP@Nt O THE-DRAWINGSt Riegst lohe issoBageCheasi ¢ bl ock

di agram showi ng a dinsd-i butredk et 05,2083y S QMg &l N di sKS. 81 €.y nCta| l'y
connected to storage, xsgrvers and wherein transactions occur, according to
t

preferred enbodi nent” o & BT e s BNt 7 IMRVANE f TN PEFIET Y 18ate %Fag?ﬁ‘féh%{’tl c

bl ock di agram éﬂ‘bJ\)dldh’bg an alternative distributed storage system wherein

di sks are virtual | yrewanect édtd anskor bget Sefev@ssd aidd awhet®isBidnl aBSa&0ki oNns
occur, accor di pgodxe, anpl efgefird empodisent Lof 1d.he J%ansz?fmthé nentd, 9. Fig. 2

is a schemati C abl gk, dlcg, r n rel ationshi _ween a_ server and a
transaction suprortl n g %g}é@@é! gma_? S gonprplq’gecf ?ﬁelt RE§YsPené of

Fig. |A or ALY dli%@g‘i’lc? <k Br @feer‘s?cédsﬁr?ﬁocﬁ“ﬁent of the present

i nventi on; F| g 3 i sraassehérmatd cthtock dhagdam of ame on- diesk bhheckswp,
structure stor eesdoysaeTal Phe akCOtLicNéhd Pa@nPtLf, etd d erhodinent,,of ,the
present inventiOlcacrion.

Preferably, the at least one parameter includes a plurality of

a

parameters.

Preferably, receiving data in the at least one TSLD includes
conveying the data to the at least one TSLD via a data transmission
network.

Preferably, conveying the data inlcudes coupling the at least

one TSLD to the data transmissicn ‘network.



Fig; 9 is a flowhart showi ng steps involved in a soft-wite operitlon
according to a preferred enbodi nent of the present invention; Fig. 1505(820&4
*flowchart showi ng steps involved in a soft-read operation, according to a
preferred enbodi mentpRketdey PleSRPing BYLALELANKEs: 6 IS a flowchart

showi ng steps involved in a read ogeratlog acc rd|n to a preferred

enbodi ment of the pre&sBat’% Rveft i'6AT LD i*8 thef fHic hEPe™S10% RGEEps

i nvol ved in a b&ti ﬁ°’btr5é% &tlF‘E)‘ﬁtr)ace@# di ng to a preferred enbodi nent of the
present invention; Fgplidg stia fiowehar tishowyngcst eps iqavo!l esghsnhsa ogonmi t
operati on, accog@Uwggkto a preferred enbodi nrent of the present invention;
Fig. 9°'is a flowhart show ng steps involved in an abort operation,
according to a pref er'VEF "eRBUGFHIAL Tt HEIpiesEnt® i*Averes oirceiigs F0A is a
fl owmchart show fgprseé epgentnvol ved in a query operation, according to a

preferred enbodi rrentPrQEeztaIBQy Pr esenfednBY €RhiQRes 1§tor1%g' DEC 4004, EL Q. ond 0B i's
a state di agram PlOSSI ble results fromt e quer%k operation of Fi g. 10A,

according to a Ferrea Endodi"ent”. ?rthe e8P MRV enti"oRA* " EF 9.9 is a
fl owchart show h’g’lgf‘éﬁg phvasiev e “ioriieap@he%tléﬁel ot Bpéeatt opme adcoreidrgato a
preferred enbodpiert, ghdt e tpiesentedsavedtiei 6N;thEi Gatal 254tS ade finOWEh adata

showi ng steps i pwekvedsi b aneoQr Qémt b&%@ﬂﬁr@&'%tf% @oéte@&s%ﬁt Lan g,

according to a erre di ment esent _i nvention is a
fl owchart show gﬁigt%nes V?%\r}g ﬁmorﬁ( :;Dr‘?‘s’f‘i‘[')g’re BEGVEr yp815e?h§t anleag‘écsaﬁau ng
to a preferred B%Ildﬁﬁﬁtmo?het e pF é@éﬁtdaitﬁ\ﬁénmt@ﬁes Epet aid sitgreal fih onehart

showi ng steps iavakyedorenTarsecond recovery operation, according to a

preferred embodi nentprQEertaB@y,prs%&% LIWEALT 0D ndrel Bacal ek o cBedd %@I‘u%
showi ng steps involve hird recovery operation, accor

preferred enbod? rnsE:rLfrtlg t’iaﬁ%latﬁ%’ééﬁ’fl HVeCHt'Pat?ﬁ loa?ﬁaalFlbboc"l%dﬁ%sg sf?%\fvéﬁart
showi ng steps |?ﬁF6P§R§d“|CrF éa‘tar ah%eti%mewﬁpb@t Poysioperadtijesnss aodosdicng to
a preferred enbodisnemtchobs tire paasBDdckl NV BMt116ngagsh DEG20Q4n DETAI LED
DESCRI PTI ON OF BREEERRED EMBODI MENTS
Preferably, storing the. one. or more data structures includes
storing an auxiliary translation table which for each respective open
data transaction maps logical block addresses associated with an open
transaction to respective physical addresses of the succession of
data blocks existing prior to initiation of the data transaction and
to an identity of the open data transaction.
Preferably, receiving the data includes writing the respective
logical addresses to the succession of data blocks.
Preferably, the method includes using the translation table to
locate a specific data block, so as to read data from the specific
data block.
Preferably, storing the one or more data structures includes
storing an allocation bitmap which indicates an availability of each
of the successive locations.
Further preferably, writing the at least some of the data to
the at least one TSLD includes writing data to one of the succession

of data blocks using the steps of:



Reference. is now made to Fig.1A, which is a schematic bl ock di agram
‘showi ng a distributed storage system 20 wherein transactions occuf ] DEC 2004
vaccording to a preferred enbodi nent of the present invention. System 20
conprises a plurality of disks 28, 30, and 34 oper.ating as storage devices.
Di sk 39 is coupl ed t%a"ai’lg? oFBfeRer Vbr "3, WHAPOTETTIYTEONET ofieterrisi tay 33
whi ch enabl es $&r¥ieel 32oqadirmardgent henidiisle. dBEsKslo28 andhd0aar esagouphed to
a storage servemrsnL@6, conprising control circuitry 35 and 37, which
respectively enabl ew§leri\r/1erth2€6dtt% rnacgagel t he di sks. Stor atge devi ces managed
via appropriate control ¢ifcultry  sdtn 48" PRk s°°28° 5008 &A% 234, ©Zaferaer ei n
termed Transactd®bh *SGPRFOFTS ABTL6BE ®AYsiDREKRec{tESLDepd The control circuitry,
herein termed the TShdating etfeace perhdemmaiSlddapar-ati ongoRitvEhe, St age
device or devi cRse&QHR 6FydiQ.1 NG &isLguUitry. A detailed description of the
structure and operation of a TSLD, a TSLD interface, and TSLD operati ons,
i s given hereinbel ow AR Ydi §8879829 3b° WFJOBANFL it SywrEmep0itaudes
al l ocated a unic§eeipderiti ty, lherceln Hleredddrespeati viehylvESLDn, FSLBRen and
TSLD3. Wil e syshenc2{bnconpri ses three TSLDs, it will be appreciated that
the system can conprise, number TSLDs, -each coupted to and nanaged by
a storage server (h&%‘%n%@%éw pgfegr (r%é?:l 6 STAPTY T88° % S8 RYSEPEY °fwEY  al so
be appr eci at ed PR BAEChZEr Ve etires yorsifesOFheattemarrgfige one or nore TSLDs.
Servers 26 and 32 areitingtauraluweotpiresbohaing dakasdftansie SeeodtiBel Wai kK 24,
such as a local area:N@LYWOLK, :de@cIWY Gl BnEl bNtKe22 i §.2lSQ coupled O ient
22 is aware of the idepfities of each of the disks in system 2 and of the
respective server managing each di Sk.* CFTERT" 22 PSP Hitnhta@a*tHemexecit i on
of a TSLD tran$8cR¥o6PF™ PttoAPt Atedta oFSIabioper ati on, and forwards the TSLD
operation to the appropridive wiotagehseRVLIandratS @ENEAT Sodc0gaidagts Wit fhet he

i denti ty of thenone MRt I8kbsu A9 1%lmstb‘n:§t9r%ega\yallgg Jo)s.rets%ozp J.ng‘pt%l I ed.
On receipt of g 'g%[g od%exr:é'att.loon,aeach server perfornms the operationon the

one or nore TSLDs Specitied by &9 eRf*22° Siu $6sFonds s o1 Re SETIERESS Fi g.
1B is a schematPCHPHCKRTHilaEr #m 29960 fgean alrcérdiavi ve didstritbuted steor age
system 40 wher érirseraivsaoid ensidescitly, cacbording vrorm ps eketd edrxhodi.nent
of the present pedivestd@bionApart fromthe differences described bel ow, the
operation of syste ' eneral ly simlar to that of system 20 (Fig. 1A),
wher eby el enents i nn}a%gg%%dgby rigmg S BRG 3004 hF:ee"“ss?aﬁ"r;‘“er 8‘?“&%‘?130@g nutrer al s
in both systen8 a0 a2t tar T yerteralipglyddentriesle prvadenserissteonnarntd in
operation. SystenP@0tcoppricses andt ardagmoarea el wor kod2 daeaWaiehtslvers
26 and 32 and dhak8es:SLD, TSLD2, and TSLD3 are attached. Servers 26 and 32
are virtually couplgd to n t.heir-respective djisks via network 92,
as shown by broken f%ng%g?%%aﬁglr%?gﬁlé? G ?T’eﬁgenzﬁt?tﬁi P1 ated T A PSE
operation by forwar#i'fig"t hé of¥tati off°P t KB aPpiprarat &leseftwer obr ter vers
vi a networ k 42tr3\Rdcteae endpecitfiércisepderher espendgstm ebizento 22rnsika dnbe
networ k. Fig. 2oinstapsehalBRl iagabl ock di agram showi ng a rel ati onshi p bet ween
server 26 and TSLD cordi o a_preferred enbodi nent of the present
invention. Wile th%ﬁf’agﬁ%ogvit%ag .é:té%f)rni ;s)'fpaitgnloﬁ'pl ies to TSLD 28 and its
associ at ed TSLD i nt @°faT&135 "CONPRi SEd975F &t wérlet smewidntedfe appmeci at ed
t hat each TSLD&andrinese rdaspestiv@rsenveludes wsysingm 2Q1aNdb e ss3hst &4M:90

i nteract substantimktyopsadescr bhed.agreinbel oy f or TSLD 28, and server 26.
TSLD 28 conprises, gnon-volatile storage disk 62 operated by a dr sk “dri ve
61. Disk 62 is preferably inplenmented in a magnetic nmedium 63, which is
witten to and read*PHiicby tad dindkcatéerl o 7B rorPr dliagk off mhe/Qravhscdeseri bed
in nore detail bel owiton bbockisbart t e2celidSKipd1Muiif OREr aiRStit) Aof the

"nove- f or var d- ends $$068 anF0 Ofkn I; i;n. of . g sk 62 is cantrolled by
a disk control | er 76. q_sk'controf%ﬁ?ggg%q%Fggwﬁﬁ?gg %ﬁagﬁﬁ %T%Og%%%%nents
thereof ‘are pretéefabri®ePP. fAR-shel f, industry-standard items. Magnetic
medium 63 is partitioned into a plurality of physical sectors 69a, 64b,

64c, .., 69z, hereinafter referred to collectively as sectors 69, by

met hods known in the art. Each physicdl sector is referenced by a physical
sector address. Most preferably, each sector has a size equal to an

i ntegral power of 2 bytes, for exanple 512 bytes. Data to be stored on disk
62 are witten to a plurality of fixed-sized bl ock-frame | ocations 82a,

82b, 82c, ..., hereinafter referred to collectively as bl ock-frames 82.
Each bl ock-frame is preferably referenced by the physical sector address of
the first sector naking up the bl ock-frame. Each bl ock-frame 82 i s nost
preferably fornmed froman integral number of consecutive sectors 69, and
each block-frame is able to store a block of data. During formatting of

di sk 62, sonme of sectors 69 are reserved for describing physical and

E 1 o e I T v o ~ N 1 1 1 1 o,



Z 1. DEC 2004 identity "Traps ID of the .transaction i.n which block i is
currently involved. An allocation bitnmap data structure 79, whi 9h| Qﬁ} %bmad
‘to locate avail abl e di sk bl ock-franes 82 during each store of bl ock

di sk 62. For each bl - i cor nding bit in allocation bitmp
74 is set to be O ifuggér(\téfn ?ag‘grki-??gtﬁégi%ggggf?abl e for storage of bl ock
contents. The corredpdHdPRY btk imethst ipgluges fscppping| Bk ©Pt dife meetdakns t he
contents of a bitgektures tifddthenipkocktitean® thasiabearaiaseraned for use by

server 26 data structurgsmiphemdi skof2 sl aligefd,gall blocksframes
except for those reserved for server 26 are made gvai F‘g)t?lge SO thha{&)oéagh bi t

in allocation bithap 747§ 688 P8 T°P° A%working al l ocation bitmap data
structure 174. Wor kilrgkisot Heepore7 or imprey debpytofctatdsocat i on bitmap 79 nade
when the | ast checkpettingopey abheyatwas: ReEfaened. norA eh@ckpaichtzughes data
structure 84, whielodieeards bhennuber l,checkpojnt pperations which have
been executed. A checkgo,i nt operafion i's executed ‘automatically when disk
arm 79 has conpl et ed 5B XY OFIr ERMNEE ShBr @O oM &RE 9" bBAES 198t ar t
anot her noti on.strp¢turas | sespel@ekpoi Mrinwgbene 8bnktsntsetot thel.at TMEa20RE €1
data structuresgsra. first-avail abl e-bl ock-frame pointer-~86, and a
next - avai | abl e- bl ock; f inter. 88. First-avail abl e-bl ock-franme pointer
86 points to the fi ?ng%\%})ngf emetgP%dgl%P?lrugﬁse pv?ﬁgorfméngcﬁeéﬁcpodfﬁf °BpETatt on
t akes place. NeXFr a'af|d6!I &°BF &¢k-franme pointer 88 points to an avail able
bl ock-franme whi ch widekdizg wsedobyenasnextthbl ock ost odre oper atroitur&L0imber 88
i s updated on eachadblegd sioOrempsiati on. Wien a di sk recovery is
performed, the addresses of bl ock-franes da}‘:t er _t he bl ock-franme pointed to
by firstavailabl e-bl 6Ck-1fane poi ntefr 86 “are TECoVEFad by S&‘varasseone
"repl ayi ng" the'PrOCESETGFY BERRSSt0Fagee sicRE@tehe | ast checkpoi nt .
Initially, both poimrefssablwe seifotwinghehcaaddt®ssy Gpetdirof | st udrenré504 ved
bl ock-frame. Ankr ansetd ot siatg kg dat 3. stdMchie 90, whiLch, cantains a
list of records;about fransaction states. Fach transaction is assigned a
uni versal |y uni que identitier, herern tefied fid. 20 21 DEC 2004 ".
Records of |og 90 i fEFutfe misdezabdyadssti-ates e t1FCTT e vacrdrstioy ipfluist Ds
partici pating iapatiino’ thet camsatt i oh.alA lodgthecord @onsirst sawf dthtemrparts:
g =ecord type, writt@nsactin® badebidihh eine %géickb'bﬁlt ferathsh L¥PES:Qf E@ﬁofd&
egi nt _ansacti t.-t ctio. - and abort-transaction, entered into
| og 90, are deggris%g’gy%lnydge%g?% tﬁléar?eitﬁ%etllg\a/v.ta%incﬁodvéﬁlztie saﬁlu% Jré @6nPonent
descri bed her ei"f?aBoVat? i SEUCEWRANEFHPHNET abtee7Per EiRi1d iy tohamisicart on
table 172, all cwatignanbitmap 74, working allocation bitmap 174,
ChECpri nt - nunber 84>,reifeir551y',aV%-bJ:ﬁQ}nﬁfgbl agk- f E‘@JEBeﬂpi ngp%[*at&@n includes
next - avai | abl e-fl. 96k iLnger. 88, and transaction state 1og 90, is
mai ntained in ngin ne r(g(rage%OquisIDI‘?'SalfDglfer?t g%fng?:%l%% aanrclide?astlérfgor?@a Yo "1¥LD-28
during a checkpoi it “operati®hi” 'SP PSED 2B When t5° FEM DPRUE Ke Frgnehgtaer
required for st'orFgibdatrazbogt bingcdderarreniastad.ocated fromthe free
bl ock-franes avail abkercanndi, ko2, naG6®r dboghiab® ekogationabi a8 A9on and
wor ki ng al | ocatd.gpy:Ri; p p . ect the new allocation. To
choose whi ch bl ock-frg{r% ?p;ez\%/tr iotﬁt%}r%g?%?gs%gv!étr%L%GO%hot es the val ue of
next - avai | abl e- bl ocKPPEHR? pBEnPertBBat S6r¥err26™ U8esta ki sa visicarsert 8§et her
with allocati orftbFt whpthE4datrordapeattéct:he next avail abl e bl ock-frame havi ng
an address forward Qf:brﬁihl@ir@l QQJ@QL{ Qmsla@-tsitonv\gpjet:gﬁ@nt& t;rJ“Llé@orqgls,k arm 79
noves in a m)ve-for\Cygl[tq-ngmplo-rstorreeckgrtqatrrimonbl until_ a checklpoi nt clo,ger,ati on is
called. Further detalls regardi'ng nove-torward-and- $1°6r e met Wodd 4re°t
described in t H&®abdve-ofefter eteetr yprensist ofai™ pat encorappl i cati on 60/ 176507
and in the patent appbdicatradnod’ Enbanreechsst abbei disk Bkosagere fsoked 6talul vy,
2000, assigned oberdhenassignes of.dhgprasent, i nvention. Wen a client
initiates a transact_on on a plurality of TSLDs, the client selects one of
the TSLDs, p=eferably the TSLD with the snallest identification, as a
primary TSLD. The primary TSLD acts as.,a recorder of the transaction state.
Records of transaction state log 90 are nost pr=_ferably of three types, as
descri bed hereinbel cw. A begi--transaction record 92 _=cords the fact that
a transaction T_d has begun and lists in a =ist 94 the TSLDs which are
participating ,. the transaction. A firs. TSLD 96 en list 99 is the
selected primay TSLD "or transaction _d, .. notation for begintransactien
record 92 used herein is: 21 21 DEC 2004 wherein TSLDl is the primary
TSLD, and TSLD2...TSLDm are the other TSLDs participating in transaction
Ti d.



A commit-transaction record 102 records the fact that a transactiof,i
-conmitted. Each commit-transaction record 102 conprises an identi ti}l ‘BEQ 100
the transaction and list 94 of TSLDs participating in the transaction. A
notation for commt-transaction I cord 102 used herein is: Conmt (Tid;
TSLD1, TSLD2...TSLDmM An abor t2’t rafs&eHBE r 16614711979t 0e0r 88 FeRMifaet t hat
a transaction i®°aboFtediraEadiiaborky- tisamsacta ornpgcond abdPt corgpsiaasn an
identity Tid ofopeheribhansanheonpadidrhbist e OfnedhdDSinRAldeL CiRat NG, J N, t he
transaction. A ngfatd.og, 1;9“%? abort-trapsaction,recogrd 112 used herein is:
Abort (Tid: TSLDL, TSLDD. .- FoL RoSE pretsr Ay, “8atiPBetfiin- t r ansact i on
record 92 is only st’6fPEd i Pt tansactr otracetsion tthdapy ek FSuDther
transaction Ti cituAtadt, cas TheBcednbethiher @innbedsowndiche: el 3ASACIHA080 d5S the
committed or ah@ktedandRsioprgferably, each conmit-transaction record 102
is stored in transa(%teisoorrlsstatte Ihog 90 of the primary TSLD of transaction
Tid. Preferably, the con t-tFfahSaltt AT eloftf rféhtli K&t i9f tthe tcasssaet i on
state | og of a p@iief Procks Prafinera datedstatuef whessured@yamtort @athriamsast i on
Tid have been updatedti Dedsheospasid ieaTHePind Qr séthebenefit of other, TSLDs
whi ch may not webuddlows khab,etfie Lransactlon | s commtted. On a specific
primary TSLD, the comijt-transaction record repFac@S t he begi n-transaction
record. Most prefer AbF§PF 3R eh BBoret r AFRO48EI6N repvrdesl12 P3ustiornedoi n
transaction | oF°90rEt HetprraerytiP8ED of transaction Tid. Preferably, each
abort-transaction reeefedadil2 €RMRE NSadtobhests aBRACLLON LAY pf..3.5RECi fic
TSLD after data.gf{ductures relevant to the Tid have been updated in the
specific TSLD, for %he benefit of other TSLDs which nay not yet know that
the transaction i s APOTYERYY  Oi"% EpeldeFF consr i 98P yoomBE fest e plurality of
abort-transacti’6hP¥-ecord replaces the begi n-transaction record. 22 21 DEC
2004 On non- pri mary rf&leDss t fie c@loptot haN S actd-amand aCQE'E'}'etrE%@réﬁugféiimQﬁ
records in which the pon.primpy. [oLDs are involved are preferably

mai ntai ned unti| the next checkpoint. *Fig: 3 i'S a stHERMMS 8P agfdrPof an
on-di sk bl ock SPFEtlit'e stored by TSLD 28, according to a preferred

enbodi nent of the preSéFR ieAvenrti 6. rdat e -ar eswstorsech asx alalbhh 06l 200sdNt 0 a
speci fic bl ockstsare B2reBleocke20QsCedPiiSeS.2 Gld-eNt, Rart 202, used by
client 22 to store ib$. 6onLent dat a,;an trailer 209 conprising fields
used by TSLD 28, Trai |D§r 209 cct)grr%r ?gle%.?%eof%ﬁgfﬁm A cfof“éﬁyglsg}:’e Sﬁﬁgeﬁﬁ%?j‘i sk
checkpoi nt - nunber “¥° el 2065 wher'dFR 1hdis gt B9ate UPr ehtllyatagetisfr with
checkpoi nt - nunBérie@at sph¢ fj ghet frtachbokpoiont arunder patknéte siddiea afvetdre

bl ock store opehathgsical ackegioaals bl HBkeRdar @s8a GLBA) 1f i@k 208,.;0herein is
stored the LBA of bkack,2Q0. .y Ock- e field 210, wherein is stored a
tag describing a type of b ockQZ(p)J(‘). Co‘?’y%%% 6 Bl ock élbﬁ)lmg?e Felttibe Pt
hereinbel ow. & transaction-identi ty field 212, wherein is stored the
identity Tid of theThr&nsadrrgnripronidah olcockin06 iaSppeficti@i pabddigent

Al ternatively, off thd optes2Q0 irseQbnpant hednpat ithg Licardiansgcd | %rme;‘n the
bl ock is storedycifibeld 212 is set to 0. a primary TSLD field 219, wherein
is stored an identi ty JoLDp of the,{)ri mary TSLD of the transaction in which
bl ock 200 is particlpating.* ATEFAATT VEI47 2 it oB0ERE 200r 498 Hokespective
partici pating PRctY dansaéeronan whdfLhe bl ock is stored, field 219 is set

to 0. Block-type fieddr@h@ngray: assune thefal Law pg tﬁqé(%%aocflo@ks%ﬁsﬁhe At
I en

data bl ock typeg,maeL&i N, Gop ta fromclient 22 are stored in c
data field 202, and wherei n; ?EEeE% SR RO T CPhe KT ok 1962 SBr ed | s

referenced by Pf&nEPUERERttHBPLLPok ianthewnercepriophenBl ock is not part of an
open transaction. #osbfd twituecdisock drypie: whes eilfcicoBh@the data of rypecl i ent
22 are stored paragbiantidata-kigl d 202, and the non-comm tted bl ock-frane
within which the data is stored is referenced by table 72, but the

bl cck-frame within which the old commtted contents of the block are stored
is not released for use by 23

13



21 DEC 2004 client 22, rather it is referenced by tabI e 172. Both bl ock
frames are marked allocated in allocation bitmap 74. A begin-bl oc?dthﬁeiﬂﬂl.
* wherein specific transaction identity Tid is stored together with
identities of TSLDs I at.i ng r Al infie Thi s
type of bl ock recor d%%tf%lle ?gcttlhgh(aﬂte f%arﬁoggc |113ﬁr?1 d’h eguﬁPlur e thg
begi n- bl ock occtPi*B& 5 s respective bl ock-frane onI y unt|I t he next
checkpoi nt oper at i ontheAf tier fartdecgessfagt, clreckpog nfo epefeaéi@h éfbediment

bl ock-frame occupiigd j:ssL4! eAnRdids Q'eéo%&é%@dsc?fle%% pé,d%f?mofr &Er%hmwpe
wherein specific transaction identit is stored, together wt

identities of TSLOE“harti&Fpart ngl’?cﬁx‘?’rnansac‘fom%t@ﬁ beadpintep |’%e1dd“"20?"’.“’lﬂ\g
specific comm tpmgéek neeprtontheedeadtd tharitr ahsdcthomudiigng s wbemmettied
and occupi es itsy respagiteYe o€ keHer aomud VoURtddive he@caexs &ha(ék&oiolate
After a successial GheckReLIN,; aPRIakl ANt D! kT LR, oCeuRl @l ] S, gl eased

as descri bed above An rt- type erein specific transactl ‘o

identity Tid is €tor¥ge ‘TEOQE‘T Iﬁ*éT'a \RHCH‘SI dent it eeoarmi s Peieatdivpati Ag i n
Transaction Ti dphvishcdli @bcht202.0fAaspeskficot abortbilbCla e ondsedshen f act t hat
transaction Tidud sraheeted and.aaCUR @5cd t§ dhesheeldvesRl osly, frape.Quly
until the next ghe%}égm nt After a suga%ggesrful checkp0| nt t oper agl on t he

bl ock-frame occlpi ed i< rel’é3sed™as PaeLeri Bed abdve. ° Fig™PG" °f | har t
showi ng steps i MAIFY¥Ed°?n a soft-wite operation 220, accordl ng to a
preferred enbodi nentTrete tize fpreasenicol eentacosrdi Softo- wride@e0per @tob0iinea2C
stores content SoOftha gxreaasca@mém&; da Joheune&l 0Bk Ya - ESER M hfo@ yalue,9f

pri mf'SLD, into @%%hSQéOCk fra dlu a tran tlon Tid not ati on for

sof t-wrote operation 50 us&d her'di n |Cs°mp“éof [ % Fel91d" ha”nﬁsﬁff’gram
contents) Her ei HEEFSA TSLFe28 qe¢ 4B%ished vthéC‘be”t:ﬂ‘ié‘“‘(‘}’rl"’tshe Wba’?tlieéfipatfl fg
TSLDs, and operetPorer226aiss sssunmmeitto depidiitie ot edediypstin @Atda22. blgeesat i on

1220 al so associ atrest&laee c&nt:@gyeetwet &y@mcah%damwst hout rbosi pg dbeahd
contents of LBAf ft £.op perati.o g g} as a teerorar wite

operation whi ch o(:raﬁacbe felatth corm tted of Bt UF ParES Tt 8hd
thus acts as tHE*Fj P%‘camﬁ*ﬁ"ﬁe“&ﬁlcatlt"\ﬂo“pﬁage@é’éh@rﬁlt l‘tﬁ%%@b@lf adﬁé@é?‘i%@ﬁ in
t he Backgrcund &ftatiecknwnentd encce29ion, 24hdDECs2OR4tha sacceheci st epe 2222
transl ation tabdeci2 ah8 snehacked mt,pe fhAghetdrst e cgdtrsyp cOrresponding to LBA
(1), has Tt {ageSeleochl Lhe.d30 181SEL o0 PR LLANSACLT onserfor
code, whose function is descri ‘el ow Wi th Teferen ﬁ 6

returned to cli&itow29 fFathe Fa’ifrﬁgtﬁ%to%éf‘e Firﬁf%r%aﬁ‘ilb@?’éﬁmﬂgher“f

al | ocati on bi t negfe74opstizeantediitodfavhebst hien #hrcdt avai | abl e bl ock-franme
followi ng the bl ock-frame recorded in Next-Avail abl e-Bl ock-frane 88. If no
bl ock-frame is found to be available in an availability check step 226, a
checkpoi nt operation, described below, is performed. If a block-frane is
found, its physical address is assunmed to be "a." In a store step 228, the
val ues checkpoi nt-nunber, LBA i, transaction identity Tid, and primary TSLD
primrSLD, are witten to respective trailer fields 206, 208, 212, and 214
(Fig. 3) of the block in the block-frane recorded in

Next - Avai | abl e- Bl ock-franme 88. A value corresponding to the type of bl ock,
i.e., a soft-wite block type, is witten to trailer field 210 of the

bl ock-frame. In addition, the data contents of Tid, as supplied by client
22, are witten to data field 202 of the block-frane. In an update step
230,. in nenory 26 the follow ng assignnents are performed: in working
all ocation bitmap 174, A(Next-Avail abl e-Blockfrane) E 1; in auxiliary
translation table 172, (ATT(i), Trans ID) F <TT(i),Tid> in translation
table 72 TT(i) E- Next-Avail abl e-Bl ock-frame, and the tag of TT(i) is set
intag field 73; and data structure Next-Avail able-Block-frame 88 is set
to value It will be understood that soft-wite operation 220 wites data
and trailer field data to the block in Next-Avail abl e-Bl ock-frane 8B as
part of a transaction that has not be conpl eted. However, the specific
bl ock-franme used to hold the old contents of i is not changed, and that
specific block-frame is not released by its allocation bit being set to O,
so that the old contents nmay still be accessed if required. 25



21 DEC 2004 Fig. 5is a flowhart show ng steps involved in a sofé-read
operation 240, according to a preferred enbodi ment of the .presené! DEC 2004
‘invention. Soft-read operation 290 reads the data contents whi ch have been
stored in a soft-wite operati r n _unconpl et ed
transaction. A notation for sg?&%ég%r{g%elfggto%ogﬁzSﬁwﬁg%sd herein is:
Soft-Read(i) In a chdfk $Pep® 2n1schepalis| akoun diaplam PDovisg chedked ibwefli nd
if the entry cosveesgondisngn t eherBih i diskd(bye $3S1dalisy t dhnSlea b GhRE-LRT 1S
not set, an opegstLansagt i.80:85r .ds returned tq.client 22. 1f the
tag is set, in aread step 29(%,n grr?%cqigglsotégr Og‘%féh as"Crieht 27 réqiesre data
contents 202 of “FREBPEK it PREPeBF ok Tiake pointed to in translation
table 72 by TT(i). B&va e®ntent scRERdtae ebloek udidgdat Gshbhingr @qUESERhatidRd
soft-read oper adiseRirkQ6d thePadeekPitdal Bfere bl Bishs 15 3y OYG! aE(Snnngte\rg[)@g.
steps involved in. a read operation 250 accor d|_nl(E; to a preferred enbodi ment
of the present invention. Operati ch 250 (& 088d°tD P¥AG t RE“HETY chht ent s

of a |ogical bl OPEET EnRoBinsak - thtervteeh iheentéompl et ed a transacti on,
and return the contefibs 2oia #equesbel U6k agafldneRhoddg A ROLALLMM O
read operation ghQestsed shersi Rnd S; Readli). n.a, LLrst ep., 254,

contents 202 of the block in the bl ock,—f@rcgaor?e@lf)%pioﬁ!tc%n tlgé.ll%ﬁlt%asﬁsﬁg%‘l%éh
table 72 by TT(T) Is Tead T7om W& osft- eérati-on T5ordantionaesefgrred
checking if the® RGNt PE(H)e psesset invdntitye tag is set, showing that a
transaction invol vi MggTTEi )ishas swatmBABPhetad, 189 LPF tLangagtdonseLg or

error signal issggturped.d,0qt reguester with the bl ack-fra reviously
read. |If the tastqn of 'IET i) ri S lﬂgta set, showwngg tRaf lfﬁneg o ale P EY! oL

Of TI(1) is not “bi*6ck™ i ot

i nvol ved in an opeh Transatti"o)’ operation 250 conpletes by returning the
bl ock-frame to the Usér.? GFeratiwnh250 shéreng t ereps natvesvedFiig. a 7sdf§—w&ite

fl owchart show ngrstieps ianvolved b6 a hegid-epelati@Re260,¢ aceor ding.to a
preferred enbodidvent:.qf the present invention. Operation 260 stores a

bl ock, herein ter rreqria bggj n-blfock, which tenporarily records details of a
transaction, on a prifary TSID. ' Cf&PAt i BA"FE0 SaiRso 18T Ures Hegdi roframsdct i on
record 92, BegitCTRACPTSEEFCrING DX 2, .priSitay , edesigritsedohetied nabove: Wit h
26 Zz ~ OEC Zoo#enwgherence to Fig. 2. The transaction is assunmed to have
an identity Tid, andito knuql ve Ehg.foll Qwng TSLDs: TRLPL., TSLD2, ..
TSLDm Mbst pregp%rgtbllog, TsLD, acts asaqt hceg\ﬁnorrg’?lr%ar%%jSLﬁ (O;E))r?meJéLD gF2
transaction Tid, A transati’on coot df ndrof<rrher 87 as8dtmetf t BhePrdsrent 22,
initiates begi mMUpETaPi on 260 on the primary TSLD, i.e., on TSLD1. A
notation for begin dperafion 26C1usedrheseiving Sstd3egin¢divda BRI ATSeBPin -
TSLD?, ) TSLDB, -oper;rtalem aL&r@iJgECQJ da Egpgpfe%@gd Er%dij.rge%rt]t iotfy t-:rk!ed g‘rrc]adsent
partici pating ‘E%gg?ti‘grﬁLDl, TSLD2, TSLD3, ... TSLDm of the transaction are
recorded in transaction log 90. In a scan step 264 allocation bitmap 79 is
scanned to find the f?rst avafrl abteb#itockofimanesteed | owehgdt he bl ookfirame
recorded in NextrefardbhabkescBhook- o ame p88terkéd Nembdluosdatf ranecies f.auog to be
avail able in amnnavaibability check step 266, a checkpoint operation is
perfornmed. If a fol |F9<§,Ni ng bl ogk-IragE is found, its physical address is
assumed to be "a." In‘a store step 288, PREValPley cHEBKESI rf- rantertt
transacti on i deWfFIYoTi d2c@AEPSLD  § prETAFSED) |, emodingmict togn the respect i ve
trailer fields 20611242, and 214 (Fig. 3) of the block in the block-frane
recorded in Next-Avail abjg- B.ogk- 88, herein assuned to have a

physi cal address "Ept.."éA val Eg gorf];(ge%g%ntdis’r?ﬁ 138 the ylﬁ’é’og‘?ecjbl%cﬁ, WY a
begi n bl ock typ&: isUri BTRAYY tTPai T ePTHiEIf 29Po8inPRe H| ddk. MNESerftry is
made in | ogi caliragdiess field 208. Also in store step 268, the identi~ies
of participating TSLDs TSLD1, TSLD2, ... TSLDm of the transaction are
recorded in data field 202 of the block in block-frame "p." In an update
step 270, in nenory 26 data structure NextAvail abl e-Bl ock-frame 88 is set
to value "a." Qperation 260 then termnates. It will be noted that working
allocation bitmap 174 is not updated in operation 260, i.e., A(p) remains
set at 0. Thus bl ockfrane "p" remains'rarked as free. However, at the
conpl etion of operation 260 "a" is greater than "p", so that operations
subsequent to operation 260 will always | ook for blocks having physi cal
addresses greater than "p." Thus block-frame "p" will not be stored to
during the current pass of disk arm79. The current pass term nates when a
checkpoi nt operation is performed, during which all the rel evant paraneters
in block-frame "p" are stored to disk 62. 27 21 DEC 2004 After the
checkpoi nt operation, block-frame "p" then becones available for further
store operations.



Fig. 8~ is a flowhart showi ng steps involved in a commt operation 280,
according to a preferred enbodi nent of the present invention.(qxgpnt¢2m BO
‘shoul d be performed after all soft-wite operations 220 associ ated w

gi ven transacti on have term nated successfully, and nakes the tenporary
wite operations perfdrnt® ther & e AEATEA CEPLEARIDADBO & OF P esBITYwr i t e
operation 220, strsatibrbefpéid.offikd agnordedh TELD pir ik v cerbpd imeansefc tthen
Tid. A notationpfencqrmideioperati on 280 used herein is: Conmt(Tid,;

pri mr'SLD, TSLD2, TSLDS, ... TSL St eps 2B9, 286, .and 288, described

her ei nbel ow, store ;H(G?drr%ﬁ Bl ch%ﬁhad?s%oéﬂ‘d 'IS%G cOmm T SblGcR St6TFRY et s
as a tenporary SRGPEHEof2ccpeliremirt copercdeid ibPdimgnsupSedghentresent
checkpoi nt oper atvednidns performed. In scan step 284 allocation bitmap 74 is
scanned to find the fjirs | | < | t Qck-franme
recorded in hbxt-AMaiPa?#%?éﬁ%égg#sgﬁéggg.Li%qﬁgig+%%ﬁ%fgaﬁ£%f§#gggﬁﬁgto be
avai | abl e in avB98bIT €9 cheER % EF IS 285 R Ptk foPhT eopet AFPUH PR of
performed. |f atfobPFesmirAgrbtmékafrane is found, its physical address is
assumed to b_ed"a. " |B‘1i_|g_StQBe ist_ela_g fzg&hai@e%_ﬁéfhx;lﬁsst(ébgcKx_pféilﬂ&d' DL £irst
transaction | de I I 3 I : respective
trailer fields g%dé’,wrzyl2?"65%%1%5145?%‘7r§?'(%?1%f g)t Rz %b%tgﬂgee%& SE A
recorded i n NexPtSAGaf I"4bt¥ Block-frame B8, herein assuned to have a

physi cal address "p.FigA vdl ue eorfiespondishgving tsherst yipeolfdblock, skcad, a
commit block typ&ovksy Wegdrbeibnt 0 abbah &) §d ehd p2dQ-0d4 t b oblRek- fdrange NoO
entry i s nmade ipmgggéggLﬁgquess field 208. Also in store step 288, the
identities of partic[patlng_%SLDs TSLD1, TSLp2, ... TSLDm of the
transaction are recofded Pnidatfa FPE - 20261 ¢ e °Bf otk KeDI Yek? f F&ifé "p. "
In an updat e stegro28¢Qy, ewrrpeimry a26ordata &4 r actryueferred embodiment of the

Next Avai | abl e- Bbagknt riat®ht88n; snset to value "a." In a scan step 292,

auxiliary translatiop taple 172.is scanned for entries conprisin ,
transacti on identitfeffdggﬁgraéggﬂjgﬁ%fVO?E]nﬁfp§8uwogf%Dggazgﬁﬁga?ﬁgn
correspondi ng bFft™RASREr RPAHG tar1 0 CAEP AR DI thap AFITSIsEFPIP Nt s t1hat t he
bl ock-frame poi ptesdnt dnbgpttibe entry becones available. |In translation
table 72 tags of each entry corresponding to those found in auxiliary
translation table 172 are cleared. The entry in auxiliary translation
table 172 is renoved, so maintaining table 172 in a condensed form In a
record step 294, if TSLD 28 is the primary TSLD TSLD1, the begin
transaction record of transaction |log 90, as perfornmed in record step 262
(Fig. 7), is replaced by a ~ commt record of transaction Tid and the
participating TSLDs, and conmt operation 2BO then termnates. |If TSLD 28
is not the primary TSLD, operation 280 term nates after step 292. It wll
be appreciated that block-frane "p" is only occupied until the next
checkpoi nt operation, after which the bl ock-frane becones available. Fig. 9
is a flowmchart show ng steps involved in an abort operation 300, according
to a preferred enbodi nent of the present invention. Operation 300 should be
performed if one of the soft-wite operations 220 associated with a given
transaction has failed. Operation 300 withdraws fromthe tenporary wite
operations perfornmed in operation 220, and nakes avail able the contents of
bl ock-frames before operation 220 was perfornmed. Operation 300, as for
soft-write operation 220, is performed on each TSLD invol ved in transaction
Tid. A notation for abort operation 300 used herein is: Abort(Tid;

pri mrSLD, TSLD2, TSLD3, ... TSLDn) Steps 304, 306, 308, and 310 store an
abort-block to disk 62. The abort-b _ock stored acts as a tenporary storage
of the abort operation until a subsequent checkpoint operation is
perfornmed. Steps 304, 306, and 310 are respectively substantially simlar
in operation to steps 284, 286, and 290, described hereinabove. In store
step 308, the val ues checkpoi nt-nunber, transaction identity Tid, and TSLD1
(primrSLD), are witten.to respective trailer fields 206, 212, and 219
(Fig. 3) of the block in the block-frah® recorded in

Next Avai | abl e- Bl ock-frane 88, herein assunmed to have a physical address
"g." A value corresponding to the type of block, i.e., an abort block, is
witten to trailer field 210 of the block. No entry is nade 29 21 DEC
2004



in logical address field 20B. Alsoin store step 308, the identitijf of
participating TSLDs TSLD1, TSLD2, ... TSLDm of the transaction ar OEO 260é d
“in data field 202 of the block in block-frane "g." In a scan step 312,
auxiliary translation table 172 is scanned for entries conprising
transaction identity Tid.oEEarLreamdscRIETIYN fof UiErelrEs b heRrd abl e 72 is
used to locate the c ndi ng bl ock-franme. The carresponding bit in

wor ki ng al | ocati on b}i%{fr%g%%%?gé i’%‘“t hen rtgs%tg.' AP dfep Fhomatct BRogkhe
bits have been PHYEE™ PPUHAGI atFighribabek spordos sysden €4 serehattréhecenins es
found now poi nt o¢@ri hecenting e hophitdeksbdarhdobimny &1 aRs|ALLOR gggln@igngz.
Finally, each egjdc¥midd ek Lar r lation. tab 2 1] enoved, and the
tags for each cgiﬁorres OES%R%J eéflst),r4 sﬁu%Q%lrtgnééﬁ)gﬁ]bSnE?'atJ)BIZ'e af’% %‘r EPFEITOIRA® I1n a
record step 314, 1T TSED*28%1 sPtHe pti i fOEeD (FPSLDLytarhes begiver 32,
transacti on rect¥@rdfingremmsedt corrulioy 99 whash pesfles nedvdn 37 ae0kshagh efhe2 G2
(Fig. 7), is repsacesishy BnaabobtafLeolHeof:ot L ansasll oy, Ii 6, and ,thi}e T
participating TSHPse: acqgc\ﬁtgg);tﬁogg%%l on ;300 then term nates. [foTSiD?28 is
not the primry TSLD, operation t'ermmnat esPRTTEF s FRPIS12°TVEF 3§ I%° be
appr eci at ed t hal®BPock: P " FroFaseonrVicse chpieged uriti kppiverirext coheekpoi nt
operation, afteefinghitel.t rechl cek-disasne 2Becanes aavaidiablLe FicGeinl Ofeindqd -
flowchart show Mgnsi®Rsn Ayl 118y A QUSTY. O iop 320, according to a
preferred embodj mnt Qeré%‘gir gggent % nveﬁltsixén%glfg%) oush Cﬁ’%tl_rlsgi ?llrscﬁégfé'm 20
or system 40, query operation 320° cHEEKS tr RISARTTP oA P87 14§ D0°T egar di ng
the state of a SPERTF | ¥VEFanSacEt BT doumAed r 62 urims whratitirs. kRowetaheudt t he
transaction to <esceguest epf sush asrehiLNtand2. opbrQbat i8N of oFsrtguery rsip
operation 320 usedrfieepidhdl $510EEM% DAL €(JT ) ed N fhLSL, apeny 322, 0g 90
is checked to sge iLf,abegin record for the specific transactionexists. |f
the begin record does exi st} i nuicattndst AHICEHE TSEBYuericatitvs berein
primary TSLD antF*PRht “EF%AEHEEY orfS¥Pd | §518pi | laniin J5EReS8hile. enystés apen, a
return open statwerwisch theel irsipsof ipawitil chpatrpperiESbDsnbt akan & Lo the

begi n record) ismpeiddr nad. ndhe:! bst r&igsh t the transaction |S open
and lists the ofher phart).gi Q%tr!elnr%eISLDSf %%\% J%?%’lﬁéjcecfoﬁﬂﬂ ?a";fgﬁ%g%’ﬁ ?acord
does not exist, operation 320 contiNuéS ¥6°Hh "SetTRY diet y°32%) -whereih

auxi | i ary transtati'sh PRiscéater2thas epdcketyer oiseesidn hecabairegk neleudes
entries for -tremsd@ibon Tid. If the table does include one or nore entries
for Tid, show ng thatridie héangassina i 43, PLOGESS a0 jQRen . statement is
returned. ~If the,answer 1Q,auery 32 is_negative, operation fﬁ contt nues
to a third query 326, wherein transaction |'og” i §° chéCked toesed?i £5an
abort record fof Ph&8pELi Fitenfr AhsHctFoif @Fi sbs.idefitigpealdr tacrecar dhdoes
exi st, an "abordiéel* ist aremeni0 jagd ret ubnedspdckitdhecansWeinabongUeEY 328, 1 S
negative, operanien 320 eanbinues ke a.fQULil auery 328, mggf't@on. e
transaction | 0g,90; .8 caheﬁggdogegatsi%g |gndafgromt record for the transaction
exists. If a commt record doés exist, 8 *20rATT 88" TEaPBRHEATT o1 &btir ned.
If a commit reclSPHPIOES bt 28Ri TXFVEN C*uAKIEWN "togt deemetth Fise rigenringdes and
operation 320 t'%endrratesmors gsLiEOBoi éniah stiat epeiaagsams330 wf pessiubl 6,

resul ts from opecalic08: 320150 &besRAGH] i & ol SLD, . ACGIEHINT L0 3 preferred
embodi nent of the pregent invention. AS shown i n di agram 330, a specific
transaction Tid_can exist in an open stat €352 an’AbGPt etf 8P 2t% 3340 a
commi tted stat&*3¥6; or an unknown state 33S. If the primary TSLD for a
transaction PS&E)L esﬁmngt@saaqu@feya&babpof tabagrdRK BEYMIN G Mhigleekaﬁ@r

non- pri mary 1:25PQAdstd.Qql NG QUET AN LQben) state, 1t can be
deduced that the fransacti onn?bhh? beenwcgﬁn%m f?gtcf.aggﬁtéoéﬁaﬁc déppaﬁcov%éw t he
transaction has suctesSTifl §EKEEIf et cORMPISEPer &N FUrior n APRES piticmarye TSLD,
but failed to défiererntsadqronifpdi aloy, TSEDopekhgion1df isgs@enf hoWehasdershomi Ng
st eps invol ved simiiar cheetdrobntsyoRar ad i 90y .340,, acsending.,J.0. qnggggt%r&d
enbodi nent of the present invention. Wile the follow ng description of
operation 340 applies specifically to TSLD 28 (Fig. 2), all TSLDs in system
20 or system 40 follow substantially fithe sanme steps descri bed herei nbel ow
in performng respective checkpoint operations. Checkpoint operation 340
wites values held in TSLD interface 35 in volatile nmenory 70 to disk 62,
wherein the values are pernmanently stored. Most preferably, checkpoint
operation 390 wites to a bl ock-frame 82e on disk 62 preallocated for the
operation. Further nost preferably, checkpoint data are not witten to the
sane space within block-frane 82e, but are witten in an alternating
manner, so that previous checkpoint data are not imediately witten over
or erased. Checkpoint operation 340 31 21 DEC 2004 copies structures from
TSLD interface 35 to disk 62 at periodic intervals, so that in the event of
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In store steps 398a, 398b, 398c, 348d, and 348e operation 390 wri%
_translation table 72, auxiliary translation table 172, working al o DECi 206
“bitmap 174, first-avail abl e-bl ock-frame 86, increnent ed checkpoi nt - nunber

B9, and transacmeogaéet AL:LOL And:D PLOCKS RRE0 L &l LEST
e

reassi gnnent stge c%ntlca the val ue next - avai frarre ger ety
assigned to be tHhe VArug o‘fonffﬁ“ﬁl"é?véf’?aﬁ] PBFYERP 1 a1°’ﬁ§t8’6 10 coppringsi A st ep
344, whi ch next2'&vadd abtenbtweck-42 amehish usedefs0r6 sargiUBB egidedisks TSLD;,

nove-f or war d- annhasﬁ,orae)doplemglm Itga@,egecgmegea§§lgrwt SR 13040

al 'ocation bitnsp,y Mjh agsigned the val ues of working allocati on by fl)r’m
174. Qperation 340 then unl oc?<gs FHe T oCRET darH 5T iRt ey A2 T8p phovn
interface 35 arfy PEPHfPN4LnES, inmtibe eipore - TSLBN2B Y ésimieseoperrath epsraisbng t he
updat ed dat a SthyuEbinaesing\WHd eprReCdaped nﬂaeowraﬁﬂleee %%Qvézs ok U3, 0 QR, a

specific TSLD, #4ig.-kSkD ceases,other operations to reduce effects
on a system user, ¢ operation 340 ngey f)ecopsgg\%eorr rrnea?f’ongssnal 8 3 sEgmehts. In
t he above- nenti‘oned “provi si onal patent application and in the

above- nenti oned pat éat- appli catdchemagnt i bleed 'dEndrancetbwSh@abs  ee 1B sdnshi®r age”

a description imtgienesenbs 26chHRCKN0 18, PAI-aLiOR, Saupi.séﬁméoalmkﬁ/od%mt' gf to

operation 390. Jn hion,.a.det ajyl.ed | al gd;‘%” Lsca nmet hod for running
t he checkpoi nt (gegrg%% y |pnn gtng)ﬁ m}(rire gﬁe(eo Laq go rf%“f@dﬁ%"e“éffé%ts on

a systemuser, 15 gival ‘Thasa°srred &aLm ﬁ”F?‘Féa%ﬁ' t35v\fq"19rb-°éfdab¢ eetreradapt t he
met hod gl ven i ittt hellp&eemprapipkec atheoneaeht rilbednd EnhanesdcStvabker vk Ska
St orage".so as styetqaerja)rmooaﬁr 8pdreR 3861'&19&%@’@' s d AR SEWTRNL S 434 1021 DEC

2004 Fig. 12 is.@.fhonchar ng,ste volved in a coordination
operation 360 for t ansact% S%L |¥\éd agcé Serrcfl 3 to a preferred enbodi ment of

the present inventi i The CHPLIER AR Vod2 HeF ef iy ragss died o8 ooseataw bi at ed by
client 22 actinfgsasirave fandact ison: scoordraral ormplandtdSlibsa pagtdtet patiLhg i n
the transacti om3arv&1a}$aurmdt{& be TSl fI&L[B%, a-disk heddlAghd L &ML, DLt al
step 362, clienb. 2 chooses, aneof. hhe particl paring. TobEe 1o, act as, the
primary TSLD for transaction rd 0| ce "mey Be fradet By Shﬂ‘oﬁ“ﬁg”[ he
TSLD with the [BWESE®ideft T %rf“‘b"’}"dfﬂ‘é‘ TSI vﬂlﬂté‘l’f‘ i $h¢ orsratder jafedivy
arbitrarily. Héfelh “PSiDil¢dks bass el dootdyaléhgepr i MakYcohSERLIEpriaTSLd) . ~ I n
a begin transactien @t epd 36¥, Ghp@Bhts22nsHT tSe b&@f@raﬂmw @H—Q%%@Qlé Fi g.

7), Hegin(Tid; lmmsmlf L?andE%D%em;FSL%g etie dekDN) 6310 TSLDL and in a first
wait step 365 wal t

§ a predetermnéd tine period an "atkiowr & dgamant
from TSLDL t hat tHe lBye °f PBYErat | BiTths dampier ed“"succeséﬁjl Ipgreinpitdrere is
no acknow edgnéfterred |te>nt301220t§ub¥m s wvorts 6pemat homod)hnobant {hEi 6.

pr| MISLD, TSLDZachl 8hid8cal .sectbBLDMye rdrandealBl aapdl, sabor ts-dohe.dshansagidon. | f
client 22 receby@@r%‘lyacm%&qgmt Bhﬁzebg&ﬂaﬂ Qge atln eng a?opor;lvg's Ctorgpl eted
successful l'y, w a spft- vvrl 5§t§ 366 client 22 mts one or

soft-wite oper ations 276" ?tesSOftWI te(Ti d prl mrSLD) i, contents)
to each of the partP?ﬁapéPl’h‘g SFSE@S OnCId+eﬂt6222r@rW|tdees tohe bodbdaowtyngrdat a
to each parti citpeatd-aigedShDickt fans acéda@iodsdant) t ¥2u]i doc pri mar yeISkRddentity
(TSLD), rel eva@ﬁerL&gltgalcotﬂ&q;gveq dres n | evant  data_bl ock
contents to be stf%raebq |n.a secon v?/gl t%l%&egr%gg %g |]§“e/nfq fg WailffL ey *s
predet er mi ned Fime S T 188 vE4a pﬁd%ﬁcﬁllvéecéc?kne%réd@n‘#ntthﬁréifﬁSéach of
t he partici pat F?thOTSI'_“E)EUBhaIP gaeh Sofi-fwmiet e Foper aléOnLtme Sa2cCeSShdskl y
corkrpl \e\; eg Thi sre(fenatumue&mé@rfregcah Sitfelyz W bR QPSS %Bh%uti\fe QQC,SCIOE.’%]VE)% .
acknow e grrent§n@r@dcﬂotbl C r all pg tICIp 1 ng SLDs within the
predeterm ned {inme {)el’l 05& ?}na gn ab %rm‘e ELO akii?ﬂ?) él ?’én 2‘2f st t 89HB8r t
oper ati on 300, - AB8Ft'CF OlJpsr"l AirSEeRe TSL%QtOfFSf;mre reserPSHDF, dessrazioh of

t he partici pat PWlT&SLBsd ldgitdie pprampaenys TSlADifiqi dos skoveacknomaedgex tehrat
operation 300 has faespkeied suceessd Wi, | i gqt um t | Cky-abort
operation (expl ai ned hereinbel ow), , St?cﬁflA%a%?t (S(‘gl'(iztd)§ l|§lrin| LSI“§LB§rEbIE§L%§,
TSLD3, ... TSLDm, to each of the participating non-primary TSLDs in turn,
wai ting after each subm ssion for an gcknow edgement of conpletion. Once an
33 21 DEC 2004 acknow edgnent is received, or if all participating TSLDs
have been queried and none have responded, coordination operation 360
termnates. -If positive acknow edgnents are received fromall participating
TSLDs within the predetermined time period, in a conmit step 372 client 22
submits commt operation 2B0, Commit(Tid; prinmlSLD, TSLD2, TSLD3, ..
TSLDm), to the primary TSLD of the transaction. If the primary TSLD

acknowl edges the commt operation, the operation is then sent to each of
the participating TSLDs. If the primary TSLD fails to acknow edge t hat
operation 280 has conpl eted successfully, client 22 submits asticky-conmm t
operation ~ (expl ai ned her ei nbeI ow) St| ckyconm t (T| d pr| mTSLD TSLD2
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21 DEC 2004 di sk nenory, and those skilled in the art will be able to apply
_the description to recovery of a server such as server 26 froma QSBWOUL '
‘failure. The alternative nmethod takes tinme which is a |inear function of
the nunber of blacks, wiittgn Singe the |ast checkpoi nt.%1 In a first read
step 374, values of allocation’ bl tmap Y4 hPWIPeRabt Meek tspensed2i nardast
checkpoi nt oper B11%8n° 8929 ¢ 1dPSRek6 2ddnes s¢e d@BhelC kupmitrcedaltyoaadn @o. bitszap 79
and working al | ocatven ditingp rdddreing T3LRiisRt &bf age J3ce | Ry sg&qgg read
step 375, the valddepfhtfddeStayai, |.er bl.ockframe 86 which was stored in

| ast checkpoi ntmolpgl;r) at i orllj‘r %%tol%%{b, lhia\?l%%%’z s égﬂa’bg%ﬁ? Prfrgd in a volatile
first-avail abl e"bl'oCR¥Yaht BECETEY nEXSEENAA] PAbRShIsbeded o atik882. | rha
third read stepc83Ppoinhecrpadtiies iisnddscanskatd abrd abta) fidaloauxi | i ary
translation table 1lA&2)agheckei-pt sousher, 84, transaction state | og 90,
whi ch were storgd if,the Ieas%g.bcgeckpgi n% o] e?ug\tggronOfgg@?éétrléer%’é”ﬁmb%c‘f?tgnto
the respective data structures n*TSED 4 ht BF4eRe18%. ¥hHch Feturash ¥ eBdDst ep
377, the bl ock Bt"6F&Fcat’>t hdhdl eekeby ape Hodréss gitvemubys is preferably
next - avai | abl e- ginocdk1kd aiyes88et 26t ead. I n an update step 378, while
checking that checkpeinty BHNheE.84, ind, JSER Jntertace 35 corresponds to the
stored checkpoi nt nunber for each bl ock read, One. Update all rel evant data
structures in TSLD i nt2r fatel35cactabti ndpteo tthectvast 7Bl eoker eadngiatieti al |y
fromstep 377). |.e.betvepd aypashend Shiysopar ahibensaddiatsRCCuhs ed. whilg L he

bl ock-frane was storeghie TOas LOGAt £ D cframe that was stored
to, by looking forward in allgcati o?g béiﬁt %gﬁék7gb%%lr§st ﬁeng? rsCOBITPARIR? ng an
avai | abl e bl ock-frane, and read th& bf ok ntiat PIGEKR- FT2aAB. TTHI eect
Continue with steps %7$a®%and’ §78b3 mpenortirgaiiny thi dtks thatorcampobldae- r ead
due to faulty sectorsea69, thut kbccahdacat iwa héddmapci?1hasbeensoomletel y

scanned in a forwardedi beshd ARbsOPRNALT QR.AL3 fhen ferminates. It will be

Y, al

appreciated that fir overy. operation 373 subsfantially" conpl Et'8F
returns data struct u?ftegl%% t At ST’ELB Pl et $08° 385t 82 Phary “wattgestbefior e
failure, apart from $BcBtivsecdieft 6 statresdi by Lbdicekplbhatadaanres berd ead,
by a process of "reptraysay"irdSlibeopevati ense petd Qkeehsiace o Re.dasty.
checkpoi nt operati ondiskheprOCLGS. 2f ok epl.ayi NG| cconpl j.sh readi ng
one or 35 21 DEC 2004 DDIe,paraneters frolm&fqhéé Cgs‘?hegﬁekcrl?pgg%ﬁqyépé‘?sati on
witten to disk 62 so as to estabiish Bl SEKSF Fant SCoRAPFHIRS dr F1g rictd
.since the operation’ >’ FIR§reay & §3% 94 sapthartrys BB nép srepdaivotaad in a
second recovery oper&pibn s880;c dotiortd ngat dlacpref erd edr@AbodieRBN40f, t he
present invention. Gpera&den0n: 386k SodTOSEniRE efer ghly . perforned after
operation 373 has cancluded. on a recovered server, herein assuned t 0 be
server 26, in order to determ ne the 'status 6f op&A FPEHIELtIGRE frpre-a
first step 3B2 of réCodRiV viePation-r38eomdrafe bl @B~ Eransirt Sleakansast i on
state log 90 for bedien fpyansaoti em swcdradg, tiardi0abh NghbOPEshthy ANSAG¢E)i ons
where TSLD 28 is thearprd mary) TSk, FQr ,gach,siigh ttgéarpsplc(%_gonbixjtn a_query
step 389, TSLD 28 cheggks W th &a_?pam%f d hglqp%r,ti ci pating L of the
transaction for a conmt or aport record I &n update step 386 TSLD 28
updates its transacti df Peyl9&vacecerdianipit cabhe regul tiscaofscst@p-384:2,Fi r st

recovery operation 380ct hen at @bmdeRadeStorh t oM Hbl@ewﬂpl%ﬁ;tQ Ated that,by
performng operation,38Q. TSLD,28 s hhen in.a state so that it can respond
with up-todate inforpation to queries From ot Aef *TELDE PAYVAISFRASEH In
transactions for whi'ch TSIE 28 1¢1YREY pFiatar3tiPSLERb IR ¢72 15rdoks abldakachar t
showi ng st eps invol Ve&h ara cohiendly ecoMeey ioper abé0rr30Qct AGCOFLL A 72t 0 a
preferred enmbodi nentotdritde pr esRRY knvendhonAs f oL, j.ecovery gper aeti on
3B0, recovery operatign.39Q.is, pc%rfeosrne[fl by server 6, nost re_?er Py
after performing operation 480, after it has FecFiBt cdFsBnt & fai e, In a
first step 392 servBl°U6 scansstiored appicki aey the assinattirensdcabire kA3, awhi ch
has been reconstructed as descri bed above, to find transactions which
appear to be open. For each such transaction, server 26 follows the steps
hereinbelow. In a query step 394, serlfer 26 locates the softwitten bl ock
corresponding to the specific transaction and queries its transaction |og
90 to find the state of the transaction. |If transaction |og 90 provides the
state of the transaction, server 26 updates data structures in nenory 70 as
required, and continues to the next open transaction. |If transaction |og 90
cannot provide the state of the transaction, in a second query step 396 the
primary TSLD of the transaction, as specified in trailer field 219 of the
bl ock-frane of the transaction, is queried. Server 26 incorporates the
results of the query to the primary TSLD into the data structures of TSLD
interface 35. Operation 390 termnates after' all open transactions



36 . a 21 DEC 2004 found in step 392 have been processed through step 399
and/or step 396. Fig. 16 is a flowhart show ng steps invol ved ingq DEC 200
‘transaction conpl etion operation 900 perforned by a client, accor ing(io %
preferred enbodi nent of the present invention. Typically this occurs as a
result of failure of *H*tHtentT™ api | @' eRbctid rfgareactiansdot Woieh Bperkatii am 400
is nost preferably perfonpiaditylaedclient in system 20 or system 90 when the
client receives an qpen-t ction-error_return when attenpting to read a
speci fic bl ock-franme iEnaggggg?f?cb$§@bfkfﬁss%@%%??bgﬁ’aﬁ%gg,lFoP“ﬁ&éﬁple,
in check step 222 of 8o ewertidablserdel oplorRofrpmeeer & riurbes cdacknbtire assuned
to be client 22, andbibesbtoaksk ban®ok scaab U1BRE-tfeamde, bl eekrfspat®n§aci n
TSLD 28. The open- transaGblanseiiekad AU cates Lhal bl acksingne, 6da.l s,
engaged in an open transaction. eration 400 enabl es par?|0|pan.s g~an
open transaction to &St aBPI%SACTSRLENELY RIRThEI tEBET oM OB SApBH Y thE
transaction, and so éénpttette tlthéft tlamsdetki-drand roatdfinssthst@pt&2, o€l hent
gg perfgrns soft-readre@per ati on aéobﬁEhgfaﬁk,égpLgQBqug&Ledo?mphgnggrane
a, and receives tra tLon, i dept ] Ti nd t identity of the primary
TSLD. In a first que&?ﬁg?ebpigﬁg g%#%%¥e§2 %?ng?%sGgué?y”%ﬁﬁyﬁfﬁﬁnaééo
(Fig. 10A), Query- St &tECTHESS iicthte Ipr ithArS “STIVEL £0¥dsaives 2fceer diadg t o
t he response recei vedvailpblehepethas erzhr espansellochtient bZRacannat €anpbet e
the transaction since.the primary TSLD i s not functioning. In this case, in
a wait step 906 cquntAZZ W@its for the primary TSLD to be transferred to a
functioning server. "11% A4 i PsICPESPoRS Bt &3ta08tr weheFepriThar Yorspp
responds with an "unRRERR" 15t deepentey ofi ehitcc2@opebforns7¢omikt wigperat i on
2B0, Commit (Tid; prindSLEyeckSib?, opt8hdd3n was. pekBbdM), on the specific TSLD
fromwhere it receiuedAtQgﬁggggzgkggsaq%kon-grror s%gnal .in this case TSLD
28. If, in a second response step 817, tHhé pridwary ToLD"PEpdras i the an
"open" statenent, tof&tFeEr °ni TRPOEPstorsFatgrhRrvITESh Deaysabettiratiaeg- i A t he
transaction, in a sectardrguer yresheppndi? eleicerdd A2tperfonnd wear yiparat i on
320 on each of thg pap tiaGi Wﬁah%d}SLﬂQﬁ}e}ﬂ@erdnand—gt@redﬁ%éightﬁﬁdr €§Pa%%a€,
i.e., a "commtted" raborted" reply,: is ceive roma of the
partici pating TSLEB,Q?ng%r%hggﬁg?éégﬁﬁgé g gﬁjgﬁg é%ﬁ%ﬁ?l@fnp *fofis s
respective comit op&fatfdh 280 37 21 DEC 2004 or abort operation 300,
Abort (Tid; primiSLD, T8tD2einkSkD35ta. .strubSLid¥),, a0Biddt€a¥-LMBI1RLBNG ck-Frame
participating TSLDs. pbfnced NsseCORY LESRONSE. L8R 4126310 Of LINE., 40,
participating TSLDs ggggggmgpqugﬁnwhgqgiy, in a fourth response step 916
client 22 again tries to read the PRITFH® BIPORIE™ rifmoiftse. t° bibckEiF Fame
64a, in case there hA¥iHEdf lockdmge: shece threkpeiart onsfrabpper sakeonr1400. | f
t here has been no chingezvadlimantb122k-Fesd0rHren@ont ppekat tdnkn380ananide

participating TSLDs. bidek-ianseGong response step 412 .ong..Qf the, iore

participating TSLDs not respond, .in fifth response step 418 client 22
waits for a responseggggﬁgﬁheE%é@??cu?%rITSL dated nBR i hayP 88" t FAPTE he
particul ar non-respoffi*¢E°TSLD has the required answer. After step 406,

408, 419, 416, or 918, op#rat kodidd00rdcerdrynateperidrmid,l | crhe .appreed ated
that at all tinmes thatockShBn@8 k&eaCGRSSIHLE,- rAgPeGd Sy b'tgc‘ﬁ;yf rane, 82 of
TSLD 28 will either not, %egﬁ]aggg in a transaction, or will bé engaged SO
that translation table 72w IT°hark"s HE Bifjad&ndfit . “SPRE"SANEY afff' Fes’ or

ot her accessi bl e TSLDEPA#E "¢ hellre resseet i v& bramis| gbrore tsibkes tha syst em 20
or system 40. Thus, Fieckpeinsachicalnonpdet pantopetat 08 40Qxe Ghigat &2 may
be able to read the bloekconhents ofs & kkogkyframe on one TSLD, and the

bl ock contents of a block-frame on another TSLD, so that system 20 or
system 40 appears i hcohdFEP@nRtion Bfénci1pot fits eretudsodly ehlchccpryatin®2 j s
wel | aware of the sthisuscfretdres systiemranghcicsoraBlerels0 rRACh-As§QA6h USI ON as
tothe state of any IAcompl &t &LEANIACtIR: |BeOAEL: { Q1NN DLAC! b, Si ze
of the transaction state |og 90, records need to be renoved from the | og
when they are no | onger required. As described hereinabove, in a prinmary
TSLD each begin transaction record is<Peplaced by a commt record or an
abort record. After a predetermned time interval conmt records on a
primary TSLD can be renoved, since they are not required. (As described
above, if a transaction is known to be open on a non-primary TSLD, and the
primary TSLD responds when queried with "unknown," the transaction is
assuned to have conmmtted.) Abort records on a primary TSLD can be renoved
once the primary TSLD has ascertai ned that all participating TSLDs of the
rel evant transaction are aware of the state of the transaction.



A non-primary TSLD is able to renove a conmt or abort record of agzﬁgggzﬁugc
transaction once the primary TSLD for the transaction 38 21 DEC 20 a
queried the non-pri nmaeyo:ESLEx rnggasgi;ng, t he transaction, since on nmaking the
query the primry TSLD records ?he(gtlgglrlusdgcﬁ%r?“ t |8 BB tviph efiar abhyste
therefore, TSLDs within a sysfeRiTdoirfithat eras desomisbadoherei naboue, iy
order to renove unneC83¥Ery tofansaeti prrtLcokds ks .Qm tyansact it(r)nn state | og
90. It will be appreciatedidhatanshile.system,20 and system 40 LT PP Yea
plurality of TSLDs andsA.plypality of servers mamdgingt h&*°PStDs, bedie-
principles of the present invention appf3fsEo-iGhe serder avanagiagaons,TSLD.
Furthermore, it will “BE EPPrETitas e t4rat desveitpri nciuptas of:o1he, pr esent
invention apply to rigcbvery anduearral eloh@dheff AL \WQ] i ty of concurrent
data transacti onsn¥henod hesg. t $ANSAGH{ QNS are performe o BheVor rsre
TSLDs, since thg.plurality of transactiohs até 1'ogedRdnd 17 acovepetion
substantial |y i ndependént T/ 619 e3ldRcditiRar bitnapwil7k, akse-kpeiappi@el aked t hat
the scope of t He*prégerablenbéerki-6rarencioudes nes,hogds,.other. tlg%rgﬁt ppf‘s{e '
descri bed aboveoforerr s6ovend ngadala: & 0P, Sygcessi gn of of)at a bFockE™af ter
failure of a sekMer, -wher e’i"S‘lDogete? acrgorgwgar anetef s Pl CAFIve or rhe

| ocation of a %Hg%gaguxgtnto data bl ock®ar 8 writ tiénstered ¢ orsage2elevireny -
Exanmpl es of such net hodSTHEPE Welr PBeRI2Bn provi si onal patent application
60/ 176507 and the pdtene applblesk-ifomeens iﬂeheﬁeéEfU}agggrqn§L%Ql e Di ﬁk-
Storage." |t wifkimehesfamobereaaprieciated. 4that, preferred e od rﬁgrﬁ 8<%t the
present invent aedo ARy, RE PrHQyi ded ,a$ _a conput er Soft Wéakﬁ‘ﬁoﬂﬂcﬁlﬁks%h a

1

product may beiQruO\éiaQe%d as an el ectro didard torkironigbiceni ar bithag iANQi bl e
formon a conput er-f eadabl*8 fHi Ui e hlwsata oD 1RMo000E RS pib AL YL . Of
both forms. It W Fi**tHus-che sapprees aiedst hat Lhe Referred enpodi ments
descri bed abovéraeepainted sby sway. 05 ¢ ggg{rm]eg ,apd that the présehtitHvent i on
is not |imtedsiaphat has been particul a 1Y "SHEwn" Wit desemi pegeation
her ei nabove. her, Lhe scope of THE Présdie hnoerfrron bhnolouse sabath
conbi nati ons and SubCONDIHALTTNE BE t4r¢ vairicousof emtust es: sHesG hBeg ..
her ei nabove, a% efPvadovuwrianionsramdbrongi f.hcat Lol Lp&reof which woul d

. . . peratio .
occur to persotslski IFhedeknadiher Akt 4HROR, rmgé‘éj-'fQ% the foregoing deScri ption
and whi ch are aet-disschasead.infhe prior ar: .. INDIPEC OO LAl MS 1.

Apparatus for gupparting a data Tr anSAttI8n Pratpeiadi rrgtemt hreastarane
storage device which'i S addpt €d°t GaFetei ¥wldettacas "BnmHELE S5t S Ofy; dat a
bl ocks for storipeat Hrlegpedtiwe2ptyskeabndocatdnanss &ihereip; ,and control
circuitry, whiieheisoconfigured to convey the succession of data Brétks to
the at |east one swpLage.deyice.wWhile witing to the at |east one storage

itlates

device, together with. at |least sone of t hE°dat-a" bt'ocksluratitveastrsone
paraneter indicative of a phHyS'talt I'‘beafildn. of-<&esubsequentislala, blpck in
the successi of,*"&fll 6" trarshormea stoaterof rdbe Hat g 9, 2S,¢L9 CONPl ete the
data transact Porragsinigot hee alral 83810006, RArANRL £r .. 2. _Appar atus accor di ng
to claiml, wherekemdshe control (¢ifcul ttrg conpri ses af" e Bifge log
conmuni cation Iink,which couples t hé “eIntF ol STIFRUIPRY hepeitnhelaat | east one
storage device, and wWhérei AP PRE BNt 6P LI Péui try-avanages shhe at.] east one
storage devi c&" VA tiie "af Peabtovonend inkes 3, LAppar af us,.aggrding to claim
1, and conpriBimtgceradatea - traRsm58LaN petwQr kSTV\I}rﬁé th conveys t é.daatrﬁ to the
control circusdiey-and. which.is coupled ther et 0. A" RBpdr ates %Aceordeng to
claim 3, mherﬁgagqtct}e ‘dat a”t ransm ssi 6HAetWOr k=4-s T owpkednt goanseganveys
the data to the at” 1 &ast - de’storhyerdevice, and wherein the control
circuitry manages the at | east one storage device via the data transm ssion
network. 5. Apparatus according to claim 1, and conprising a client which
conveys the data to the control circuitry. 6. Apparatus according to claim
1, wherein the control circuitry conprises at |east one volatile nenory
which is adapted to store one or nor e data structures containing data

i ndi cative of one or nore properties of at |east sone of the data bl ocks,
at | east sonme of which data are witten by the control circuitry to the at

| east one storage device, so that the contents of the at |east one volatile
menory can be regenerated fromthe at | east sone of the data in the one or

nore data structures that are stored in the at |east one storage device.



7. Apparatus according to claim®6, wherein one of the data structggmg
_conprises a translation table which maps |ogical block no 21 DE £ 2004
- addresses of the succession of data blocks to respective physical addresses
and which tags which of the data blocks is currently engaged in an open
data transaction. 6. Ag aratus according to claim?7, wherein one of the
data structures “BoIPPI lan® athé IFrardFyt FEFS| ani oRSiDabTWbywhaxh ther oesah
respecti ve open TdaktsapértapgacingOmn rapssakoghcalda.bl ock addresses associ at ed
w th an. open transagt iRm0 LS Y si,cal addresses of the
successi on of data bl ocks exi sti%%i%rl'ri g?&?)é ilg)?tjraetcf)%r? o‘fq_“eth fGatRe @
transaction and to an identity°BI ¢RE ofa dada t AFP4EEEi0R. DecoAppa¥®t us
accordi ng to cl &PPRTEseswer édantitie TdAnef olheckrashtripn Whind asst hes reespenisi ve
| ogi cal bl ock agdressesii® mhensSuceesnstom. o Hakaidl Q6KSconhD: - ARRALALYS
according to claimb, whelgin,the control circuitry wites an identity cf a
data transaction to the succession of data bl ocks. 11. Apparatus according
to claim7, wherein the control circuitry wites an identity of a recorder
of a state of a data transaction doemitheisucaessieanofrsggha bl ocks. 12.
Apparatus according to claim®6, wherein one of-the data structures
conprises an allocat}jon kpgrtt[m whi ch maé)s an availability of each of the
succession of data bl ocks, "13 " Ripatat (¥Catcdr ti H§St 6 scl @ m Betwhierei n one
of the data strGEtifeS°RotprPeesda Jsh nter t vialepeadtoont hechorat 2 orpref i gsnext
avai |l abl e data BPockniinythie sUcoessiactiby. ardpPatabls a9l Hand: i8aclgi M 6,
wherei n one of thendat@nsidiuGl URES GONRI Eéregb?rtggxi:a@:tsgcrtival xyeeo;[: 1t1§eused
location of a fjrst available block in the succession. 15. ,&ppara us
according to claim %, wherein the at | east one storage device conprises a
di sk having a di sk head, and wherein the control circuitry wites the data
bl ocks to the disk in a series ofupasees; abutherstiskrdigad over a surface of
the disk in a single direction. 16. Apparatus according to claim 15,
wherei n each of the l\§Oe¥,[i es ef 6%615568 has a checkpoi nt-nunber, and wherein
one of the data 91 21 BECSH04’ st°Ptt BFEE TERPTILRR &°%PaPu?i nidi catvve of
the current chetip6t nfntitbefansacriongparcdt the actwrdi 19§D torctahmd5on wher ei n
one of the dataustitucéur@Scrit@rpheSBsSba oWl KidgrahsLeatd o hiduBf Whisch
stores an avail abirkéd.y of each of the successive data bl ocks at the
concl usi on of one or, r8 Rasses of the djtsik head. 18. Apparatus according
to claim 15, wherein the control’ circuitry Witas ' PRe*H t ekt 18ofier6? t he
data in the onebr"HyPE-Pat &2&erinct 8F . tho Rrivearat THieast onpessttosmgeddevi ce
at~ the concl usiwfiewlonehercomite tofnshrgopassesd akmihe di SkeheadsadQon
Appar at us accordang be; cdaim Gecvher eishp ope.of Lhe data. structures. ..
conprises a transacld.on, sfat ¢,log which is adapted to store at Teast “one
record of the data_transaction, wherein the at T'eastorer éddtd Compre ses
an identity of tRe data FPEnSHCEi Y CadY airti denkiey toft the tatndacast one
storage devi ce artitef pari agreni fitherdatey reEMSacd iconni tapehnaberieh N-dcbes at
| east one reconGpCORPrinsescgah-dreastcone &8 group of records consisting
of . begin-transacti @n,, gggr%irgglr ansaction, and abort-transaction, which
respectively record that the transaction has BEGUT, *T o t1 eforeantr i s
abort ed. transaction log 90 of the primary TSLD of transaction Tid.

Preferably, each abort-transaction record 112 remains in the

transaction log of a specific TSLD after data structures relevant to

the Tid have been updated in the specific TSLD, for the benefit of

other TSLDs which may not yet know that the transaction is aborted.

On a specific primary TSLD, the abort-transaction record replaces the

begin-transaction record.

22



20. Apparatus according to claim 1, wherein the control circuitry wites a
‘trailer to the succession of data blocks, the trailer conprising Z0hBEO200k
“nore data fields indicative of a use of each of the data blocks. 21.

Appar at us accordi Ngo} 0 fnapMndB, WResLI Nt he, Qe gn inne data fi gclmcrin?.t—
conprise an ideptity of the data tﬁa%sactl on and an identity of a recorder
of the data transactron, “Wharei'l t'He"r &BDrearPidFathdSHan 278 r Hivshvad ore
conpri ses one &feisyably mpigsinednantél hagexdesheck®in@2. Appar at us accor di ng
to claim 20, whereinid.he QBeaOEcHRES dal &b ebSaC QDL € padiogi el pddr ess

of the data bl Q¢ck..428, Appagatus according to claim20, wherein the one or
nore data fields cegrrp}Fi Se alé’tzfﬁc?rra]d Peati V&8 erée‘gteg%’%d%‘?mi K& gt Bresent

transaction. 24"VRSpEtalie arTHEWeHgeT 6 elcak rA0P, ignda coRpraisi mgck fdhsk
control | er whi 8R- gontk @b dehgriaés laeantenonarstoragacdani eieneher ebnbhe di sk

controller is ablecdn@ed:eCQVEr QN &NL 5 O 28 ViRl atish Ly 32 c
2004 from datazgvri tte% b theacontrol ci r(2:ui tr 5‘%15 It?%e@g?d eas %’né&é or age

devi ce. 25. Apparatis Actor fRGTIE Bleaf ML i Rgh&teih: t he at | east one
par ameter conprises*a plaoreal-dtsk oheqxasateh@isr 2614 APPAraebsiAGsosdioy t o
claim1, wherein the dataeht ansacd i Q2 CHRLISES- AupLUT 3l ty,0f conecyrrent
data transactions. 27  Apparatys actcgrditnrg to claiml, wherein tllhe at | east
one storage device conprises A arsk FEhAGEY °hy "8 RieFbettoro@Pepdiiar at us
according to claimyi, wilerlepicalhelatk | eaBesoneLEt oraged devs,ceviz@B | £S5 a
plurality of storagetdess eesisR3s HppRMALUS according to claim1l1, wherein
the at |east one paf ameter _€o prises_a transaction state |og which records
one or nore states of the data tFansHEtf orf.l®30."PAppEr attis HEESt ditngtio
claim1, wherein théeatripéasta ofieeparianietoek @ofmprFees atf [xask aopaste of a
di stributed transactdestript@terdiagemdai. ch records one or nore states of the
data transaction. 3]. p tus .accordi. p.claiml, wherein the at |east
one storage device is a ,ag%%éa%toloﬁeldﬁ%%/%gl Eélesléi gggﬂt J "B FperafiF& by %ot her
control circuitry, iMeOrd8r 0 récdvsr TRPAGTALT AR stBtEd BEPkhe20dt iseast
one storage device. P32ticAraethod Rbrerperiverym ngia data:kt r anm®action, not
conprising: receiVvi ngréi@tigadifg alh b eashsLRCSLALAGE: ABYLICE a5 B3UGEESSI ON
of data bl ocks, and,,;tagether w th each of at |east some of the data
bl ocks, at |east one paraneter indicative of a physical |ocation of a
subsequent data bl otk i A PR&2&UCEERsigAd Hrdd tremst orarisngra shateenofcyt he
data in the at |eastrsone st orageigey CeLD @S pPeNSirdesdceidhanatinl @astoane
paraneter, so as toeenpkete dibe.data transaction. 33. A pet 9?&1 accordi ng
P

i i . r r ri ral i f
:)g.l' gll’fglt g:_ 22’ wher ei r[])a;tqecz.ggti!]geal%t a Otr}gnga%taaorrrleal?en %}?mlogkesisastorléld,a fiél)é °

214 is set to 0.

Block-type field 210 may assume the following types of blocks:
° A data block type wherein content data from client 22 are
stored in client data field 202, and wherein the block-frame
in which the block is stored is referenced by translation
table 72, and wherein the block is not part of an open

transaction.

. A soft-write block type wherein content data from client
22 are stored in client data field 202, and the non-committed
block-frame within which the data is stored is referenced by
table 72, but the blecck-frame within which the old committed

contents of the block are stored is not released for use by
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39. "A nethod according to claim32, wherein receiving data in the gt ée?@
sone storage device conprises conveying the data to the at | east orz Bk ée
device via a data transm ssion network. 93 21 DEC 2004 35. A nethod
according to clai m 3§ %erdi maEbHveyi hYy e std RoripPised?cotti RPthe at
| east one storage deVireeest aret harkddtadleraaps inssilopatiet workap 36. A net hod
according to claim 39, whergln gapy 406, {138, GOUPLLSES: . COURIRIEL ! e

g
at | east one storage device to the gté)?g V'E,ransm Ssion network via con
circuitry; and coupl i’ ¥n&“H6ft (F8PSCFT ¢t riyet ot fie °dat PP RS i iPet oy
networ k. 37. A net hodratcosditigntGdel & Mi8R 20herdin typeedimgek hecodatsa
compri ses receiving dabardkOmA ©kingReiodBriAnTRNGM: 2GHAT NG eb -5l alm 32,
and conprising storing in_at il east _ oerégi\){eolgltoiCL_efrrann;gDroXlonlemo,rl npre datta
structures containing Gata indrcative of one or Hore propéfties 8t A" east
some of the data bl ockR&Skraner WPEIAtHY -afitedadt susaesiof eirekeitna evraeteare in
the data structures twaetthecattrieasicupngl st aagecders 6&scrsiged Biadvet he
contents of the at Igast Aonem\llt(:)—lb%gcikl % néeggg eir(n:asn etg?f'rceggar})%r a?;[i%g fcr Og]tt he at
| east some of the data in the oné or Noré data. structures that are stored
in the a- |east one Stordgé uédi ¢e9°tB9r "AthetRdd tatt Of df HY s trr b Eirat 88,
wherein storing the ome tweenswrendata st uCielid e80T.OMPr sre@SEist OfolmALE-Alock
translation table whiGhormpsckogical hlock-addrassesaf the.smecessi gn of
data bl ocks to respective physical _add=esses and which tags which of the
data blocks is currently €ngaged i1t an open data LTansaction. 40°° A"¥ét hod
according to cl ai m 3FPeRREI & nP51ord fYC et YnE  BHPAtie RAE A Bt FREtPAPES _
conprises storing an faexd lramyed nansliaideornst abdceimhi ebpvkor each respective
open data transactiop mapg Ab%9¢_cb%1>c@1§g‘§ek wﬁggrig?sﬁot%ﬁiﬁ%ss?ggn%g&dmw tcnag{'tgopen

transaction to respective physical a esses of the succession of dal

bl ocks existing priorfod AFtEat i*6AeOrT tHéP dafFattr ahSactIOA Rafd* tieakhipe
identity of the open idatastyaghsactlion. id4l fifdnmettRod Raceesdiing abortchadan 39,
wherein receiving theedata EQMPELSeFatMikddsag: fheriLspesddrves 1:0gi &ahpies
addresses to the ‘succession.of. data. bl ocks. 4f 2k DEf: 2004 92, A.TR! hod

according to claim 39, and conpri si ng usi nkglo%he transliation table'to locate

a specific data bl ocK'*80 &s TOCTEAY d&eCFPoth t RRSTEHEW f TR® d&Lac'vIf 6Tk, 93.
A net hod accordi ng t @c€Friiem 138 e ghtadeth dstBrPey 2Phee-one or nore data
structures conpri sesrsi.oni ng arriaidecatdsnonidi toap Whihed ndi catses:-anite

availability of .gach;of L.be succassi on of datacbl 06ksindd. A PRI NAdocn:

according to clalm 38 V\/@Oegtg&rnit\évrél}ewgogh At ) east some of the data to the

at | east one storage devite CorpriPsEs i 11n§ daf P65 ore °of HhE"SGEBssi on
of data bl ocks dsinght meimrepSLafritycanniusget Reiditelorripreci&®tacistranst ur es
to determ ne thepphysigalirboeatioonrief. anmavaidrabbe @at-abtocdpekar ibhezzat

| east one storage.device,:wmiting the data and at | east sone contents of

the one or nore data structures into the physical |ocation; and

Soft-Write (Tid, primTSLD, i, contents)

Hereinbelow TSLD 28 is assumed toc be one of the participating
TSLDs, and cperation 220 is assumed to be initiated by client 22.
Operation 220 alsc associates the contents with an LBA i, without
losing the old ccntents of LBA i. Scft-write operation 220 acts as a
terporary write cperaticn which can be either committed or aborted at
a later time, and thus acts as the first phase of a two-phase-commit

protocol, described in the Background of the Invention.
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updating the one or nore data structures responsive to the determ ned
_'physical location. 95. A nethod according to claim44, wherein sca@ri PEC 0be
* one or nore data structures conprises checking if a logical block address
is involved in an opgn thahsacsy od. acgor di to cl ai m 44,
wherein witing the data and a%p_l ?%éstépasncs).%etmcgégttag%ﬁ gﬁoqfs tcﬁg“&ﬂe“of”fi’m‘% dat a
structures conprises t HE ETBRRIGH: EFWLER iingTRliVal e Eor tespendi Hgtho tag
soft-wite operidt #®h; aanebeawttanpartaon-iedent icbye Ofvhone rafictiBs & degaShepne
storage devi ce nasol wi 8CQEEBENQ 8 diansactd Q.as Lo performa
tenporary write operation. 47, A rrteltéhoiaa%:écg?ta‘f‘%gé 58 %lﬁ?tmzéll,lpfv\_ﬁ’é‘? &P
witing the data and at’ | east *SOnmE Fortent®d1oF e PoRerPor 4 nbY ecelerted to
structures conpriSedPSv iftfsig warddhle ddreedpondi Ao lbeing begi nbRRerALLON,
and wherein updatémgatieneneaas ) smkesiakarshe UGt UF €5, GABDIIS8s W itiNg a

f

begin record inel wdi ng.anxidentity of;t transaction and an rdentity o
the at |east one storage device. so Iélslatggllttér f:}(?)erc% 118 betfi'n SopRrtRoSRt 98.

A et hod accor dFRg €8 clP&TTH0Y PhtRer ef h ARFIePAdy fher dapekdneheatis| Bast, sone
contents of thétarmdysrcagprddreist as stpuctiurese canpri ses 95 21 DEC 2004
witing a value corigspoREbRY dc@p a260MULE QRESAL .90, ,aNd Wher ein gl;pdgti ng
the one or nore.gdata, strugtures conprises: remving a tag Indi€attve 'of an
open state of the transaction witifg & C8FiTMF eFOPtFPnctisdivAtEtan to
identity of th&PREhEHctidheandiensi deht i20§. of12t hendt21l4easty.ome storRge
devi ce, so as btéogerf ormiloek-cConmi tre@paE@tihOMxt ad i Updat iiRgy & LEangact i on
state 1 0g. 99. vALretBotkspeaehdi 10 tho Chal ;@ 44 .pherein avvrsiog_qgigeh% data and
at |east some ¢ontents of . .the Qcpetlparilnpr?. dat a strict'ures conptis&s®Writing
a val ue correspggl,di,n to an abort OpErat i o, 14 iferden Jpdatiicare t he one
or nore data stPUCtifesEofif Sestentemivithg st agrilndi cat iateeof 2an spen
state of the trangatticoftanfidlimy2asr abortodi@€od@d.i Ncl udi ng an identity of
the transaction andranni defatkkt ¥ .0f 23che; at, . one storage device, so as
to performthe_ abart.qperation; gnd Updat | hggZTQtGr ghnesggﬁoo%n%taéfleg“lm?&s 50. A
met hod according to claim 38, and conprising scanning the one or nore data
structures to determne a state of the data transaction. 51. A nethod
according to clai m*38, ™™ alitF ¢afprlisratiopertorr AGta Ethieckpok Ntabopeanati-on
conprising the stepdraife) fotking the one or nore data structures; witing
the contents of the one or nore data structures to a checkpoint location in

the at |east one st.oragea.dgyi£e; t%qlggitogrngeat”glea&hgigne of the contents

of the one or nore Qq,;?i)sl;.rdgptures responsive to witin t hé"ESntBht S to
the at | east one storage'dlevi ce. 52. A nethod according to claimb51, and

conprising performng a recovery operation conprising the steps of: reading
the contents of thé one YA WEEEdatdesi? J&tur &s Meromve hHebad-Hl east rane
storage device; andand the tag of TT(i) is set in tag field 73; and

. data structure Next-Available-Block-frame 88 is set to value

wg

It will be understood that soft-write operation 220 writes data
and trailer field data to the block in Next~Available—Block—frame 88
as part of a transaction that has not been completed. However, the
specific block-frame used to hold the old contents of i is not

changed, and that specific block-frame is not released by its

allocation bit being set to 0, so that the old contents may still be
accessed if required.
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updating she one or nore data structures in the at |east one volatile
‘menory responsive to the contents. 53. A nethod according to clai mpg ,_EC 200
* wherein performing the recovery operation conprises reading the contents f

all of the one or TR dgjltg 3! FBE@ e %Hnt&e@tépgogw&%e&)em Qr g LOg

checkpoi nt operation. accord to clalmb52,
wher ei n per f or f{Af§2 e ?‘é%o@é?‘ifdb‘tﬁbrté‘tl B0RTBHTHFT SEEOTESRT nYf thE RETERAts of
all of the one Divenvre. datersbd Wottutesn 2K trheeds ttbe Siang ecopemiteryhing hahe

checkpoi nt Oper)@etelnog\:o'rgd qntgrg-%fmtnw%émamlzw al eegreerof @anmmﬁplteltg@
taken to wite all of the one or npre data structure en to sIn

perfor mi ng the WRBRIG5OPHt R OEPHCP ofPr BH " aﬁe‘fﬁ%ﬁtlﬁecﬁ d\’?ﬁji pgedr aﬁsm 52
wherein perform ng the recovery operation conprises determining a state of
an open transaction and enabling one or smrerzhignts of the open
transaction to query the state and deci de whether to commt or abort the
open transaction. 56. A nethod according to claim 38, and corrprl si ng
perforning a transacti orf*e8orErat 1o HFer BOP offPeorsr i 5ihe Che °slfé‘15js16f

choosi ng one oftiehentaty t@astroonngstoriagei ,deviioeshdsoibe tagrecorderhofaa
state of the data,bfansact 6ksn- @%@L&ttlbmger@ob%ga@ 1tsr ansacdd ep Qpekabhon to

t he recorder; iting for a_p redetermn response |nd|c ive
of the state o:‘l@t e %”af’astran’sactl onar‘g 1‘5r§‘?)pmt%‘eE afe “83% gne S orage gEew ce;

condi tional on {e’r?ée?tésﬁﬁﬁséontgi{ﬂin??% Pﬁgthﬁn‘%méf‘ FoFe 869 (I e P BPETAr? ons
to the at | eastironeasileragetgovi T2 byanticonokithi omabnte: 262 tdie reSpoNRSEr

deci di ng whet hef,t . £QMTL O ALt g LEansathl Oy BY%nkssWLNg a conm t or -
abort transaction opEeratl on. 57 f\ r’rgt hod accordl n? to cI a| 38 and
a

conpri sing perforning®a trarfsatt {of ¢onpl EF16HY oper at i o corrprl si'ng “fhe

steps of: readi tRyratpPr §%°'séFc‘tffdlt“het°ché°é§%‘1r6ﬂd oAzt bl ockdef PoticPhe at
| east one storagezedel\bmceomatmnmzng conteAt soi neHacatbeveatnf @nsérabeocofat he

data transacti ofvg:ahnd Hi€SPANS) vae ph Qe RECONE Rt §asofcom%t$a r:Strsfbcofont he
successi on of data bI ock Wit ing.a second set qj the succzgss}{ on_of, dat a

TN _the conten ient tat lon

bl ocks to the at’d &8st ohs STOFAGe “AeVi'C& ahd StoriRg a set” of tHe oRe or
more data structdraed Bpecrﬁéloé}tzqoea%ﬁtd b?ﬁ?Wo‘iSatl | e nenory. 58. A nethod
according to claim 32, wherein the data transaction conprises a plurality
of concurrent data transactions. 59. A met had (according to clai m 32,
wherein the at | east one storage device conprises a di sk nmanaged by a
server. 97 .. . 21 DEC 2004

In a first step 254, data contents 202 of the block in the
block-frame pointed to in translation table 72 by TT(i) is read from
the TSLD. Operation 250 continues by checking if the tag of TT(i) is
set. If the tag is set, showing that a transaction involving TT (i)
has not completed, an open-transaction-error error signal is returned
to the requester with the block-frame previously read. If the tag of
TT(i) is not set, showing that the block is not involved in an open
transaction, operation 250 completes by returning the block-frame to
the user. Operation 250 then terminates.

Fig. 7 is a flowchart showing steps involved 1in a begin
operation 260, according to a preferred embodiment of the present
invention. Operation 260 stores a block, herein termed a begin-block,
which temporarily records details of a ‘transaction, on a primary
TSLD. Operation 260 also stores begin-transaction record 92,

Begin (Tid; TSLDq, TSLDy, .. TSLDpy), described hereinabove with
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60.. A nethod according to claim 32, wherein the at |east one storage device
_conprises a plurality of storage devices. 61. Apparatus for el ecgrgq‘l_igﬁzﬂgtfata
* storage, conprising: a storage device, adapted to receive a succ J

dat a bl ocks forrestofh@age:aty;fespe ical locati Lons t herein; and
control circuitgy, which |550?2 ElEéu\r%axpsta)cé)§l(:°c’)]ni“/se VPRI 2 CBeS Fh i8entday a

bl ocks to the stot‘age e \h“(‘f%l‘ﬂﬁhF}l'eefﬁ\ﬂ'Jl"f“F’?ﬂgTﬁfePst hBS1$p orsge; deviue,,. tget her
with at |east JURESEPLIhESHAt actd eekihe pri@ady TDS € pPeFRABE e)rfst;ar,ggg(_ctqgéve of
the physical | auatian teinsac§ms%g9x9dlfna ta k o the succession

Appar at us accorgi pg,.t.9 bcI 1ét whey ?O% tﬁplegﬁe acs)?umr?gre g’l?a et s 22/
conprise a plurality of ara QN 288 ona the (BRI o F SLdl ebteroerTéllaha A
storage, conpri"$F U‘O“pfroév’P?ﬂlﬁgOP&r%tu@eeﬁsﬁﬁlmddferdat asbl ocks for storage at
respective physical locations in a storage device; determ ning for each of
at | east sonme of the data bl e cc | on one or_nore parameters

i ndi cative of the physical Ingig]?F%)dr} ]'flmg%bubg%%&éﬁts Bt a BtBek in the
succession) and storing the succession of the data blocks and the one or
more paraneters in fhe seermgecadevite the64dexAlmatqhada@cggftqlcﬂ;gatmg Gls@gdn 63,
wher ei n the onesop;,mmsepparanps,er.s @Qsprgiseth@ RL.uraliliy of -paraneters. :
A conput er sof ttwsgcpgogdqgg Lor perfosrcrgl n% a data transactr on ¢ ?ferr%l ng a
corrputer-readablce mg i um_ havi ng programnl 585 uthti grdeaséer d@dﬁm?me?‘élrﬁ

whi ch i nstructi 68 “wiferi*Pedde bifrat corbibee bleaudeatehdoCoRput @he to&BCEI Ve
data in at | eastatnecwsrdrhige Hovione i Bela HUSEES5i0Ds OfIfdr?bt B1doekSe. and,
together with eaetu o b&tada&a&lesg{fgnqvag_ﬁ%lgl% ahl.pcl 236t I gast_one

par anet er i ndi ¢ag.ve.0f %15| .cal Jocation of a subse uent Y&PEBPEEK in
the succession, and fo tTanstorm a Stat 6 ot AE YK 55t hés afoupgasttsone
storage devi ce’ ¥eSponsiiiEsty phemat toekestadhe parameter, so as to conpl ete
the data transacti offf a66tosR eotappater tBOfvianadse c s QPG - fﬁmaeﬁl eclrapi g data
storage, conpriigintgea TEOTRYL erstheagdallce; Jyedi program instructions
recorded ther ek, (whi &h |2g§trugtfggs V\h[gﬁ ArrléggL %éwqo onputer,® cas¥ t he
computer to provide a Succession of (Ght'a bl BEKDef BIO%t oF affe ARoD8frar]l DEC
2004 respect i ve“PHYET ¢8I PUcAtIionRt e Bl ok siroradd . destiede; adsometetter Riwae af or
each of at Ieagltysseérﬁe aofirdedye "dat & brlaa)@eks:olrfbsbbxensglcg&sts,leo@y&n%foglg&re
paramet ers indicativebefint BeodrhyshLcal;sl geation. of g, sub eqllgiegFl a bl ock
in the successpoRy. aRd 0. qu{a%etr}e successi on off the data b ocT< &fd the
one or more paraneers in "t Corage Hevl 8 gP TheLIA208 ARLSASR AgEoAD

A5 AN . A AaE ° K A% tl’(e Adentl ies of participating TSLDs TSLDy, TSLDy, .. TSLDy

of the transactlon are recorded in data field 202 of the block in
block-frame "p."

In an update step 270, in memcry 26 data structure Next-
Available-Block-frame 88 is set to value “a.” Operation 260 then

terminates.

It will be noted that working allocation bitmap 174 is not
updated in operation 260, i.e., A(p) remains set at 0. Thus block~

"n 4
frame "p" remains marked as free. However, at the completion of

operation 260 "a" is greater than "p", so that operations subsequent

to operation 260 will always look for blocks having physical
addresses greater than "p." Thus block-frame "p" will not be stored

to during the current pass of disk arm 79. The current pass
terminates when a checkpoint operation is performed, during which all

the relevant parameters in block-frame "p" are stored to disk 62.
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ke Z ca] ca ca ca] cal cal ca ca] caj caU] cal ca] ca] cau
]ZES] Cal ool ca] co/ER LT bar BT Al E ol PR kol R cpbcr e chen CELR

} xsnhc”Yke™ ZU] cﬁa’]ﬂclaijbéa]@aql@a]@a]itfaf]%%]eea']l@m/] ca] ca] ca] caV] ca] ca] ca] ca] cajc
a] caV] ca] caV] caV] ca]E?:;_';l] ca] ?%] aakg%%}%%]ﬁscﬁ]oﬁﬁu steps J.nvolwid in a _comm  cau
w8, |-~..7.8. ... E1Gl 22 oytn e cal] calll ca] cal] ca

] cal caU] ca] cal @af U]’ca éa@f G]-;Ii Zt ca ca ell‘)% cfa]t aupt L_%‘a] cajc
a] ca\/] ca GSOU")Z-W@W-Z@{A ormed after all soft-write

operations 220 a53001ated w1th a given transaction have terminated
successfully, and makes the temporary write operations performed
there permanent. Operation 280 as for soft-write operation 220,
should be performed on each TSLD involved in transaction Tid. A

notation for commit operation 280 used herein is:
Commit (Tid; primTSLD, TSLD,, TSLD3, .. TSLDp)

Steps 284, 286, and 288, described hereinbelow, store a commit-
block to disk 62. The commit-block stored acts as a temporary storage
of the commit operation until a subsequent checkpoint operation is
performed.

In scan step 284 allocation bitmap 74 is scanned to find the
first available block~frame following the block-frame recorded in
Next-Available-Block~frame 88. If no block-frame is found to be
available in availability check step 286, a checkpoint operation is
performed. If a following block-frame is found, its physical address
is assumed to be “a.”

In store step 288, the values checkpoint-number, transaction
identity Tid, and TSLD; (primTSLD), are written to respective trailer
fields 206, 212, and 214 (Fig. 3) of the block in the block-frame
recorded in Next-Available-Block-frame 88, herein assumed to have a
physical address "p." A value corresponding to the type of block,
i.e., a commit block type, is written to trailer field 210 of the
block~frame. No entry is made in logical address field 208. Also in
store step 288, the identities of participating TSLDs TSLDq, TSLDjp,
TSLD, of the transaction are recorded in data field 202 of the block
in block-frame "p."

In an update step 290, in memory 26 data structure Next-

w ’r

Available-Block-frame 88 is set to value “a.
In a scan step 292, auxiliary translation table 172 is scanned
for entries comprising transaction identity Tid. For each entry

found,
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&@-O%i & () - S lg%ﬁgérg): O@\%Fﬁbbgkes available the contents of block-frames

before operation 220 was performed. Operation 300, as for soft-write
operation 220, is performed on each TSLD involved in transaction Tid.

A notation for abort operation 300 used herein is:
Abort(Tid; primTSLD, TSLDp, TSLD3, .. TSLDy)

Steps 304, 306, 308, and 310 store an abort-block to disk 62.
The abort-block stored acts as a temporary storage of the abort
operatiocn until a subsequent checkpoint operation is performed. Steps
304, 306, and 310 are respectively substantially similar in operation
to steps 284, 286, and 290, described hereinabove. In store step 308,
the values checkpoint-number, transaction identity Tid, and TSLDq
(primTSLD), are written to respective trailer fields 206, 212, and
214 (Fig. 3) of the block in the block-frame recorded in Next-
Available-Block-frame 88, herein assumed to have a physical address
"g." A value corresponding to the type of block, i.e., an abort

block, is written to trailer field 210 of the block. No entry is made
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translation table 72 is updated so that the entries found now point

to the entries found in auxiliary translation table 172. Finally,

each entry in auxiliary translation table 172 i% removed, and the

tags for each corresponding entry in translation table 72 are

removed.

In a record step 314, if TSLD 28 is the primary TSLD (TSLDq)
the begin transaction record of transaction log 90, as performed in
record step 262 (Fig. 7), is replaced by an abort record of
transaction Tid and the participating TSLDs, and abort operation 300
then terminates. If TSLD 28 is not the primary TSLD, operation 300
terminates after step 312.

It will be appreciated that block-frame "g" is only occupied
until the next checkpoint operation, after which the block-frame
becomes available.

Fig. 10A is a flowchart showing steps involved in a guery
operation 320, according to a preferred embodiment of the present
invention. For each TSLD in system 20 or system 40, query operation
320 checks transaction state log 90 regarding the state of a specific
transaction Tid and returns what is known about the transaction to a
requester such as client 22. A notation for query operation 320 used

herein is:
Query State (Tid)

In a first query 322, log 90 is checked to see if a begin
record for the specific transaction exists. If the begin record does
exist, indicating that the TSLD queried is the primary TSLD and that
transaction Tid is still in process, i.e., is open, a return open
state with the 1list of participating TSLDs (taken from the begin
record) is returned. The listing shows that the transaction is open

and lists the other participating TSLDs.
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transaction is in process, an “open” statement is returned.

"If the answer to guery 324 is negative, operation 320 continues
to a third query 326, wherein transaction log 90 is checked to see if
an abort record for the specific transaction exists. If an abort
record does exist, an “aborted” statement is returned.

If the answer to query 326 is negative, operation 320 continues
to a fourth query 328, wherein transaction log 90 is checked to see
if a commit record for the transaction exists. If a commit record
does exist, a “committed” statement is returned. If a commit recoxd
does not exist an “unknown” statement is returned, and operation 320
terminates.

Fig. 10B is a state diagram 330 of possible results from
operation 320 on a specific TSLD, according to a preferred embodiment
of the present invention. As is shown in diagram 330, a specific
transaction Tid can exist in an open state 332, an aborted state 334,
a committed state 336, or an unknown state 338.

If the primary TSLD for -a transaction Tid responds to a query
state with "unknown," while another non-primary TSLD responds to the
query with an "open" state, it can be deduced that the transaction
has been committed. This may happen when the transaction has
successfully executed commit operation in the primary TSLD, but
failed to do it on a non-primary TSLD.

Fig. 11 is a flowchart showing steps involved in a checkpoint
operation 340, according to a preferred embodiment of the present
invention. While the following description of operation 340 applies
specifically to TSLD 28 (Fig. 2), all TSLDs in system 20 or system 40
follow substantially the same steps described hereinbelow in
performing reépective checkpoint operations. Checkpoint operation 340
writes values held in TSLD interface 35 in volatile memory 70 to disk
62, wherein the values are permanently stored. Most preferably,
checkpoint operation 340 writes to a block-frame 82e on disk 62 pre-
allocated for the operation. Further most preferably, checkpoint data
are not written to the same space within block-frame 82e, but are
written in an alternating manner, so that previous checkpoint data

are not immediately written over or erased. Checkpoint operation 340
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copies structures from TSLD interface 35 to disk 62 at periodic

v

intervals, so that in the event of a failure, TSLD 28 can recover
quickly. Checkpoint operation 340 may be performed by TSLD 28 at any
time, and must be performed when no block-frame is available beyond
next-available-block-frame 88.

In an initial step 342 all data structures in TSLD interface 35
are locked, so that TSLD 28 ceases to support operations other than
the checkpoint operation. In a second step 344, checkpoint operation
340 reads the value of first-available-block-frame 86 from interface
35. Block-frame 86 is the block-frame, as determined from working
allocation bitmap 174, which is free and which is associated with the
lowest disk sector address. In an increment step 346, the value of
checkpoint-number 84 is incremented , and the incremented value is
read.

In store steps 348a, 348b, 348c, 348d, and 348e operation 340
writes translation table 72, auxiliary translation table 172, working
allocation bitmap 174, first-available-block-frame 86, incremented
checkpoint-number 84, and transaction state log 90 to block-frame
32e.

In a first reassignment step 350, the value of next-available-
block-frame 88 is assigned to be the value of first-available-block-
frame 86, as found in step 344, which next-available-block-frame 1is
used for a subsequent move—-forward-and-store operation. In a second
reassignment step 352, allocation bitmap 74 is assigned the values of
working allccation bitmap 174. Operation 340 then unlocks the locked
data structures in TSLD interface 35 and terminates, whereupon TSLD
28 resumes operations using the updated data structures.

While checkpoint operation 340 is running on a specific TSLD,
the TSLD ceases other operations. In order to reduce effects on a
system user, operation 340 may be performed in small time segments.
In the above—mentionea provisional patent application and in the
above-mentioned patent application entitled "Enhanced Stable Disk
Storage" a description is given of a checkpoint operation
substantially similar to operation 340. In addition, a detailed
explanation of a method for running the checkpoint operation in small
time segments, so as to reduce effects on a system user, is given.
Those skilled in the art will be able to adapt the method given in
the patent application entitled "Enhanced Stable Disk Storage" .so as

to perform operation 340 in small time segments.
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embodiment of the present invention. The transaction is herein
assumed to be initiated by client 22 acting as a transaction
coordinator, and TSLDs participating in the transaction are assumed
to be TSLDq, TSLDy, .., TSLDy,

In an initial step 362, <client 22 chooses one of the
participating TSLDs to act as the primary TSLD for transactlon Tid.
The choice may be made by choosing the TSLD with the lowest
identifier, or the TSLD which is least actlve, or arbltrarlly Herein
TSLD;) is assumed to be the primary TSLD (primTSLD).

In a begin transaction step 364, client 22 submits begin
operation 260 (Fig. 7), Begin(Tid; primTSLD, TSLD,, TSLD3, .. TSLDy),
to TSLDy and in a first wait step 365 waits for a predetermined time
period for an acknowledgment from TSLDy that the begin operation has
completed successfully. If there is no ackﬁowledgment, client 22
submits abort operation 300, BAbort(Tid; primTSLD, TSLDj, TSLD3,
TSLDg), to TSLDy and aborts the transaction.

If client 22 receives an acknowledgment that begin operation
260 has completed successfully, in a soft-write step 366 client 22
submits one or more soft-write ‘operations 220 (Fig. 4), Soft-
Write (Tid, primTSLD, i, contents), to each of the participating
TSLDs. Client 22 provides the following data to each participating
TSLD: transaction identity Tid, primary TSLD identity (TSLDq),

relevant logical block address, and the relevant data block contents

to be stored.

In a second wait step 368, client 22 waits a predetermined time
period to receive a positive acknowledgment from each of the
participating TSLDs that each soft-write operation has successfully
completed. This continues for each soft-write operation.

If ©positive acknowledgments are not received from all
participating TSLDs within the predetermined time period, in an abort
step 370 client 22 submits abort operation 300, Abort(Tid; primTSLD,
TSLDy, TSLD3, .. TSLDp), to each of the participating TSLDs. If the
primary TSLD fails to acknowledge that operation 300 has completed
successfully, client 22 submits a sticky-abort operation (explained
hereinbelow), , StickyAbort (Tid; primTSLD, TSLDy, TSLDjy, .. TSLDy,), to
each of the participating non-primary TSLDs in turn, waiting after

each submission for an acknowledgement of completion. Once an
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TSLDs within the predetermined time period, in a

client 22 submits commit operation 280, Commit (Tid;

109%& () - &10%<& () -

If positive acknowledgments are received from all participating

commit step 372

primTSLD, TSLD,,

TSLD3, .. TSLDy), to the primary TSLD of the transaction. If the

primary TSLD acknowledges the commit operation, the operation is then

sent to each of the participating TSLDs. If the primary TSLD fails to

acknowledge that operation 280 has completed successfully, client 22

submits asticky-commit operation B ‘(explained hereinbelow),

Stickycommit (Tid; primTSLD, TSLDy, TSLD3, .. TSLDy)
participating non-primary TSLDs in  turn, wait
submission for an acknowledgement of comple
acknowledgment is received, or if all participating
queried and none have responded, coordination
terminates.

A sticky-commit operation is substantially the

operation and a corresponding sticky-commit record

to each of the
ing after each
tion. Once an
TSLDs have been

operation 360

same as a commic

is substantially

the same as a commit record. The sticky-~commit operation and record

apply to non-primary TSLDs. As a result of a sticky-

commit operation,

a sticky-commit record is added to the transaction state log of a

non-primary TSLD. A sticky-commit record cannot be

removed from the

transaction state log of a non-primary TSLD wunless explicitly

instructed by a client. The above description also

relationship between a sticky-abort operation and an

applies for the

abort operation,

and between a sticky-abort record and an abort record.

It will be appreciated that coordination operation 360 attempts

to either commit or abort transaction Tid, and to record on at least

one of the participating TSLDs of the transaction the result of the

operation.

Fig. 13 is a flowchart showing steps involved in a first

reeovery operation 373, according to a preferred e
present invention. Operation 373 is performed after

storage server failure , such as server 26 in system

mbodiment cf the
recovery from a

20 or system 40.

As described in detail below, operation 373 requires scanning of

allocation bitmap 74. {The above-mentioned patent application

entitled "Enhanced Stable Disk Storage" gives a detailed description

of an alternative method of recovery from failure for a non-volatile
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of the number of blocks written since the last checkpoint.)

In a first read step 374, values of allocation bitmap 74 which
have been stored in last checkpoint operation 340 to disk 62 are read
back into allocation bitmap 74 and working allocation bitmap 174, in
TSLD interface 35.

In a second read step 375, the value of first-available-block-
frame 86 which was stored in last checkpoint operation 340 to disk 62
is read.back into first—available—blocﬁ—frame 86 ;nd next-available-
block- frame 88.

In a third read step 376, the values in Eranslation table 72,
auxiliary translation table 172, checkpoint number 84, and
transaction state log 90, which were stored in the last checkpoint
operation 340 are read back into the respective data structures in
TSLD interface 35.

In a fourth read step 377, the block stored at the block-frame
address given by next-available-block-frame 88 is read.

- In an update step 378, while checking that checkpoint number 84
in TSLD interface 35 corresponds to the stored checkpoint number for
each block read,

One. Update all relevant data structures in TSLD interface 35
according to the last block read (initially from step 377). I.e.,
replay the TSLD operations that occurred while the block-frame was
stored.

Two. Locate the next block-frame that was stored to, by looking
forward in allocation bitmap 74 for the first bit marking an
available block-frame, and read the block in that block-frame.

Three. Continue with steps 378a and 378b, ignoring any blocks that
cannot be read due to faulty sectors 64, until allocation bitmap
74 has been completely scanned in a forward direction.

Operation 373 then terminates.

It will be appreciated that first recovery operation 373
substantially completely returns data structures within TSLD
interface 35 to their values before failure, apart from localized
errors caused by blocks that cannot be read, by a process of
“replaying” TSLD operations performed since the last checkpoint

operation. The process of replaying is accomplished by reading one or
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operation.

Fig. 14 is a flowchart showing steps involved in a second
recovexry operation 380, according to a preferred embodiment of the
present invention. Operation 380 is most preferably performed after
operation 373 has concluded on a recovered server, herein assumed to
be server 26, in order to determine the status of open transactions.

In a first step 382 of recovery operation 380, server 26 scans
its transaction state log 90 for begin transaction records,
indicating open transactions where TSLD 28 is th; primary TSLD. For
each such transaction, in a query step 384, TSLD 28 checks with each
of the participating TSLDs of the transaction for a commit or abort
record. In an update step 386 TSLD 28 updates its transaction log 90
according to the results of step 384. First recovery operation 380
then terminates. It will be appreciated that by performing operation
380, TSLD 28 is then in a state so that it can respond with up-to-
date information to queries from other TSLDs involved in transactions
for which TSLD 28 is the primary TSLD.

Fig. 15 is a flowchart showing steps involved in a third
recovery operation 390, according- to a preferred embodiment of the
present invention. As for recovery operation 380, recovery operation
390 is performed by server 26, most preferably after performing
operation 380, after it has recovered from a failure. In a first step
392 server 26 scans its auxiliary translation table 172, which has
been reconstructed as described above, to find transactions which
appear to be open. For each such transaction, server 26 follows the
steps hereinbelow. In a query step 394, server 26 locates the soft-
written block corresponding to the specific transaction and queries
its transaction log 90 to find the state of the transaction. If
transaction log 90 provides the state of the transaction, server 26
updates data structures in memory 70 as required, and continues to
the next open transaction.

If transaction log 90 cannot provide the state of the
transaction, in a second query step 396 the primary TSLD of the
transaction, as specified in trailer field 214 of the block-frame of
the transaction, is queried. Server 26 incorporates the results of
the query to the primary TSLD into the data structures of TSLD

interface 35. Operation 390 terminates after all open transactions
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Fig. 16 is a flowchart showing steps involved in a transaction
completion operation 400 performed by ~a client, according to a
preferred embodiment of the present invention. Typically this occurs
as a result of failure of a client while executing a transaction.
Operation 400 is most preferably performed by a client in system 20
or system 40 when the client receives an open-transaction-error
return when attempting to read a specific block-frame in a specific
TSLD. (As described above, for example, in check step 222 of soft-
write operation 220.} Herein the client is assumea to be client 22,
and the block-frame is assumed to be block-frame 64a in TSLD 28. The
open-transaction-error indicates that block-frame 64a is engaged in
an open transaction. Operation 400 enables participants to an open
transaction to establish consensus whether to commit or abort the
transaction, and so complete the transaction.

In a first step 402, client 22 performs soft-read operation 240
(Fig. 5), Soft-Read(i), on block-frame 64a, and receives transaction
identity Tid and the identity of the primary TSLD. In a first query
step 404, client 22 performs query operation 320 (Fig. 10a),
Query State (Tid), on the primary -TSLD, and acts according to the
response received.

If there 4is no response, client 22 cannot complete the
transaction since the primary TSLD is not functioning. In this case,
in a wait step 406 client 22 waits for the primary TSLD to be
transferred to a functioning server.

If, in a first response step 408, the primary TSLD responds
with an “unknown” statement, client 22 performs commit operation 280,
Commit (Tid; primTSLD, TSLDy, TSLD3, .. TSLDL), on the specific TSLD
from where it received the open—transaction-error signal, in this
case TSLD 28.

If, in a second response step 410, the primary TSLD responds
with an “open” statement, together with a 1list of other TSLDs
participating in the transaction, in a second query step 412 client
22 performs query operation 320 on each of the participating TSLDs in
turn.

If a definite response, i.e., a “committed” or an “aborted”
reply, is received from any of the participating TSLDs, in a third

response step 414 client 22 performs respective coemmit operation 280
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If, in second response step 412, all of the participating TSLDs
return an “open” reply, in a fourth response step 416 client 22 again
tries to read the initial block frame, i.e., block-frame 64a, in case
there has been a change since the start of operation 400. If there
has been no change, client 22 performs abort operation 300 on the
participating TSLDs.

If, in second response step 412 one of the participating TSLDs
does not respond, in fifth response step 418 client 22 waits for a

- response from the particular TSLD, ‘since it *may be that the
particular non-responsive TSLD has the required answer. After step
406, 408, 414, 416, or 418, operation 400 terminates.

It will be appreciated that at all times that TSLD 28 is
accessible, a specific block-frame 82 of TSLD 28 will either not be
engaged in a transaction, or will be engaged so that translation
table 72 will mark the engagement. The same applies for other
accessible TSLDs and their respective translation tables in system 20
or system 40. Thus, in transaction completion operation 400, client
22 may be able to read the block contents of a block~frame on one
TSLD, and the block contents of a block-frame on another TSLD, so
that system 20 or system 40 appears inconsistent. Even in this case,
however, client 22 is well aware of the status of the system and is
able to reach a conclusion as to the state of any incomplete
transaction.

In order to minimize the size of the transaction state log 90,
records need to be removed from the log when they are no longer
required. As described hereinabove, in a primary TSLD each begin
transaction record is replaced by a commit record or an abort record.
After a predetermined time interval commit records on a primary TSLD
can be removed, since they are not reguired. (As described above, if
a transaction is known to be open on a non-primary TSLD, and the
primary TSLD responds when queried with “unknown,” the transaction is
assumed to have committed.) BAbort records on a primary TSLD can be
removed once the primary TSLD has ascertained that all participating
TSLDs of the relevant transaction are aware of the state of the
transaction.

A non-primary TSLD is able to remove a commit or abort record

of a specific transaction once the primary TSLD for the transaction
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preferably, therefore, TSLDs within a system coordinate as described
hereinabove in order to remove unnecessary transaction records from
transaction state log 90.

It will be appreciated that while system 20 and system 40
utilize a plurality of TSLDs and a plurality of servers managing the
TSLDs, the principles of the present invention apply to one server
managing one TSLD. Furthermore, it will be appreciated that the
principles of the present invention apply to recovery and completion
of a plurality of concurrent data transaézions when these
transactions are performed on one or more TSLDs, since the plurality
of transactions are logged and recovered substantially independently
of each other.

It will also be appreciated that the scope of the present
invention includes methods other than those described above for
recovering data from a succession of data blocks after failure of a
server, wherein one or more parameters indicative of the location of
a subsequent data block are written to a storage device. Examples of
such methods are described in provisional patent application
60/176507 and the patent application entitled "Enhanced Stable Disk
Storage."

it will be further appreciated that preferred embodiments of
the present invention may be provided as a computer software product.
Such a product may be provided as an electronic data transmission or
in a tangible form on a computer-readable medium such as a CD-ROM, or
as a mixture of both forms.

It will thus be appreciated that the preferred embodiments
described above are cited by way of example, and that the present
invention is not limited to what has been particularly shown and
described hereinabove. Rather, the scope of the present invention
includes both combinations and subcombinations of the various
features described hereinabove, as well as variations and
modifications thereof which would occur to persons skilled in the art
upon reading the foregoing description and which are not disclosed in

the prior arc.
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at least one storage device which is adapted to receive data as
a succession of data blocks for storage at respective physical
locations therein; and
control circuitry, which is configured to Convey the succession
of data blocks to the at least one storage device while writing to
the at least cne storage device, together with at least some of the
data blocks, at least one parameter indicative of a physical location
of a subseguent data block in the succession, and to transform a
state of the data so as to complete the data transaction using the at

least one parameter.

2. Apparatus according to claim 1, wherein the control circuitry
comprises at least one communication link which couples the control
circuitry to the at leéast one storage device, and wherein the control
circuitry manages the at least one storage device via the at least

one link.

3. Apparatus according to claim 1, and comprising a data
transmission network which conveys the data to the control circuitry

and which is coupled thereto.

4. Apparatus according to claim 3, wherein the data transmission
network is coupled to and conveys the data to the at least one
storage device, and wherein the control circuitry manages the at

least one storage device via the data transmission network.

5. Apparatus according to claim 1, and comprising a client which

conveys the data to the control circuitry.

6. Apparatus according to claim 1, wherein the control circuitry
comprises at least one volatile memory which is adapted to store one
or more data structures containing data indicative of one or more
properties of at least some of the data blocks, at least some of
which data are written by the control circuitry to the at least one
storage device, so that the contents of the at least one volatile
memory can be regenerated from the at least some of the data in the
one or more data structures that are stored in the at least one

storage device.

7. Apparatus according to «claim 6, wherein one of the data

structures comprises a translation table which maps logical block
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engaged in an open data transaction.

8. Apparatus according to claim 7, wherein one of the data
structures comprises an auxiliary translation table which for each
respective open data transaction maps iogical block addresses
associated with an open transaction to respective physical addresses
of the succession of data blocks existing prior to initiation of the

data transaction and to an identity of the open daka transaction.

9. Apparatus according to claim 7, wherein the control circuitry
writes the respective logical block addresses to the succession of
data blocks.

10. Apparatus according to claim 7, wherein the control circuitry
writes an identity c¢f a data transaction to the succession of data
blocks.

11. Apparatus according to claim 7, wherein the control circuitry
writes an identity of a recorder of a state of a data transaction to

the succession of data blocks.

12. Apparatus according to claim 6, wherein one of the data
structures comprises an allocation bitmap which maps an availability

of each of the succession of data blocks.

13. Apparatus according to claim 6, wherein one of the data
Structures comprises a pointer value to the location of a next

available data block in the succession.

14. Apparatus according to claim 6, wherein one of the data
structures comprises a pointer value to the location of a first

available block in the succession.

15. Apparatus according to claim 6, wherein the at least one
storage device comprises a disk having a disk head, and wherein the
control circuitry writes the data blocks to the disk in a series of
passes of the disk head over a surface of the disk in a single

direction.

16. Apparatus according to claim 15, wherein each of the series of

passes has a checkpoint-number, and wherein one of the data
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availability of each of the successive data blocks at the conclusion

of one or more passes of the disk head.

18. Apparatus according to claim 15, wherein the control circuitry
writes the at least some of the data in the one or more data
structures to the at least one storage device at™ the conclusion of

one or more of the passes of the disk head.

19. Apparatus according to <claim 6, wherein one of the data
structures comprises a transaction state log which is adapted to
store at least one record of the data transaction, wherein the at
least one record comprises an identity of the data transaction and an
identity of the at least one storage device participating in the data
transaction, and wherein the at least one record comprises at least
one of a group of records consisting of: begin-transaction, commit-
transaction, and abort-transaction, which respectively record that

the transaction has begun, is committed, and is aborted.

20. Apparatus according to claim 1, wherein the control circuitry
writes a trailer to the succession of data blocks, the trailer
comprising one or more data fields indicative of a use of each of the

data blocks.

21. Apparatus according to claim 20, wherein the one or more data
fields comprise an identity of the data transaction and an identity
of a recorder of the data transaction, wherein the recorder of the

data transaction comprises one of the at least one storage devices.

22. Apparatus according to claim 20, wherein the one or more data

fields comprise a logical address of the data block.

23. Apparatus according to claim 20, wherein the one or more data

fields comprise a tag indicative of a state of the data transaction.

24. Apparatus according to «claim 1, and comprising a disk
controller which controls the at least one storage device, wherein

the disk controller is able to recover contents of a volatile memory
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10 26. Apparatus according to claim 1, wherein the data transaction

comprises a plurality of concurrent data transactions.

27. Apparatus according to c¢laim 1, wherein the at least one

storage device comprises a disk managed by a server.

28. Apparatus according to claim 1, wherein the at least one

storage device comprises a plurality of storage devices.

29. Apparatus according to claim 1, wherein the at least one
parameter comprises a transaction state log which records one or more

states of the data transaction.

30. Apparatus according to claim 1, wherein the at least one
parameter comprises at least a part of a distributed transaction

state log which records one or more states of the data transaction.

31. Apparatus according to cla;m 1, wherein the at 1least one
storage device is adapted to be movable so as to be operative by
other control circuitry, in order to recover information stored on

the at least one storage device.

32. A method for performing a data transaction, comprising:
receiving data in at least one storage device as a succession
of data blocks, and, together with each of at least some of the data
bleocks, at least one parameter indicative of a physical location of a
subsequent data block in the succession; and
transforming a state of the data in the at least one storage
device, responsive to the at least one parameter, so as to complete

the data transaction.

33. A method according to claim 32, wherein the at least one

parameter comprises a plurality of parameters.

34. A method according to claim 32, wherein receiving data in the
at least one storage device comprises conveying the data to the at

least one storage device via a data transmission network.
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transmission network.

36. A method according to claim 34, wherein conveying the data
comprises: ‘

coupling the at least one storage device to the data
transmission network via control circuitry; and

coupling the control «circuitry to the data transmission

network. . -

37. A method according to claim 32, wherein receiving the data

comprises receiving data from a client.

38. A method according to claim 32, and comprising storing in at
least one volatile memory one or more data structures containing data
indicative of one or more properties of at least some of the data
blocks, and writing at least some of the data that are in the data
structures to the at least one storage device, so that the contents
of the at least one volatile memory can be regenerated from the at
least some of the data in the one or more data structures that are

stored in the at least one storage-device.

39. A method according to claim 38, wherein storing the one or more
data structures comprises storing a translation table which maps
logical Dblock addresses of the succession of data blocks to
respective physical addresses and which tags which of the data blocks

is currently engaged in an open data transaction.

40. A method according te claim 39, wherein storing the one or more
data structures comprises storing an auxiliary translation table
which for each respective open data transaction maps logical block
addresses associated with an opén transaction to respective physical
addresses of the succession of data blocks existing prior to
initiation of the data transaction and to an identity of the open

data transaction.

11, A method according to claim 39, wherein receiving the data
comprises writing the respective logical addresses to the succession

of data blocks.
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translation table to locate a specific data block, so as to read data

from the specific data block.

43. A method according to claim 38, wherein storing the one or more
data structures comprises storing an allocation bitmap which

indicates an availability of each of the succession of data blocks.

44. A method according to claim 38, wherein writing the at least
some of the data to the at least one storage deviqs comprises writing
data to one of the succession of data biocks using the steps of:

scanning the one or more data structures to determine the
physical location of an available data block in the at least one
storage device;

writing the data and at least some contents of the one or more
data structures into the physical location; and

updating the one or more data structures responsive to the

determined physical location.

45, A method according to claim 44, wherein scanning the one or
more data structures comprises checking if a logical block address is

involved in an open transaction.

46. A method according to claim 44, wherein writing the data and at
least some contents of the one or more data structures comprises the
steps of:
writing a value corresponding to a soft-write operation; and
writing an identity of one of the at least one storage device
as a recorder of a transaction state, so as to perform a temporary

write operation.

47. A method according to claim 44, wherein writing the data and at
least some contents of the one or more data structures comprises
writing a value corresponding to a begin operation, and wherein
updating the one or more data structures comprises writing a begin
record including an identity of the transaction and an identity of
the at least one storage device, so as to perform the begin

operation.

48. A method according to claim 44, wherein writing the data and at

least some contents of the one or more data structures comprises

45



10948 ()-s3 10%& ()-!  109%H& ()-!  10%HH& ()-
10%4& () -pr¥%s(s)s*s+s7ssbC 10!'!; 10%&&' () -: %B10%& () -

©10H 710%4&' ()- /10%& ()- &L0%& ()-steuu vv_wi[<bC 10!!:

1098 ()-:!'10%@e& ()-!10%@ex ()-! 10%@e& () - 109%a& () -
109 ()-t_wwxSzzzzzzaVK@ 10!'!; 10@10@

10H 10H

21 DEC 2004

10@ 10%@& () - S20%CE () -v@) 10 %@ r¢gpondiny0UEIB. €Jmmit operation, and -wherein

109@@&'()"ZZ_i:>|ﬁﬂdg}f%§}€ﬁgvgﬁ@ or more data structures comprises:

removing a tag indicative of an open state of the transaction;

writing a commit record including an

identity

of the

transaction and an identity of the at least one storage device, so as

to perform the commit operation; and

updating a transaction state log.

49. A method according to claim 44, wherein writing the data and at

least some contents of the one or more data skructures

writing a value ccrresponding to an abort operation,

updating the one or more data structures comprises:

comprises

and wherein

removing a tag indicative of an open state of the transaction;

writing an abort record 1including an

identity

of the

transaction and an identity of the at least one storage device, so as

to perform the abort operation; and

updating a transaction state log.

50. A method according to claim 38, and comprising scanning the one

or more data structures to determine a state of the data transaction.

51. A method according to claim 38, and comprising performing a

checkpoint operation comprising the steps of:

locking the cne or more data structures;

writing the contents of the one or more data structures to a

checkpoint location in the at least one storage device; and

altering at least some of the contents of the one or more data

structures responsive to writing the contents to the at least one

storage device.

52. A method according to claim 51, and comprising performing a

recovery operation comprising the steps of:

reading the contents of the one or more data structures from

the at least one storage device; and

updating the one or more data structures in the at least one

volatile memory responsive to the contents.

53. A method according to claim 52, wherein performing the recovery

operation comprises reading the contents of all of the one or more

data structures written to since performing the checkpoint operation.
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54. A method according to claim 52, wherein performing the recovery
operation comprises reading the contents of all of the one or more
data structures written to since performing the checkpoint operation
in a time not substantially greater than the time taken to write all
of the one or more data structures written to since performing the

checkpoint s .operation.

55. A method according to claim 52, wherein performing the recovery
operation comprises determining a state of an open transaction and
enabling one or more clients of the Open transaction to query the

state and decide whether to commit or abort the open transaction.

56. A method according to claim 38, and comprising performing a
transaction coordination operation comprising the steps of:

choocsing one of the at least one storage devices to be a
recorder of a state of the data transaction;

submitting a begin transaction operation to the recorder;

waiting for a predetermined time for a response, indicative of
the state of the data transaction, from the at least one storage
device;

conditional on the response, submitting one or more soft-write
operations to the at least one storage'device; and

conditiaonal on the response, deciding whether to commit or
abort the transaction, by issuing a commit or abort transaction

operation.

57. A method according to claim 38, and comprising performing a
transaction completion operation comprising the steps of:

reading a first set of the succession of data blocks from the
at least one storage device containing contents indicative of a state
of the data transaction; and

responsive to the contents of the first set of the succession
of data blocks, writing a second set of the succession of data blocks
to the at least one storage device and storing a set of the one or

more data structures to the at least one volatile memory.

58. A method according to claim 32, wherein the data transaction

comprises a plurality of concurrent data transactions.

59. A method according to claim 32, wherein the at least one

storage device comprises a disk managed by a server.
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60. A method according to claim 32, wherein the at least one

storage device comprises a plurality of storage devices.

61. Apparatus for electronic data storage, comprising:
a storage device, adapted to receive a succession of data
blocks for storage at respective physical locations therein; and
control circuitry, which is configured to convey the succession
of data blocks to the storage device while writing to the storage
device, together with at least some of the data blocks, one or more
parameters indicative of the physical location of a subsequent data

block in the succession.

62. Apparatus according to claim 61, wherein the one or more

parameters comprise a plurality of parameters.

63. A method for electronic data storage, comprising: .

providing a succession of data blocks for storage at respective
physical locations in a storage device;

determining for each of at least some of the data blocks in the
succession cne or more parameters indicative of the physical location
of a subsequent data block in the succession; and

storing the succession of tﬁe data blocks and the one or more

parameters in the storage device.

64. A method according to claim 63, wherein the one or more
parameters comprise a plurality of parameters,
65. A computer software product for performing a data transaction,

comprising a computer-readable medium having program instructions
recorded therein, which instructions, when read by a computer, cause
the computer to receive data in at least one storage device as a
succession of data blocks, and, together with each of at least some
of the data blocks, at least one parameter indicative of a physical
location of a subsequent data block in the succession, and to
transform a state of the data in the at least one storage device,
responsive to the at least one parameter, so as to complete the data

transaction.

66. A computer software product for electronic data storage,
comprising a computer-readable medium having program instructions
recorded therein, which instructions, when read by a computer, cause

the computer to provide a succession of data blocks for storage at
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